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Abstract
This research work presents the comparative analysis of heat input during aluminumwelding focusing on FSW, Plasma-FSW,
and TIG–FSW. This study aims to investigate their thermal behavior and temperature distributions during aluminum welding.
With a specific emphasis on their thermal histories, peak temperatures, and simulated weld zones, the study elucidates
the impact of auxiliary heat sources on heat input and material flow. A comparison of the heat input, heat dissipation,
and heat output of these three welding techniques is necessary for analyzing their weld characteristics. In this research
work, ABAQUS software was utilized to develop a computational model and numerical simulation for analyses the thermal
aspect of each welding technique. Welding parameters such as heat generation by tool, preheating by auxiliary heat source
(electric arc at 45 amp) and welding speed (63 mm/min) are considered to understand heat distribution within the weld
zone are evaluated and compared to justify the improvement and development of FSW technique of discrete artefacts. The
influence of auxiliary heat source by Plasma arc and TIG arc show improvement in thermal behavior of welding such as peak
temperature achieved percentages between 50 and 55% of melting temperature of base metal as compare to FSW (44.4%),
indicating enhanced plasticization due to the additional heat provided by preheating sources. However, plasma-FSW achieved
higher peak temperature due to stable, higher arc efficiency and high-energy nature of plasma arc preheating which create
improved preheating zone with higher temperature. Therefore, the auxiliary source preheating proved crucial for adjusting
the characteristics of the plasticized material and regulating the heat input before the FSW process. These results open up
new avenues for research in hybrid FSW and encourage efficiency and creativity in welding technology for a variety of
industrial applications. They also offer insightful information on how variations in heat input impact thermal behaviour and
weld characteristics.
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1 Introduction

The search for efficient and effective welding procedures has
been of utmost significance in the fields of modern industry
and engineering. Traditional welding techniques have been
crucial in producing structures and components, but tech-
nological improvements have sparked the investigation of
alternative strategies to solve current constraints and improve
weld quality [1]. The idea of hybrid FSW, which com-
bines the fundamentals of traditional FSWwith extra energy
sources, both thermal and mechanical, is one such ground-
breaking innovation [2]. It also emphasizes the design and
practical implementation of hybrid manufacturing technique
to real word problem. As a result of the combination of these
techniques, welding operations are expected to change for
the better thanks to improved weld characteristics, increased
process efficiency, and wider application options [3–6].

A critical component of all welding procedures is con-
trolled heat input. Controlled heat input is crucial in estab-
lishing thewelded joint’smechanical characteristics, thermal
behaviour, and joint quality. In friction stir welding (FSW), a
specially designed FSW tool is rotated and translated to gen-
erate frictional heat.Also, duringFSW,heat input is primarily
determined by tool rotating speed, welding velocity, and per-
pendicular force between tool and workpiece which directly
affect tool in the form of wear and failure of tool [5–9]. In
a weld zone, higher rotational speeds and axial forces result
in an increase in heat input, which has direct effect on the
heat distribution, thermal gradients, and material flow. It is
essential to control the heat input during FSW in order to
achieve the desired weld properties and avoid defects like
inadequate penetration and voids. By adapting a hybrid and
integrated approach, the drawback allied with the FSW tool,
such as wear, material compatibility, process optimization,
andweld quality, can be addressed or improved. To overcome
these imitation FSW is integrated with another welding pro-
cess for better flexibility and control, resulting in enhanced
tool life, expanded material compatibility, optimized process
parameters, and improved weld quality. The variation in heat
input among aluminum welding techniques examined in this
research work—Friction Stir Welding (FSW), Plasma-FSW,
and TIG–FSW can have important implications. The princi-
ple of FSW is based on the generation of frictional heat by
rotating and translating specially designed tools. In FSW, a
control the heat generated by friction and plastic deforma-
tion plays critical role in order to achieve the desired weld
properties and prevent defects such as insufficient plastic
deformation or material flow [11]. Therefore, this study is
concentrated on twohybridFSWtechniquePlasma-FSWand
TIG–FSW. Plasma-FSW integrates the benefits of plasma
arc welding with FSW. This technique uses a plasma arc
to heat the workpiece before passing the FSW tool through
it. However, Tungsten Inert Gas (TIG)–FSW integrate the

