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1. Introduction

Friction stir welding (FSW) is one of the new advancements in modern welding technology. This thermo-mechanical process
requires additional heat to cause metal deformation that alters regional behavior without affecting the remaining material. A
perishable rotary tool with a specifically constructed pin and shoulder was put into the adjacent edges of the sheets. The tool
serves two purposes: (a) heating the work piece and (b) moving the material to form a joint. Friction was caused between the
tool and the work piece, so the material is heated as plastic deformation occurs (Mishra & Ma, 2005). Backar et al., (2020)
demonstrated that the material flow during FSW is highly intricate, depending on the device structure, process parameters,
and welding substance. Understanding and recognizing the product flow behavior is critical to improving tool design and
ensuring high-performance structural welds. During FSW, the activities are divided into various phases. The workpiece and
tool move relative to each other, and it was described at a period. During the first, the tool rotates at a period and is plunged
vertically through the joint line between work components. In the second phase, the engagement creates heat through frictional
effort and material deformation due to the tool's velocity differential and the work piece (Schmidt et al., 2004). Chao et al.,
(2003) conducted the experiment using the FSW method and derived the expression for heat transfer using the boundary value
problem method considering stationary conditions for the tool and transient requirements for the work piece to determine the
heat flux generated by friction in the tool and workpiece using numerical finite element method (FEM). The findings show
that about 95% of heat is caused due to friction transported to the work piece and only 5% transported to the tool. Zhu &
Chao, (2004) developed an FEA code to analyze three-dimensional heat transfer and thermo-mechanical computer simulation
modeling using WELDSIM of 304L stainless steel to evaluate the variation on transient temperature and residual stress in the
FSW process and also compared the results between neutron diffraction technique and numerical simulation. Such results
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show that the numerical simulation has excellent agreement with the experiments. Hamilton et al., (2008) optimized the energy
per unit length of welded material using a slip factor experiment to measure welding temperatures of aluminum alloys using
thermal modeling, resulting in energy levels between 800 and 2000 J/mm, with excellent agreement between experimental
data and the thermal model. The welded joints' microhardness, tensile, and bending tests were measured using FEM in a
dissimilar FSW experiment employing aluminum alloys 6061-T6 and 6082-T6. The AA6082-T6 material has lower yield and
ultimate stress, according to (Moreira et al., 2009). Using the FSW technique, Atharifar et al., (2009) performed a CFD model
to evaluate the heat transfer and material flow of Aluminum alloy 6061 to analyze the viscous and inertia loads. The findings
show that longitudinal force has the greatest influence on transverse velocity. FSW experiment was performed by Prasanna
et al., (2010) using Aluminium -AA6061-T6 to estimate the maximum temperature by altering the input parameters using
ANSYS. Thermal conductivity, specific heat, and density are measured using the trend line equations. The results show that
when varying rotational speeds at a constant welding speed, temperature decreases with the direction perpendicular to the tool
on the top surface, higher hardness values were obtained, and maximum tensile strength was obtained using the tensile test in
the maximum temperature region. They also utilized ANSYS software using a finite element modeling experiment to
determine the maximum temperature in stainless steel using the FSW method. The results demonstrated that the peak
temperature of 1056.853°C was obtained using simulation comparatively lower than the melting point of 304 L steel, and the
mean relative error between theoretical and experimental data for 304 L steel was also calculated. Nguyen et al., (2011) used
the FSSW modeling approach to examine the hardness values and strengths of the FSSW joints using the prediction model of
failure experiment utilizing aluminum alloy 6061-T6 sheets. According to that work, this FSSW approach is best suited for
determining the failure load of materials and structural frames. To evaluate the microstructural development and thermo-
