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ABSTRACT

Friction Stir Welding (FSW) is a solid-state joining technique which attained significant awareness due to its
ability to produce high-quality welds without melting the base materials. The distribution of temperature across
the plates during the FS Welding process is critical for determining the microstructural evolution, mechanical
properties, and residual stresses of the welded joints. This research article aims to develop a comprehensive
finite element (FE) model to predict the temperature distribution during the FS Welding process. The FE model
incorporates the coupled thermo-mechanical behaviour of the FS Welding process, considering the heat gener-
ation and temperature-dependent material characteristics, plastic deformation and friction, and also the effect
of tool geometry. The model is validated using experimental measurements, and the results obtained shows the
simulated values representing the highest temperature obtained with respect to experimental values are within
an error percentage of 3% from the experimental values and thereby validating the FEA procedure.

Keywords: Finite element (FE) model; Solid-state joining technique; Friction Stir Welding; Measurements;
Mechanical behaviour.

1. INTRODUCTION

Friction Stir Welding, often known as FSW, is a cutting-edge solid-state joining process which garnered a lot of
attention in a variety of sectors due to its capacity to generate welds of superior quality that have outstanding
mechanical qualities [1-5]. During the procedure, a spinning tool that has a pin and shoulder is used to dive into the
workpiece and move along the joining line. This causes friction and plastic deformation, which results in heat gen-
eration [6]. The technique can be successfully used to join various structural alloys such as Al-alloys in similar and
dissimilar combinations, Mg-alloys, Cu-alloys, and steels [7—13]. FSW technique is utilized to achieve high-strength
friction stir welded joints for large/extra-large thick plate structures, and also aluminium AA7075 and AA2024
alloys. Also this method is employed in nuclear power plants to weld neutron-irradiated 304L stainless steel. Friction
stir lap welding was used to weld aluminum/steel dissimilar metals. Double-sided friction stir welding (SDS-FSW)
technique was developed and investigated for welding 6 mm thick 6061 aluminum alloy joints. Further a study on
how corrosion and mechanical characteristics of friction stir welded dissimilar 6101-T6 and 7075-T651 Aluminium
Alloys were carried out to ascertain the the effects of variable parameters such as the tool rotational and welding
speeds. An electrically-magnetically-assisted friction stir welding (EMAFSW) method, conducting butt welding
experiments on T76 tempered spray-formed 7055 aluminum alloy were carried out and compared to traditional
friction stir welding (FSW) processes. Tool pin offset technique was employed to weld aluminum alloys AA 6013—
T6 and AA 7075-T651 and mechanical and microstructural properties were investigated [14-21].

When it comes to defining the microstructural development, mechanical characteristics, and residual
stresses of the welded joints, the temperature distribution that takes place throughout the FSW process is an
extremely important factor [22]. Visualization and analysis of the material flow, temperature map, stresses and
strains involved during the process is much easier in simulations than in experiments. The numerical model-
ling can provide mechanical and thermal histories of material particles, which are necessary to compute final
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microstructure of the weld. Thus the numerical tool can also be helpful for understanding and controlling the
final microstructure and properties of welds. Also simulations could help to adjust and optimize the process
parameters and tool designs in order to achieve the best weld properties, increase welding rates and tool life,
and enlarge the application field of the process by reducing stresses on FSW tool. The main purpose of this
numerical simulation is to develop a 3D robust numerical tool enabling the thermo-mechanical simulation of the
whole FSW process and also to find out the temperature distribution. This will help to predict the thermal stress
that is induced during the FSW process. It has become clear that finite element modelling, sometimes known
as FE modelling, is an effective method for forecasting the temperature distribution in FSW. In the beginning,
finite element models were primarily concerned with heat transfer analysis, and they ignored material flow and
deformation [22, 23]. In subsequent models, the coupled thermo-mechanical behaviour of the FSW process
was added. This conduct took into account the heat production that happened due to plastic deformation along
with friction, as well as temperature-dependent material characteristics and the impact of tool shape [24]. The
integration of microstructural evolution and the prediction of mechanical characteristics have been the primary
focuses of recent developments in finite element modelling of finite solid works (FSW) [25, 26]. Friction Stir
Welding, often known as FSW, is a solid-state joining procedure that does not require the materials to be melted
while the application is being performed [27]. The plastic deformation and friction brought on by the tool’s
rotational and transverse motions might cause the materials to become more pliable and stirred as a result of the
heat that is created by these movements [28]. The absence of cracking and porosity, as well as the absence of any
loss of alloying elements, are the defining characteristics of FSW joints [29]. The heat that is created due to FSW
process as a result of friction and plastic deformation at the tool-workpiece interface, as well as the heat that is
generated owing to plastic deformation in the thermo-mechanically impacted zone, causes the metal that is close
to the tool to become significantly more pliable [30]. To fully comprehend the FS Welding process, it is essential
to carry out a thermo mechanical study [31]. It is recommended that numerical simulation techniques, like finite
element method (FEM), be utilized to carry out such a study [32]. To model the thermo-mechanical processes
in FSW, the applications of computational fluid dynamics (CFD) and computational solid mechanics (CSM)
methods were utilized [33]. In order to perform computational analysis, the mesh size needs to be comparable
to or lower than 0.1 millimeters [34, 35]. The model’s friction coefficient needs to be taken into consideration
as a relation to the strain rate and temperature [36]. It is possible that the Coulomb friction model will lead to
the achievement of an exact and remarkable accuracy in the temperature distribution predictions [37]. It is the
sliding friction that occurs between the workpiece and tool that induces the heat to be produced [38].