additional heat input by TIG and an inert gas shield for pro-
tection during welding [12]. TIG and Pasma heat sources are
controlled carefully so that the material ahead of the FSW
process is also preheated, thus reducing the heat input by the
FSW tool to the plasticized material as shown in Fig. 1. It
is essential to understand how heat input affects the welding
in order to optimize the parameters and achieve high-quality
welding. The impartial of this research work is to provide
insights into howdifferentwelding techniques influence ther-
mal behavior and resulting weld characteristics in aluminum
by comparing the heat input variations among FSW, Plasma-
FSW, andTIG–FSW. In order to ensure efficient and effective
aluminumwelding, the findings will help determine the opti-
mal heat input range for each method.

The many complex problems with traditional welding
techniques are what spurred the adoption of hybrid FSW.
Despite FSW With its solid-state joining mechanism, FSW
has revolutionized welding, but it is not immune to limita-
tions when working with specific materials and applications
[5, 12–30]. HFSW seeks to overcome these obstacles and
take advantage of synergistic effects that result in higher
weld quality and process adaptability. This is accomplished
through the creative integration of thermal and mechanical
energy. Researchers have cleared the road for improvements
that address plasticity, material flow, and joint characteris-
tics by enhancing FSW with energy sources like electrical
currents, laser heat, induction heating, ultrasonic vibrations,
and even arc heating. In previous research comparative ther-
mal analysis was not conducted so, control over heat input is
essential, especially in Hybrid-FSW, where factors like com-
parative study on auxiliary heat sources and intensity of heat
source directly affect material flow and heat distribution. In
order to further the continued development of welding tech-
nology, this study explores the many methods of thermally
andmechanically aidedHFSW, their theoretical foundations,
experimental implementations, and their potential influence
across industries [5–14].

This work is devoted to analytical design and evaluating
the complex interactions between heat input changes and
welding processes thermally in the context of aluminium
welding. The goal is to understand the complicated interac-
tion between heat input, thermal behaviour, and the finalweld
properties by comparing theheat input changes between three
different welding techniques: friction stir welding (FSW),
Plasma-FSW, and TIG–FSW. Based on the incorporation
of additional heat sources like plasma arcs or TIG heating,
each approach presents a distinct heat input modulation. This
investigation aims to identify the ideal heat input range for
each technique in addition to unravelling the complex intri-
cacies of heat input’s influence. This thorough examination
has provided a clearer comprehension of how various weld-
ing techniques can impact thermal dynamics and aluminium
weld characteristics can be revealed, opening the door for
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Fig. 1 Schematic illustration of
heat source of FSW and
preheating in hybrid FSW a Top
view b Isometric view

designing a hybrid manufacturing technique and parameter
optimisation to produce flawless welds and promote success-
ful aluminium welding techniques.

2 Theoretical background

FSW is typically performed by inserting a spinning tool into
the joint between two firmly fastened sheets, once the tool’s
shoulder has made contact with the surface of the material to
be welded, press the tool down the weld line. Materials are
joined by heat from plastic deformation and frictional heat
when a normal force is applied [7]. Frictional heat from the
tool shoulder is themain source of heat, and deformation heat
from the tool pin is the secondary source [2]. Even though
it produces the majority of the heat during the process, the
shoulder also acts as the tool’s primary barrier to material
ejection and as the driving force behind material flow around
it. The source of heat and themain cause ofmaterial deforma-
tion is the pin. In Fig. 2, various thermally and mechanically
impacted zones are schematically depicted. In hybrid friction
stir welding, the workpiece is heated up further just before to
the weld zone, which lowers the mechanical energy demand
on the tool. To pre-heat the workpiece, a variety of hybrid
technologies have been developed.

These technologies could decrease tool forces, improve
the plastic state, and have an indirect impact on tool life.
Overall, in hybrid FSW systems, temperature regulation of
the welded zone is essential.