mechanical behavior, the ABAQUS software is used to weld two dissimilar metals, AA6061-T6 and AA5086-O, using the
FSW approach. Jamshidi Aval et al., (2011) concluded that hardness in the AA5086 side is primarily determined by
recrystallization, whereas hardness in the AA6061 side is determined by the size, volume fraction, and distribution of causes
in the weld line and together heat affected zone. Ganesh & Kumar, (2011) used Finite Element Simulation and die forming to
conduct an FSW experiment to weld super plastic AA 6061-T6 sheets. As a result, during the forming process, the superior
interlocked of the material increases in the area of the bulging shape. Kiral et al., (2013) used the finite element method (FEM)
to calculate the temperature distribution of aluminum alloys using FSW. They found that at the tool holding period and rotating
speed rises, the temperature is maximum near the welding joint, and when the tool transverse speed rises, the temperature was
decreased. The FEM investigation was done to investigate the process of FSW to analyze the welding competence of AZ31
magnesium alloy. The DEFORM 3D finite element model is used to model the experiment. Gok & Aydin, (2013) observed
that material moved per rotation raised and temperature decreased proportionally the transverse speed was raised. To assess
microstructure, impacts of materials location, welding speed, micro hardness, and tensile property of the welded joints, the
FSW experiment was done using two different materials: AA6061 and AA7075 alloy. According to the experimental results,
the most strength is obtained at the welded material's joints when welding was done at the fastest speed (Guo et al., 2014).
Using FEM, Vignesh et al., (2016) explored the distribution analysis to forecast the greatest temperature during the FSW
process of Aluminum AA6061-T6 alloy material by considering tool rotating speed, welding speed, and diameter of both
shoulder and pin. They concluded that the greatest temperature is obtained and is related to shoulder speed and diameter,
whereas welding speed is inversely proportional. The CFD model was developed by taking into account AA6061-T6 material
to measure forces in a tool utilizing the FSW technique. The FEM model was built to compute welding tool fatigue stress by
Zhang et al., (2016), and they concluded that fatigue stresses rise with increased rotation speed and decrease with increased
transverse speed. Meyghani et al., (2017) experimented with comparing the thermal behavior of FSW welding using
Lagrangian, FEM, Arbitrary Lagrangian-Eulerian, and Eulerian techniques. Finally, they stated that the Lagrangian technique
is an acceptable tool for modeling structural dissimilar components. Zhu et al., (2017) developed a 3D coupled thermo-
mechanical FEM model to predict and examine defect creation during FSW using the coupled Eulerian-Lagrangian approach,
taking the parameters as welding temperature, zone shape, and void size. According to their findings, welding at a low speed
or with a fast rotational speed of the tool generates a smaller void. During the FSW operation, the friction force is the primary
source of heat production. Axial power, rotational speeds, and transverse speeds are used as input parameters to model thermal
activity using the ABAQUS program. Meyghani & Awang, (2020) concluded that if the rotational speed increases, the highest
temperature in the work piece also increases. The temperature distribution and residual thermal stresses produced by the FSW
process are predicted using the FEM system. The temperature of AA5083-O joints is measured using an infrared thermal
image sensor, and the findings show that welding speed is increased results the high temperature is attained in welding phase,
although rotating speed is increased resulted in a highest temperature is attained (El-Sayed et al., 2018). The aim of the
research published by Igbal et al., (2019) is to study the force variance, flow behavior and temperature distribution at work
piece of the AA6005 aluminum alloy. Point tracking method is used to predict the welding defect, and the outcome to get a
good weld with a plunge depth of 0.3 mm between the pipe and tool shoulder. Meyghani et al., (2019) studied the material
temperature and elastic modulus values of the FSW process and modelled the process using MATLAB® and ABAQUS®
software to solve the governing equations of FSW joints made of 6061-T6 aluminum alloy. They compared the results by
using error percentage and the results also showed that the temperature is always lower than the melting point of 6061-T6
aluminum alloy, which is 580 °C, during all stages of welding.