Within and around the agitated zone, FSW causes a significant increase in temperature and a significant
degree of plastic deformation. This causes the material to undergo complicated movement, as well as enormous
shear pressures in the plastically deformed material, which in turn causes the material’s temperature to rise to
around 80 percent of its melting point. The term of frictional heat has been integrated into the equations that
have developed, with the assumption that a steady uniform pressure exists between the component and tool.
The temperature field that would be characterized by the analytical model developed is depicted in Figure 1.
A model consists of three parameters: traverse speed of tool, rotational velocity ®, and loading force F. These
parameters are defined by the model. Owing to the frictional contact that exists between the workpiece and
the tool, temperature at the contact surface also increases. The occurrence of FSW typically takes place as the
temperature reaches between 70 and 90 percent of the material melting temperature in weld line zone that is
being welded. In the current study, the temperature that was achieved around the weld line area is inside the
range that was divulged. On the other hand, the highest temperature that was obtained has a temperature which
is lower than workpiece’s melting temperature. Additionally, in order to achieve a more realistic simulation, a
rotating and moving tool was utilized rather than a heat source that was actively moving. The tool pin was not
taken into consideration. It is observed that the heat produced at the pin was little because it only accounted for
around two percent of the overall heat. A tool that is constructed of a material that is tougher than the material
of the workpiece that is being welded is often required for the FSW process. In the past, FSW processes were
utilized for the processing of soft workpiece materials like aluminum. FSW has made it feasible to combine
high-temperature materials like stainless steel. This change came about as a result of tool development’s utiliz-
ing super-abrasive materials like polycrystalline cubic boron nitride (PCBN). It was tested that hard turning with
varied edge design of PcBN inserts was successful. For simulation purpose, a cylindrical tungsten lanthanum
oxide (W-1% La203) FSW tool model was utilized. For the purpose of simulating the clamping ends, workpiece
edges parallel towards the weld line were given constraints in every direction. To imitate support at the bottom
side of the workpiece, it was limited toward the direction that was perpendicular to the direction of the z-axis.
Heat losses were taken into consideration over the entirety of the model’s surfaces. When seen from the weld
centerline, all of the boundary conditions were evenly distributed.
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Figure 1: Longitudinal (leftside), Transverse (rightside) prints of temperature field calculated of analytical model of Gould
and Feng (1998).

321 ss plates

Clamped end

Tool

Clamped end

Figure 2: 3-D Model of workpiece and tool.

2. MATERIALS AND EXPERIMENTAL METHODS

2.1. Finite element model development

To forecast the dispensation of temperature in the welded components so as to replicate Friction Stir Welding
(FSW) process, a three-dimensional finite element model was created. ANSYS Workbench 19.2,a multiphys-
ics engineering simulation software was utilized to construct the model. The choice was made to employ the
‘TRANSIENT THERMAL’ analysis model to effectively simulate the transfer of heat phenomenon and reflect
the time-dependent aspect of the welding process. The three-dimensional model takes into consideration the
coupled thermo-mechanical behaviour during FSW process, taking into account the influence of tool shape, tem-
perature-dependent material characteristics, and generation of during plastic deformation and friction. Figure 2
depicts solid model of two 321 stainless steel plates (workpiece) using a cylindrical-shaped tool.