At the point of contact between the tool and theworkpiece,
heat generation due to friction (Qf) and heat generation due
to plastic deformation (Qp) combine to produce heat. Given
this, the equation for the total heat produced by friction and
plastic deformation is [18]

dQFSW � dQ f + dQp (1)

The material flow and heat generation at the interface are
determined by contact characteristics, which are classified
as sliding, sticking, or partial sliding/sticking circumstances
[2]. The contact state under the shoulder can be ascertained
by sliding friction or sticking friction, depending on the inter-
facial shear strength at the appropriate temperature and strain
rate. The velocity of the tool surface and the velocity of the
contact workpiece surface are connected by the readily speci-
fied contact state variable. It is believed that the contact state
variable (δ) evolves linearly with increasing distance from
the pin’s centre. With the help of these assumptions and the
geometric properties of the deformation zone, the contact
state variable during friction heat generation condition can
be expressed as [18]:

δ � Vmatri x

Vtool
(2)

where Vtool is the circumferential velocity of the FSW tool,
and Vmatrix is the circumferential velocity of the workpiece
material. At the pin/material interface, a 100% sticking con-
dition the same as tool velocity is assumed. At the outer
border of the deformation, the material’s velocity is equal to
zero. Therefore, the contact shear stress will be [19]:

τcontact � τy � σy√
3

(3)

The matrix segment volume shears slightly to a stationary
elastic deformationwhere the shear stress equals the “dynam-
ic” contact shear stress if the contact shear stress is less than
the matrix shear yield stress. The term “sliding condition”
describes this situation. The critical friction stress required
for a sliding condition is described as follows by Coulomb’s
friction law [19]:

τcontact � μp (4)
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Fig. 2 Schematic representation
of the mechanical deformation
zone, primary and secondary
heat impacted zones: Isometric
view (a) and top view (b)

where μ is coefficient of friction and p is the plunging force
applied by FSW tool.

The tool-workpiece interface’s elemental area dA is used
to represent the frictional heat generation [8]:

dQ f � (1 − δ)ωrτcontactd A (5)

The amount of frictional effort dissipated into the work-
piece is determined by r, which is the radial distance of
elemental area dA from the axis. This distance accounts for
the heat created by Qp, plastic shear deformation adhering to
the tool [2].

dQp � δωrτcontactd A (6)

Amixed state is the last feasible state between the sticking
and sliding conditions. When the matrix segment’s velocity
drops below the tool surface velocity, it stabilizes. Equi-
librium is obtained when the internal yield shear stress
equals the ‘dynamic’ contact shear stress because of a rea-
sonably steady plastic deformation rate. The term “partial
sliding/sticking situation” describes this. The friction coef-
ficients for moving and static surfaces are equal under this
concept. Therefore, the total heat produced as a result of slid-
ing and sticking is shown as [19]:

QFSW � δ ∗ QFSW , sticking + (1 − δ) ∗ QFSW , sliding (7)

where δ is contact state variable, QFSW , sticking is heat gen-
eration due to sticking condition and QFSW , sliding is heat
generation due to sliding condition.

Analytical expression on the welding tool’s active surface
is used to estimate how much heat is produced during FSW.
An infinitesimal section on the shoulder surface is used to
estimate the heat generation in that area as it rotates around
the tool center axis. A uniform contact shear stress is applied
to infinitesimal segment area dA � rdθdr. This section con-
tributes with a torque of dM � rdF and an infinitesimal force
of dF� τcontactdA. As seen in Fig. 3, the angle formed by this
surface and the shoulder surface is the tool’s active surface
during the welding process. Q1, Q2, and Q3 indicate the split
of the heat energy created at the contact interface between a
stationary workpiece and a revolving FSW tool, respectively.
Since translational heat is significantly less strong than rota-
tional heat, it can be disregarded in analysis. So, Qtotal total
heat generation is [18]

Qtotal � Q1 + Q2 + Q3 (8)

where Q1 is heat generation dur to shoulder with Rprobe is
inner radius and Rshoulder is outer radius of tool shoulder and
α is angle of inclination of shoulder surface [18].