In previous works, the researchers have used various materials to predict temperature distribution, welding defect,
thermo-mechanical properties, fatigue and fracture tests, hardness, and tensile property of weldments and the role of
input parameters such as tool rotating speed, welding speed, the diameter of both shoulder and pin, of the material
using different experimental studies (Akbari et al. 2019; Taheri-Behrooz et al. 2019; Narasimharaju & Sankunny 2019;
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Aliha et al. 2019,2020; Torabi et al. 2018,2019; Shubhavardhan & Surendran 2018; Mohammadaliha et al. 2018; Jian et al.
2018; Marazani et al. 2021) and different software such as MATLAB®, ABAQUS®, ANSYS, and WELDSIM®.
However, a limited amount of research is accessible to develop a simulation model using COMSOL-
Multiphysics® software to assess the steady-state convection-conduction heat transfer model and explore
Aluminum's thermal and structural analysis of Aluminum (AA6061- T6) alloy. Hence in this research, thermo-
mechanical characteristics of AA6061-T6 during the FSW process were simulated based on COMSOL® software
using finite element modeling and analysis. Also, a conceptual model was created to interpret thermal and structural
studies.

2. Material Properties for simulation

Aluminum alloy (AA6061- T6) was used as the material for the analysis. The main advantages for preferring
AA6061-T6 over other aluminum alloys are its appropriateness for solid-state welding, high power, strong
workability, good corrosion resistance, and extensive application in automotive and aerospace sectors Riahi & Nazari,
(2011). CPM-IV steel tool H13 steel was utilized for modeling because of its hardness and heat transfer qualities.
The chemical and temperature-dependent mechanical characteristics of aluminum alloy AA6061-T6 are shown in
Tables 1 and 2.

Table 1. Chemical composition of AA6066-T6 aluminum

Mg Si Fe Cu Zn Ti Mn Cr Others Al
0.8%- 0.4%- 0.7% 0.15%- 0.25% 0.15% 0.15% 0.04%- 0.05% balance
1.2% 0.8% 0.40% 0.35%

Table 2. Temperature dependence of shear yield strength of AA6066-T6 aluminum alloy
Temperature (K) 311 339 366 394 422 450 477 533 589 644

Yield stress (MPa) 241 238 232 223 189 138 92 34 19 12

The 320mm x 102mm x 12.7mm dimensions of the workpiece are considered for simulation work, as shown in
Fig. 1. The unthreaded pin and shoulder are taken to model the analysis. The welding instrument's pin diameter is 12
mm, its shoulder diameter is 50 mm, its tool height is 90 mm, and its pin height is 4.5 mm. In the numerical model,
half of the welded plate is treated as a weld line, while the other half is an asymmetric line. The symmetric condition
was used to save simulation time.
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Fig. 1. Work piece geometry for FSW modeling (all dimensions in: mm).

3. Mathematical Model and Boundary Conditions
3.1. Mathematical Model

Using the coordinate transformation method, COMSOL multiphysics software was utilized to create a steady-state
convection-conduction heat transport model. Meanwhile, the mechanical model was intended to calculate residual
stresses caused by the FSW operation's heat flux. It exemplifies the fundamental idea of modeling and simulation by
representing the physical system of the process using a mathematical equation.
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3.1.1.  Governing Equations for Thermal Analysis

Vignesh et al. (2016) presented the governing partial differential equation for thermal energy conservation and
heat transfer processes that result in the work piece plate during the FSW process as:

oT 1
pCy e (M

where,

= V- (kVT) — pC,U - VT +Q

T: Temperature field

U: Velocity vector of the tool

k:  Heat conductivity

Cp: Heat capacity

p:  Density of the work piece material

The expression pCpU - VT represents the convective term that occurs opposite to the conductive term due to the
coordinate scheme of the welding tool. The equation has achieved its stationary condition when the time derivative
variable entirely disappears. If the current model's tool velocity in the x-direction is positive, Eq. (1) changes to:

CaT_6<k 6T>+6(k 6T>+6(k 6T)+ CaT+ 2)
PCo 5t = ax\Mxax) Tay\Kvay) Taz\Kegy) 0xPlo g T

The current established model computes the induced heat as surface heat flux due to the interaction between the
tool pin and the work piece (surface heat friction and volumetric heat of deformation) proposed by Colegrove, (2000).