2.2. Workpiece and tool modeling

Two plates with a rectangular form were employed as the workpiece. These plates were quite comparable to the
ones that were used in the reference model. To cut down on the computational time, the dimensions were shrunk.
100 x 50 x 3 mm?® was the dimensions of the plate. It had a shoulder diameter of twenty millimeters. The creation
of heat and the increase in temperature in the region that was closest to the weld line were the primary focuses
of discussion in this simulation. The coupled-field element SOLID226 was used to simulate the workpiece



I PALANIVEL, V.; JOHNSON, P.; MUNIMATHAN, A., et al., revista Matéria, v.29, n.4, 2024

MN,O,P,U, VWX

Figure 3: Geometry of element SOLID226.

Figure 4: 3-D Meshed model of workpiece and tool.

(steel plates) and tool. The structural-thermal option was selected, and the KEYOPT(1) value was 11. There
are twenty nodes comprised of the element, and each node can have up to six degrees of freedom. There are a
number of structural capabilities, such as plasticity, elasticity, viscoelasticity, stress stiffening effects, viscoelas-
ticity and deflection. For the purpose of conducting studies incorporating structural and thermal DOF (degrees
of freedom), the thermoplastic and viscoelastic heating effects are provided. Figure 3 depicts the geometry of
the SOLID226 system.

2.3. Mesh generation

It was necessary to build a tiny mesh with a size that was equivalent to or less than 0.1 mm in order to capture
the steep temperature gradients and material flow patterns that were present in the welded zone. To correctly
mimic the generation of heat and transmission, the mesh was improved in the regions that were close to the point
where the tool and workpiece make contact. The tetrahedral mesh was replaced with a hexahedral mesh in order
to alleviate the mesh-orientation dependency that was previously present. A more precise mesh was utilized in
the weld-line region to obtain more precise outcomes. Figure 4 depicts the mesh model in three dimensions.
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Figure 5: 3-D Rigid surface constrained.
Table 1: Material properties of workpiece.
Properties of 321 SS plates
Young’s Modulus 193 GPa
Poisson’s ratio 0.3
Coefficient of Thermal Expansion 18.6 pm/m°C
(TB, BISO)
Yield stress 205 MPa
Tangent modulus 2.8 GPa
Material properties relating to temperature
Temperature (°C) 0 200 400 600 800 1000
Thermal Conductivity (W/m°C) 16 19 21 24 29 30
Specific Heat (J/Kg°C) 500 540 560 590 600 610
Density (Kg/m®) 8027 7894 7744 7631 7406 7406

2.4. Rigid surface constraint

Throughout the entirety of the simulation, the workpiece does not change anywhere. Along the weldline, the tool
spins and advances in forward motion. It is necessary to establish a pilot node in the middle of the tool’s upper
surface in order to implement the tool’s translation and rotation, as demonstrated in Figure 5. The movement of
the pilot node determines the manner in which the complete tool moves. Between the tool’s top surface nodes
and the pilot node, a hard surface constraint is formed. This constraint is made between the two nodes.

2.5. Material properties

For the purpose of correctly capturing the thermo-mechanical behavior that occurs throughout the FSW pro-
cess, the material characteristics of both the workpiece and the tool were characterized as being temperature-
dependent. Due to the fact that the stresses and strains that are created during welding are reliant on temperature,
it is exceptionally important that the FSW process has an accurate temperature estimate. There is a correlation
between temperature and the thermal characteristics of the 321 steel plates, including specific heat, density and
thermal conductivity. It is generally accepted that the mechanical characteristics of the stainless steel plates,
like coefficient of thermal expansion, Young’s modulus remain unchanged. Because of this, a bilinear isotropic
hardening model, often known as TB, BISO is used. Table 1 presents the material parameters of the 321 stainless
steel plates that are being discussed.

During the FSW process, approximately 80 percent of the plastic work is lost as heat at the end of the
process. The Taylor—Quinney coefficient is a measure used in thermos mechanics that indicates the proportion of
plastic work that is transformed into heat. After doing calculations to determine the effectiveness of the process,
Taylor and Quinney came to the realization that around 90 percent of the plastic work was converted into heat.
They discovered that a metal that had been plastically deformed was able to store a tiny percentage of plastic
work, which resulted in an increase in the metal’s internal energy. Therefore to determine the amount of plastic
heat that is generated in the workpiece material, the Taylor-Quinney coefficient is fixed at 0.8. A tool made of a
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Table 2: FSW tool material properties.