Q1 �
∫ 2π

0

∫ Rshoulder

Rprobe

ωτcontactr
2(1 + tanα)drdθ (9)
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Fig. 3 Diagrammatic
representation of the straight pin
tool’s nomenclature

where, the angle the conical shoulder creates is (Fig. 3).
The probe’s heat generation by probe vertical surface Q2

is expressed as [18]:

(10)Q2 �
∫ 2π

0

∫ Hprobe

0
ωτcontact R

2
probedrdθ � 2πωτcontact R

2
probeHprobe

where Hprobe is height of probe and Rprobe is radius of probe.
The probe’s heat generation by probe bottom horizontal sur-
face Q2 is expressed as [18]:

Q3 �
∫ 2π

0

∫ Rprobe

0
ωτcontactr

2drdθ � 2

3
πωτcontact R

3
probe

(11)

Consequently, the anticipated amount of heat produced
overall by sliding or sticking friction is

Q � 2

3
πωτcontact

((
R3
shoulder − R3

probe

)
+ R3

probe + 3R2
probeHprobe

)

(12)

A linear combination of sliding and sticking circum-
stances results in the total heat generation for a flat shoulder
and straight cylindrical tool, which is expressed as:

QFSW �2

3
πω

[
δτy + (1 − δ)μp

]{(
R3
shoulder − R3

probe

)

+ R3
probe + 3R2

probeHprobe

}
(13)

where τy is yield shear stress and ω is angular velocity of
tool.

Preheating source used in hybrid FSW are plasma arc and
TIG arc. In plasma arc preheating, the workpiece surface
is heated using a high-energy plasma arc. This preheating

method helps the material plasticize, making it more recep-
tive to the FSW tool’s following mechanical action. Heat
input (Qp) is depended on current (I), voltage (V) and effi-
ciency (μp) of plasma arc. Similar to this, TIG arc preheating
incorporates a TIG welding arc’s regulated heat input with
efficiency (μTIG). The TIG arc delivers a targeted and accu-
rate heat input to the area of interest in conjunction with an
inert gas shield, preparing the material for the ensuing FSW
process [18, 22].

The plasma arc’s input for heat: Qp � μpVI

The TIG arc’s input for heat : QTIG � μTIGVI

Amoving heat source capable of dispersing heat for FSW
welding of materials that are similar and different. A circular
surface heat source with an effective radius (r) serves as the
model for the preheating source. The diameter of the plasma
torch’s nozzle and its distance from the plate surface deter-
mine the heat source’s effective radius.However, the heat flux
is given as and has a Gaussian distribution and expressed as

qa(r) � 3Qpre

πr2
e
−3

(
r
r

)2
(14)

where Qpre is total heat input (Qp and QTIG) by preheating
arc source. Typically, the thermal efficiency of plasma arc
and TIG arc falls in the range of 70–90%. This means that
a significant portion of the heat generated is effectively used
for heat deposition on material, while a smaller proportion
may be lost to factors like radiation, conduction, and convec-
tion. But, thermal efficiency of plasma is high due to a highly
concentrated and hot plasma arc that can reach temperatures
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Table 1 Heat calculation for FSW,TIG–FSWandPlasma-FSWaccord-
ing to the process parameters for aluminum alloy

Welding
process

FSW TIG–FSW Plasma-FSW

Heat equation dQFSW �
dQf

dQP-FSW �
dQf + dQp

dQTIG–FSW �
dQf + dQTIG

Friction and
plastic
deformation
heat input (J)

1750 1750 1750

Preheating
input (J)

0 731.25 956.25

Total heat (J) 1750 2481.25 2706.25

much higher than those of a TIG arc. This high energy den-
sity allows for efficient heat input and effective melting of
materials, contributing to a relatively high thermal efficiency
(Table 1).

Understanding the ways by which heat is generated by
different welding techniques is essential to the inquiry. The
controlled rotation and translation of a specialized tool in
FSWcauses frictional heat to be produced. The integration of
plasma arc and TIG arc preheating methods in Plasma-FSW
and TIG–FSW, in contrast, adds a new level of complex-
ity. With the help of these energy sources, workpieces can
be specifically preheated before to the FSW process, chang-
ing temperature distributions, the plasticity of the material,
and the way that the material flows. The complex interaction
between these variables ultimately determines the features
of the welded joints.