Apin M= ; rp(’-)Ty(T) G)
3(1+p?)
q: pin heat flux (W/m?)
% Friction coefficient between the pin and the work piece,
p: Pin radius in mm
®: Pin’s angular velocity (rad/ s)
1, (T): Average shear yield stress of the material as a function of
temperature

The average shear stress is a function of temperature, and this model uses an interpolation function based on
experimental results in Table 2 to estimate it. Furthermore, the heat is produced at the tool's shoulder and the work
piece's interface. The local heat flux per unit area (W/m?) at a distance r from the tool center axis was determined by
the following equation (Colegrove, 2000):

Fp
H(—)wr; if T<T,
Qshoulder(r, T) = A melt .
0 ; if T> Tmelt
where,
Fn: Normal force
As: Shoulder's surface area

Tmeie: Aluminum melting temperature

The friction between the tool and the aluminum alloy layer is significantly less above the alloy's melting
temperature. If the temperature is equal to or higher than the melting temperature, the model sets the heat production
from the shoulder and the pin to zero.

3.1.2.  Governing Equation for Structural Analysis

The governing partial differential equations for the structural analysis of the model are given by (Hetnarski &
Eslami, 2009) as:

Vo =0 5)
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o=D(e—€, —€m) (6)

where,

o: Cauchy stress tensor, expressing the conservation of momentum which is related to the well-known equilibrium
equation 5,

€: Total strain tensor,

€p: Plastic strain tensor,

€th: Thermal stress tensor,

D: Fourth order Hooke's tensor.

Additionally, the following kinematic equations describe the rate of change of €, and the vector K of the model
parameters.

€, = AH(e,, K, p) (7
kp = AG(ep, K, p) (3
where,

p: Vector containing variables from the solution vector (i.e., displacements
and/or temperatures),
A: Plastic multiplier, which was determined by the complementary conditions

F((epK,p) <0 €))
A=0, (10)
F(ep, K,p)A=0 (1)

in which F is Yield function. For isotropic hardening one can substitute

K = gpe, (12)
X=Y=f2(€p), (13)
F(o,Y) =0(0) - Y (14)
G=-2=1 (15)

The mathematical formulation of the model was confirmed by conveying the thermal strains in the model terms of
components as:

where,

sf]h : Components of the thermal strain tensor,

a: Thermal expansion coefficient of the material,
8;: Kronecker delta.

3.2. Boundary Conditions

3.2.1.  Boundary Conditions and Initial Conditions

The model geometry is symmetric around the weld. Consequently, an aluminum plate with 320 mm x 102 mm X
12.7 mm was designed. Furthermore, the model is encircled in the x-direction by two infinite domains, ensuring that
measurements at the plate borders provide no results. The model does not incorporate the fluid flow parameters of
the moving process in Aluminum. As a result, the model lacks the spinning tool's dynamic step changes and front-to-
back material transmission. The simulation domain, the thermal (red), and structural (green) boundary conditions are
depicted in Fig. 2.
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Fig. 2. Simulation domain and corresponding thermal (red) and structural (green) boundary conditions

roller plane

3.2.2.  Thermal Boundary Conditions

The heat produced by friction and plastic deformation during the FSW phase spreads rapidly across the aluminum
plates. Due to convection and surface to atmospheric radiation, the top and bottom surfaces of the plates lose heat.
Bejan & Kraus, (2003) demonstrated the heat flux expressions at these surfaces.

Qtop = hup(TO -T)+ SG(T:mb - T4) (17)
Qbottom = Npottom (To — T) + SG(T:mb - T4) (18)

where,

hiop and hpottom: Heat transfer coefficients for natural convection,

To: Accompanying reference temperature,

€: Surface emissivity,

c: Stefan-Boltzmann constant,

Tamb: Ambient air temperature.

Normal convection and surface-to-ambient radiation are utilized to simulate an infinite domain in an aluminum
work piece where the temperature is in equilibrium with infinity. As a result, the border state was set to insulation at
this point. Empirical equations may be used to calculate the particular values of the heat transfer coefficients given
the associated boundary conditions. In this model, the values for hyp= 12.25 W/(m?K) and hpowom= 6.25 W/(m?K)
presented in Table 3 are employed.