Young’s Modulus 410 GPa
Poisson’s ratio 0.3
Thermal Conductivity 120 W/m°C
Specific Heat 750 J/kg°C

Density 2581 kg/m?

Convection
Convection from top

and side surfaces

Conduction from bottom
(high convection coefficient)

Figure 6: Thermal boundary conditions.

hard substance is necessary in order to successfully weld a material that is subjected to high temperatures, such
as 321 stainless steel. The FSW tool that is utilized in this scenario is a cylindrical tungsten lanthanum oxide
(W-1% La203) instrument. Table 2 depicts the tungsten lanthanum oxide (W-1% La203) FSW tool’s material
characteristics.

2.6. Loading and boundary conditions

The loading and boundary conditions were defined to simulate the actual FSW process. The rotational speed of
tool, traverse speed, and axial force were applied as parameters for input data. The workpiece was fixed in place,
and the tool was allowed to move along the joining line. The FSW model’s mechanical and thermal boundary
conditions are listed below.

* Thermal Boundary Conditions
* Mechanical Boundary Conditions

* Loading

2.7. Thermal boundary conditions

The frictional and thermal energy that is generated during FSW process is due to the plastic flow of material
that quickly spreads towards remote parts of the plates. Radiation and Convection are the two mechanisms that
are responsible for the heat loss to the surrounding environment on the workpiece’s side and top surfaces [19].
Additionally, the workpiece’s bottom surface is a potential source of conduction losses when it is connected to
the backing plate. There is a representation of the thermal boundary conditions in Figure 6. It is determined that
the convection coefficient of the workpiece and tool is 30 W/m2°C. It is estimated that heat loss due to con-
duction on the bottom surface of workpiece possesses a high heat transfer coefficient of 300 W/m2°C. This is
significantly higher than the convective coefficient, which is approximately nine times higher. As a consequence
of this, the workpiece’s bottom surface is furthermore considered to be a convection surface when simulating
conduction losses. Also the heat loss due to radiation is discarded because the percentage of heat that is lost as a
result of radiation is very modest. A temperature of 25 degrees Celsius is used as the starting point for the model.
Without exception, the model does not have any temperature boundary restrictions put on it.

2.8. Mechanical boundary conditions

While clamping each plate, the workpiece is secured in place. In every direction, the clamped sections of the
plates are confined to their respective positions. It is necessary to limit all of the bottom nodes of the workpiece’s
orientation that is perpendicular towards the direction of plates in order to mimic support at the plate’s base.
Figure 7 illustrates the boundary conditions that are in place.
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Figure 7: Meshed model with mechanical boundary conditions.

2.9. Numerical solution

For a speedier solution, automatic time-stepping was engaged. The beginning time stepsize (DELTIM) was
fixed at 0.1. The minimal time step was fixed at 0.001. Maximum time step as 0.2 is employed in load steps 2
and 3, as an unconverged solution might arise due to larger maximum time-step size. An unconverged solution
might arise from a larger maximum time-step size. The mesh or element size determines the time step values.
The numerical solution was validated using experimental temperature measurements.

3. RESULTS AND DISCUSSIONS

The result of the investigation has provided an insight into forecasting the distribution of temperatures during
friction stir welding process utilizing finite element analysis. This chapter provides a reflection of the research
and its outcome, which were corroborated with the experimental results to validate the research.

3.1. Temperature distribution

The FE model that was constructed was used to make predictions about the distribution of temperatures that
occurred during FSW procedure. According to the findings, the maximum temperature was found close to the
point wherein the workpiece and tool make contact. This is the location where the least amount of heat was
generated due to friction and plastic deformation. As one moved further from the tool, the temperature progres-
sively reduced, which resulted in the formation of a temperature gradient within the welded zone. The following
conclusions were reached utilizing the FSW simulation, which are presented below. A representation of the FSW
simulation procedure depicted in Figure 8, which shows the temperature distribution following the third load
stage.

3.2. Deformation

The occurrence of deflection in the workpiece due to the tool diving after the initial load step is depicted in
Figure 9, which may be found below. Whenever an external load is applied to the stainless steel plate, it has a
tendency to modify its position, its displacement, or its form. In the process of rigid body deformation, the plate
does not change in size or shape from its initial state. It is also the case that the plate feels stress in this scenario
since it is not just moving but rather absorbing part or all of the forces that are operating on it. Because of these
forces, the body undergoes deformation, which is caused by the movement of particles, which in turn causes the
body to change its shape.