With the help of commercial software called ABAQUS,
the heat transfer study for the FSW, TIG–FSW, and Plasma-
FSW processes is performed. It is assumed that the model’s
solution domain is the rectangular plate. A brick element
of type DCC3D8, with eight nodes, is used to mesh the
workpiece domain element. For the FSW thermal model, the
defined boundary condition is surface contact of the solution
domain. At time zero, it is assumed that the workpiece has a
constant temperature. The calculation’s beginning condition
is written as

T (x , y, z, 0) � Ti (15)

where Ti is the atmospheric temperature at time t � 0.
Figure 4 depicts schematically the boundary interface of

the workpiece domain. Except for the top surface with radi-
ation, natural convective boundary conditions are taken into
account at the workpiece’s free surface. The thermal bound-
ary condition is defined mathematically as:

Table 2 FSW, TIG–FSW and Plasma-FSW process parameters for
welding

Welding process FSW Plasma-FSW TIG–FSW

Welding velocity
(mm/min)

63 63 63

Rotation of tool
(RPM)

600 600 600

Preheating current
(Amp)

0 45 45

FSW, TIG–FSW and Plasma-FSW:

k
∂T

∂n
� h(T − T0) + δθ

(
T 4
0 − T 4

)
− qs − qa (16)

where k is the thermal conductivity of the workpiece, n is
the normal direction vector of the boundary, h is the convec-
tion coefficient, qs is the heat flow between the tool and the
workpiece, and qa is the heat flux from the plasma arc. The
variables To, T, θ, and δ represent the ambient temperature,
workpiece temperature, Stefan Boltzmann constant, and sur-
face emissivity, respectively.

3 Experimental details

Experiments were conducted on vertical milling machine
with fixture attached on the machine and plasma and TIG
arc welding machine are used for preheating in Plasma-FSW
and TIG–FSW hybrid FSW process as shown in Fig. 5. A
workpiece made of aluminum 1100 with dimensions of 200
× 200 mm and a thickness of 6 mm was used for this study.
The welding process involved the use of a specific tool with
measurements of 18 mm for the shoulder, 6 mm for the pin,
and 5.75 mm for the pin height. 600 RPM and 63 mm/min
were used as the welding parameters. The welding operation
was completed on a vertical milling machine, guaranteeing
precision and control at all times. For preheating, other heat
sources including a plasma arc at 45 amps and a TIG arc
at 45 amps were also used. This extensive setup enabled a
thorough examination of the thermal behavior and efficiency
of the FSW process, particularly two thermocouples were
attached on the workpiece in advancing side and retreading
side at 5 mm from tool shoulder edge. Table 2 lists three
experimental conditions.

4 Result and discussion

The experimental thermal histories of all three Friction Stir
Welding (FSW)variants are shown in a single figure as shown
in the Fig. 6. The graph depicts the temperature profiles over

123



International Journal on Interactive Design and Manufacturing (IJIDeM) (2024) 18:5501–5513 5507

Fig. 4 Representation of heat
transfer model thermal boundary
condition

Fig. 5 Experimental setup for a FSW, b TIG–FSW, and c Plasma-FSW

time for FSW, Plasma-FSW, and TIG–FSW during the weld-
ing process. A separate curve or line on the graph represents
the temperature history of each welding variant. Figure 5b,
c demonstrate how, the welding process advances from 0
to 200 s, the temperature profile slop increases at preheat-
ing zone locations inside the weld zone as compare to FSW
due to preheating by plasma and TIG. The graphic illustrates

the differences between the three welding methods’ thermal
behavior with respect to time and temperature profile not
change much but in preheating condition slop is stiffer in
cooling zone due to high cooling rate. Additional heat input
due to preheating improve the plasticization temperature by
6% ahead of FSW tool. Peak temperature achieved at TC1
is 314.1 °C, 333.1 °C and 345.2 °C respectively in FSW,
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Fig. 6 Comparative thermal history of all three variant a FSW b TIG–FSW c Plasma-FSW

Fig. 7 Illustration of peak temperature and percentage of melting point
achieved during three variants of welding

TIG–FSW and Plasma-FSW which shows improvement in
thermal state of welding material. In order to fully grasp
the comparison between heat input and thermal history of
FSW and hybrid FSW provide relative information about
grain size and mechanical properties achieved during three
different welding condition. Preheating provides additional
heat which help to welding material without defect at low
rotational speed and high welding speed. For the reason that
preheating improves the total heat input during welding and
enhance the material flow around the FSW tool.