3.2.3. Structural Boundary Conditions

The coupled thermo-mechanical impacts of the FSW process were simulated using a finite element modeling
technique. The model in this study was based on existing material attributes that are inbuilt in the FEM software
database, as directed by Obiko & Mwema (2020) and Kumar & Aggarwal (2015). The temperature distribution in
the weldment was computed using steady-state heat flow analysis, and the structural model uses the results of the
thermal analysis as feedback to calculate the mechanical Elasto-plastic characteristics of the weldment, such as stress
and deformation. As a result, the following mechanical boundary conditions are specified. Clamping holds the work
piece in place. The clamped regions of the plates are restricted in the x, y, and z axes. To protect at the bottom
surfaces of the plates, the work piece's bottom nodes were constrained in the vertical direction (z-direction). Fig. 2
shows mechanical boundary conditions.

3.2.4.  Initial Condition

The initial condition for the simulation is:

T(x,y, z,0) = Ti (19)
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4. Meshed Model

Three-dimensional free quadrilateral and free triangular elements were employed to mesh the plate and tool. The
work piece and tool are separated into small finite elements along their length and breadth (10000 nodes & 20000
elements). Fig. 3 depicts extremely fine meshes near the tool, with fines decreasing as distance from the tool
increases. Convergence was generally achieved in 400 cycles with a tolerance level of 1°°,

Fig. 3. Meshed model of work piece and tool used for the present study

5. Sample Simulation Result

The parameters mentioned in Table 3 were chosen for a sample numerical result. The COMSOL-Multiphysics
software was utilized to simulate and model the heat transport and structural dynamics. In Equations 1 and 2, the
velocity vector was set to u= (-uweid, 0, 0), where uwea specifies the tool's x-direction translational velocity. The
primary parameters that may be controlled during the FSW process are as follows.

Table 3. Welding input parameters used in the present model

Name Description Values

To Ambient temperature 300 K

Tmelt Melting temperature of work piece 933 K

hy Heat transfer coefficient on the upside of the work 12.25 W/(m?K)
piece

hq Heat transfer coefficient on the downside of the work 6.25 W/(m?.K)
piece

€ Surface emissivity 0.3

U Welding speed or tool traverse speed 7.5 mm/s

i Coefficient of friction 0.4

n Tool rotational speed 800 rpm

® Angular velocity 2.pi (rad).n (rad)

Fa Plunge force 25 kN

P Radius pin 6 mm

T'shoulder Radius of shoulder 25 mm

St Pin heat capacity 500 J/kg K

Jpin Pin heat source w

Jshouldr Shoulder heat source W

Ju Heat flux on the upper side of the work piece w/m?

qd Heat flux on lower side of work piece w/m?

A Surface area of shoulder pi*(r_shoulder2- r_ pin2)

Pt Pin density 7800 kg/m?
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Fig. 4 shows the practical results of steady-state temperature distribution in the shape of both exterior surface
distributions and equithermal surfaces for the case of uweq=7.5mm/sec and tool rotation of 800 rpm. Fig. 4 shows
that, as expected, the temperature distribution is most significant where the spinning tool contacts with welding
plates. The fresh cold plate connects ahead of the tool, while the welding mechanism transfers the hot welding behind
it. Tmax=906 K is the maximum temperature, which is lower than the melting point of the aluminum alloy in Table 3.
This Table displays the maximum induced temperature values and their location. The highest temperature, according
to Jamshidi Aval et al., (2011), is created during the FSW phase ranges from 70% to 90% of the melting temperature
of the workpiece composition, decreasing or eliminating welding faults and substantial distortion or deformation that
are frequently linked with fusion welding. The estimated results are shown in Fig. 5, and it is quite close to the
experimentally measured values.

Surface : Temperature (K) Max. Min Surface : Temperature (K] soSurface : Temperature (K) Slice : Temperature (K)
Max. Min Surface : Temperature (K]

max - 905.503 ax : 905.503

300 400 500 600 700 8OO 900 300 400 500 GO0 700

Fig. 4. Steady state temperatures distributions (a) on the surface (b) on equithermal surfaces via the volume

6. Simulation results and Discussions

The friction stir welding technique for AA6061-T6 material is described in detail, emphasizing modeling and
simulation. In this evaluation of various welding settings, the thermal and structural analysis findings are reviewed.
The results presented here were gathered systematically and thoroughly to gain a better knowledge of the weldments'
thermal and mechanical efficiency.