3.3. Temperature results

Both Figures 10 and 11 illustrate the temperature distribution that occurs as a result of the origination of heat
in the second and third load phases, respectively. During the last two load phases, the temperature of the work-
piece achieves its highest point beneath the tool. The mechanical loads are the primary cause of this heat gen-
eration. No external heat sources were utilized. Increases in temperature cause the material to become more
pliable, which results in a reduction in the coefficient of friction. The observed rise in temperature in the model,
Figure 10 Temperature Distributions after Load Step 2 is illustrated in Figure 12, which demonstrates that the
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Figure 8: Temperature distributions in friction stir welded of 321 SS plates after the load step 3.
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Figure 9: Deflection of workpiece after load step 1.
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Figure 10: Temperature distribution after load step 2 (initial stage).
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Figure 11: Temperature distribution after: (a) load step 2 and (b) load step 3.

development of heat occurs because of friction in second and third load among the tool shoulder and workpiece,
and also the plastic deformation of the material that makes up the workpiece. Stainless steel with a 321 desig-
nation has a melting point that falls somewhere between 1400 and 1425 degrees Celsius. During the second and
third load phases, the highest range of temperature occurs at weld line area on the workpiece under the tool area
which is substantially lower than the workpiece’s melting temperature. However, it is over 70% of the melting
temperature. This is seen in the figure that follows. With temperatures falling within this range, the two plates
are capable of being welded together. The usual time history plot that occurs throughout the FSW process is
seen in Figure 13.
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Figure 13: Time history plot of FSW of 321ss plates.

3.4. Validation with experimental data

For the purpose of validating the finite element model, experimental experiments was undertaken utilizing the
use of the same welding settings and materials that were used in the simulations. Thermocouples were utilized in
order to achieve temperature readings at a number of different sites along the weld line. To quantify the tempera-
ture distribution that occurred during the FS welding process, a thermocouple sensor of the K type was affixed
to the oil-hardened backing steel plate. Silver paste was used to record the temperature that occurred while the



O PALANIVEL, V.; JOHNSON, P.; MUNIMATHAN, A., et al., revista Matéria, v.29, n.4, 2024

FS welding procedure was underway. An opening with a diameter of about 1.5 millimeters was drilled in the
middle of the backing plate. This hole was designed in such a manner that the thermocouple bead would remain
flat in the surface of the backing plate, just below the joint line.

An assessment of the finite element model’s accuracy was undertaken by comparing the simulation
results with the observations of the experimental temperature. The fact that the experimental and the numerical
outcomes show strong correlation with each other demonstrates that the model that was constructed is valid.

The typical time history plot is depicted in Figure 13, and the time history plots that were produced from
the FEA analysis are superimposed on the actual temperature graphs that are depicted in Figure 13 for the pur-
pose of comparison and validation. As can be seen from the graphs, the anticipated temperatures are quite close
to the actual temperatures, with just a little amount of fluctuation overall.

Figure 13 illustrate the maximum temperature that was determined by the finite element analysis (FEA)
following the load stage. It is clear from the findings that the maximum temperature that was measured in the
experiment and the maximum temperature that was anticipated are quite near to one another, and the percentage
of mistake that was made in forecasting the maximum temperature was less than three percent.

4. CONCLUSIONS

Recently, finite element modelling has developed as a highly effective method for forecasting the temperature
distribution in FSW environment. The finite element model that was built takes into consideration the coupled
thermo-mechanical behaviour of the FSW process. This model takes into account the heat production that occurs
as a result of friction and plastic deformation, as well as temperature-dependent material characteristics and the
impact of machine geometry. Validation of the model was accomplished through the utilization of experimental
measurements, and the outcomes offered valuable insights into the optimization of FSW process parameters
in order to accomplish the appropriate temperature distributions. To corroborate the FEA approach that was
followed in order to analyse the FSW process, it was discovered that the simulated values representing the
highest temperature obtained with regard to experimental data revealed an error percentage that was within
3% of the experimental values. For the purpose of developing complete and dependable finite element models
for finite surface wave (FSW), future research will concentrate on the integration of multi-physics phenomena,
sophisticated material models, and efficient numerical approaches. It is possible to utilize the validated model to
make predictions about the thermal behaviour of different material combinations and to provide support for the
development of sophisticated FSW techniques for their use in industrial settings.
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