The relevant Fig. 7 displays comparative data of peak tem-
perature as a percentage of themelting point of theworkpiece
material and shows highest temperatures reached during the
welding process for each of the three FSW versions. On the
graph, FSW peak temperature is each welding variation is
represented by a unique data point. In plain FSW the peak
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Fig. 8 A Comparison between experimental and calculated time temperature profile on the advancing side of FSW TC1. B The highest temperature
measurements made at TC1 with various meshes were compared to the experimental values in the weld zone

Fig. 9 3D isometric simulation results of FSW

temperature observedby thermocouple is 314.5 °C in advanc-
ing side and 307.1 °C in retreating side. While in TIG–FSW
and Plasma-FSW achieve higher temperature due to preheat-
ing. In TIG–FSW peak temperature attended is 333.4 °C and
Plasma-FSW achieved 345.7 °C in advancing side. Plasma-
FSW attain higher temperature as compare to other variant
with same FSW parameters due to high arc efficiency of
plasma arc. The percentages are also computed in relation
to the fusion point of the base material, giving a comparison
of how close each welding method is to plasticization stage
of the base material. The percentage of melting point with
respect to peak temperature is 44.4% in case of FSW, which
is lowest and ideate inadequate plasticization of weld mate-
rial. Whereas in case of hybrid FSW the plasticization stage
is improved up to 50 to 55% due to additional heat added by
preheating source.

The thermal parameters of FSW, Plasma-FSW, and
TIG–FSW are clearly illustrated in this image, allowing for a
direct comparison of their heat generation. It offers important
insights into the temperature management and effectiveness
of these welding techniques in respect to the characteristics
of the base metal [14–16].

The experiment is replicated in the physical modelling
process, and the temperature profiles in the defined regions
are obtained from the numerical solution. Therefore, ana-
lytical modelling is breaks down the FSW process into five
temporal phases: plunge, initial dwell, welding, final dwell,
and plunge-out. A 15 s dwell time is allotted in this simu-
lation to heat the sample and facilitate the welding process.
A 5 s dwell time is then set aside to facilitate the tool’s easy
withdrawal from the workpiece. On the bases of this time
step, determine peak welding temperatures and temperature
profiles during thermal analysis, a numerical simulation is
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Fig. 10 3D isometric simulation results of TIG–FSW

Fig. 11 3D isometric simulation results of Plasma-FSW

used to examine the behavior of an aluminum alloy under
three different welding settings as mention in Table 1. The
time–temperature histories of FSW TC1 thermocouple point
chosen for analysis are shown in Fig. 8A. In order to choose
an appropriate element size that would accurately model
the FSW process at the lowest possible computing cost, a
mesh sensitivity analysis was also carried out. As seen in
Fig. 8B, three mesh sizes were taken into consideration in the
weld zone: coarse mesh (0.0001 m), fine mesh (0.0005 m),
and very fine mesh (0.00025 m). As shown in Fig. 8B, the
peak temperatures measured at the position of TC1 using
these three meshes were compared to the experimental val-
ues together with the percentage of error. It was discovered

that FEmodellingwithMeshAoverestimates the experimen-
tal peak temperature at the thermocouple position by more
than 1.2 percent. However, the peak temperatures that Mesh
B and Mesh C anticipated were similar.

The three-dimensional isometric perspective of the simu-
lation findings for FSW, TIG–FSW, and Plasma-FSW were
shown in FigS. 9, 10, and 11, respectively. The complex intri-
cacies of the simulated weld zones for all their variant at
welding time 40 s(a), 150 sce(b) and 240 s(c) are proba-
bly on display. The simulation outcome for each welding
alternative is shown in a different time of welding, enabling
easy comparison. The three-dimensional perspective offers
perceptions into the temperature profile, temperature dis-
tribution, and temperature contours. During hybrid FSW a
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Fig. 12 Cross sectional view of simulated results for a FSW b TIG–FSW and c Plasma-FSW

Fig. 13 Calculated thermal history under the shoulder for a FSW b TIG–FSW and c Plasma-FSW
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preheating source ismoving ahead of FSWheat sourcewhich
improve thermal state of material ahead of FSW tool. These
preheating indirectly improve efficiency of welding process
in respect of less defect and high joint strength.