6.1. Thermal Analysis

During FSW operation, frictional heat and heat-related plastic deformation tend to raise the temperature of the
work piece. The developed model may predict better temperature distribution under various welding situations. The
combined impacts of tool movement and rotation, boundary conditions, and welded AA 6061-T6 thermal
characteristics were determined. Fig. 4 shows a three-dimensional model sample result for the welding settings listed
in Table 3. Using as a starting point, a thorough analysis was conducted to identify the impacts of axial force rotational
and translational tool rate on the thermal behavior of the weldments.

6.2. Effect of Axial Force

The axial load power is a significant measure for assessing a work piece's thermal activity. According to Equation
4, the heat produced during the FSW process is proportional to the normal force. To investigate the impact of this
force on heat distribution, the model was created and is subjected to various vertical forces while keeping the tool
rotation and translation rates constant, as shown in Table 3. Fig. 5 shows temperature distribution contour plots on
the workpiece surface for axial stresses of 7.5 kN, 9 kN, 10.5 kN, and 13 kN. The temperature gradient rises in the
welding direction in front of the tool compared to its backside.

Additionally, as the axial load increases from 7.5 kN to 13 kN, the heat produced during the process is improved.
The determined axial load temperatures are also within the FSW process's acceptable temperature range for AA 6061-
T6. Maximum temperatures are higher near the weld line and lower when closer to the heat-affected region. In
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general, increasing the penetration force raises the maximum temperature; but, for higher axial forces, the maximum
temperatures tend to converge to constant values, as shown in Fig. 6. Fig. 5 indicates that increasing the penetration
force increases the maximum temperature increase. To investigate the behavior of the induced temperature over the
top and bottom surfaces, as well as the thickness of the work piece, systematic and structured simulations were carried
out. The temperature data on the top and bottom surfaces of the joints in a parallel perpendicular to the weld line are
shown in Fig. 6. As shown in Fig. 7, the temperature decreases with distance along the top and bottom surfaces of
the work piece. However, the maximum temperature at the bottom surface is lower than the equivalent value at the
top surface.

(a) Fi=7.5kN (b) Fi=9 kN

(c) Fi=10.5kN (d) Fi=13kN

Fig. 5. Temperature distribution contours for different axial forces, rotational speed 800 rpm and translational
speed 7.5 mm/s
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Fig. 6. Variation of Maximum Temperature as a function of axial force, rotational speed 800 rpm and
translational speed 7.5 mm/s
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Fig. 7. Variations of temperature with distance along the line perpendicular to the weld line on the top and
bottom surfaces as a function of axial force, rotational speed 800 rpm and translational speed 7.5 mm/s.
6.3. Effect of Rotational Speed
As it is evident, the FSW procedure comprises rotating a tool that goes sideways to the weld junction and
plastically stirs the aluminum plates to connect. The plastic deformation and material flow near the top surface
accelerate tool rotation. Therefore material deformation on the top surface near the contact area is greater than the
area on the bottom side. Plastic deformation is critical in creating the weld zone profile during FSW procedures
(Jamshidi Aval et al., 2011). This phenomenon is affected by tool rotation. Consequently, the employed model was
utilized to simulate various values of rotational tool speed to explore the influence of rotation speed. Fig. 8 shows
the variation of maximum temperature as a function of rotation speed. According to these findings, the peak
temperature increases linearly with rotating speed. Fig. 9 shows the estimated maximum temperature value of 834 K

with a rotation of 700 rpm under the stated parameters and its distribution and location. In contrast, the findings
indicate a similar trend to the simulated results (Chiumenti et al., 2013).
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500
200 300 400 500 600 700 800 900

Maximum Temprature [K]

Rotational Speed [rpm]

Fig. 8. Variation of Maximum Temperature as a function of rotational speed, axial force 15 kN and translational
speed 7.5 mm/s
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— K

B
300 400 500 600 700 800

Fig. 9. Magnitude and location of maximum temperature for rotational speed 700 rpm. Welding speed of 10
mm/s and axial force 15 kN

However, the optimum operating temperature for AA 6061-T6 material is between 653 K and 840 K to achieve an
excellent process zone. Because the friction coefficient and other geometrical variables like the radius of the
shoulder pin are constant in this study, the increasing trend in rotational speed should be compensated for by
decreasing the applied force.

6.4. Effect of Translational Speed

With a steady axial force of 15 kN and a rotational speed of 800 rpm, Fig. 10 indicates the temperature difference
for various translational welding rates. Fig. 11 suggests that the applied vertical force and tool rotational speed are
held stable, the peak temperature falls linearly as the translational speed or welding feeding rate rises. Also, as stated
by Meena et al., (2020), the reason behind this decrement is the reduction of the contact time per unit area of tool —
specimen interface as the welding speed or feeding rate increases. Under the given input parameters, the acceptable
peak value of the temperature is calculated as 832 K for welding of 10 mm/s, and its distribution together with
location is displayed in Fig. 10.

300 400 500 600 700 800

Fig. 10. Magnitude and location of maximum temperature for welding speed of 10mm/s, axial force 15 kN and
rotational speed 800 rpm
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Fig. 11. Variation of Maximum Temperature as a function of translational speed, axial force 15 kN and
rotational speed 800 rpm

6.5. Structural Analysis

The coupled thermomechanical modeling methodology used in this study allows for a realistic simulation of the work
piece structural reaction during the FSW operation. Mechanical responses such as thermal stress and strain developed
as a result of the process's thermal gradients. The mathematical formulations, as well as the boundary conditions, are
addressed for practical estimation. These boundary conditions are shown in Fig. 2. This type of calculation helps
determine how much plastic deformation affects the joint's performance in operating conditions. Fig. 12 (a) and 12
(b) show the thermally induced total vertical displacement and effective plastic strain, respectively, as shown from
the spinning and traveling pin reference point.
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Fig. 12. Variation of (a) vertical displacement (b) plastic strain as a function of welding and rotational speeds at
the location where the axis of rotation intersects the work piece surface

It has been observed that increasing welding speed increases the observed thermal stress and the resulting
successful plastic strain. The consequence of the velocity term in Eq. (1) may cause this phenomenon. The
enhancement is more significant at lower rotational speeds due to the angular velocity term in Eq. (2), which implies
that the more heat flux produced at the tool-workpiece interface, the better. The shear yield strength affects the heat
flux, as shown in Eq. (3). Since this yield strength is temperature-based, the yield strength decreases more than the
rotational speed increases in their contributions in Eq. 3. Consequently, as the tool rotates quicker, the rise in thermal
stress and strain is minimized due to a reduction in the material shear yield strength, as shown in Table 2.

As from the data, they were minimizing residual shrinkage (that is, minimizing total displacement or plastic strain)
and maximizing welding speed are also critical for improving the efficiency of the FSW operation. However, these
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two parameters are aggressive to one another. As a result, recommendations for more multi-purpose FSW parameters
are needed.

7. Conclusion

Based on the findings of the present investigation, the following conclusions can be drawn. Base metal Aluminium
(AA6061-T6) exhibited the best characteristics for Friction Stir Welding. The maximum temperature increases as the
axial force increases within the acceptable value of the induced temperature range of the workpiece material while
rotational and welding speeds are constant, and the temperature decreases along the line perpendicular to the weld
direction on top and bottom surfaces. The temperature distribution on the top surface is more significant than the
bottom one. The maximum temperature increases linearly as the rotation speed of the tool increases within the
acceptable induced temperature range of the workpiece material. In contrast, axial force and welding speeds are
constant. The maximum temperature decreases as the forward welding speed increases within the workpiece
material's acceptable induced temperature range while axial force and rotational speeds are consistent. Welding speed
significantly impacts the measured residual thermal stress and associated strains. Higher heat input and slower
welding speed are more significant parameters for the softening of the workpiece around the welding region.
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