The temperature distribution for all three variants is shown
in Fig. 12 in transverse directions. Due to differences in
heat generation as well as tool and material movement, the
temperature distribution in the stirring zone is not sym-
metrical. Preheating or using an external heating source
increasesmaterial flow and lengthens the processwindow for
a good weld connection in the hybrid FSW process [11–16].
Figure 12b, c depicts the contrast among the experimental and
simulated weld zones of TIG–FSW and Plasma-FSW. The
calculated isotherm shows in case of Plasma-FSW archives
high temperature as compare to TIG–FSW. In FSW, stir of
material in the weld zone is difficult as the inadequate tem-
perature that is reached in case of FSW and in little extent
TIG–FSW is insufficient to plasticize the material. As a
result, there is a very high likelihood that the contact may
develop a fault and voids.Without preheating, there aremany
voids and flaws created in the nugget zone during low param-
eters of FSW. It is clear that the temperature isotherm offers
helpful knowledge regarding different weld precincts. The
auxiliary heat source assisted in improvement in material
flow and heat generation.

The predicted temperature history beneath the shoulder
at various points within the solution geometry is shown in
Fig. 13. Figure 13a shows a time–temperature profile without
preheating, while Fig. 13b, c shows the same profilewith pre-
heating from a plasma arc and TIG arc. The 45 Amp plasma
arc and TIG arc of the preheating source raise the tempera-
ture of the material ahead of the FSW tool by an additional
45 to 70 °C at time period 175 s in the time–temperature
curve. The temperature rise beneath the tool’s shoulder plas-
ticizes the material and refines the grains through a process
known as recrystallization. As a result, research is done to
determine the flow stress value and temperature distribution
at the contact [5, 19–23].

This research work enables a thorough understanding of
the design aspect, thermal behaviors and temperature dis-
tributions of FSW, Plasma-FSW, and TIG–FSW through
comparison of their respective thermal histories. It helps
researchers and engineers better understand how different
welding processes effect temperature changes in the weld
zone by giving them insightful information [16–18]. There
are notable differences in heat input, thermal behavior, and
weld properties between FSW, Plasma-FSW, and TIG–FSW
when welding aluminium. Higher peak temperatures and
distinct thermal gradients have been created within the weld-
ment as a result of the incorporation of auxiliary heat sources,
particularly the powerful plasma arc in Plasma-FSW.

5 Conclusions

The comparative thermal analysis presented in this research
work to provide empathizes on the thermal behavior and tem-
perature distributions of three friction stir welding (FSW)
variants: FSW, Plasma-FSW, and TIG–FSW. Through com-
prehensive examination of their thermal histories, peak
temperatures, and simulated weld zones, the research elu-
cidates the impact of auxiliary heat sources on heat input and
material flow.

• The results of the analysis showed that the employment
of auxiliary heat sources has a significant improvement
in the thermal behavior and appropriate temperature and
temperature profiles achieved.

• Temperature achieved at thermocouple during experiment
are 314.5 °C and 307.1 °C (TC1 advancing side and
TC2 retreating side respectively) in FSW while, during
TIG–FSW and Plasma-FSW achieved temperatures of
333.4 °C and 345.7 °C, respectively in the advancing side.

• FSWachieved 44.4%ofmelting temperature of basemetal
at TC1, indicating insufficient plasticization, whereas
hybrid FSWvariants achieved percentages between 50 and
55%, indicating enhanced plasticization as a result of the
additional heat provided by preheating sources.

• Plasma-FSW achieved higher peak temperatures than
other approaches during analytical results due to the
focused and high-energy nature of the plasma arc preheat-
ing and creating a preheated zone with higher tempera-
tures.

• The auxiliary source preheating was crucial for adjusting
the plasticizedmaterial’s characteristics and regulating the
heat input before the FSW process.

• Particularly in the context of aluminiumwelding, the com-
plex interactions between heat input variations and the
welding process have been clarified. As a result, it has
become evident how differences in heat input affect ther-
mal behavior and weld properties.

These findings expand the further research in hybrid
FSW ought to delve into a variety of materials and geome-
tries, incorporate third materials for combined improve-
ment, and investigate advance machine learning models
for accurate prediction and parameters optimizations. These
initiatives will promote efficiency and innovation in weld-
ing technology for a range of industrial applications by
enhancing predictive capacities and streamlining welding
procedures.
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