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Abstract

Friction stir welding (FSW) is classified as a solid-state joining method with
no melting of the workpiece and tool. The affecting factors for creating a joint
in this method are the generated heat, pressure, and large deformations in the
workpiece. The generation and appropriate distribution of heat in the FSW
process guarantee the creation of a high-quality and defect-free joint. One of
the modifications that are used to adjust the temperature distribution to other
zones of the workpiece is the usage of the Underwater Friction Stir Welding
(UFSW) technique. In the present study, the FSW and UFSW processes have
been numerically investigated using the indirect process simulation technique
and the applied heat flux coding through the DFLUX subroutine, and the
results of the temperature distribution and residual stress in the joined
samples obtained using these two techniques have been compared. According
to the results, it was found that the temperature distribution patterns in
the FSW and UFSW processes differ significantly from each other, and these
changes in the temperature distribution of the workpiece ultimately lead to a
significant difference in the temperature pattern in the weld cross-section and
the longitudinal and transverse residual stresses in the specimens joined by
the two techniques.

Nomenclature
Qpin Heat generated by the tool pin Qshoulder | Heat generated by the tool shoulder
Hpip Tool pin height Rrpin Tool pin radius at shoulder
Rppin | Tool pin radius at pin bottom Ronoutder | Tool shoulder radius
F, Vertical force applied to the tool ABpin Area of the bottom of the pin
w Tool rotational speed Oyield Yield stress of the workpiece
@ Tool shoulder indented angle I Coefficient of friction
AS Advancing Side RS Retreating Side
HAZ Heat Affected Zone
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1. Introduction

FSW is classified as a solid-state joining process, in
which no melting occurs in the workpiece and the tool
[1]. The two main factors affecting solid-state joining
are pressure and large plastic deformations. Many cat-
egories of solid-state joining exist which work based on
the factors causing pressure and deformation [2]. The
FSW process was invented in 1991 at the TWI Institute
[3] and today this method is used in many industries.
The motivation for the invention of FSW was the exis-
tence of numerous limitations and defects in the joining
and welding of aluminum alloys with common tech-
niques. By using FSW in aluminum alloys, defects are
eliminated and the joint efficiency is increased [2]. Dis-
similar aluminum alloy joints have attracted increasing
attention in recent years due to their high strength-to-
weight ratio and corrosion resistance in engineering ap-
plications [4, 5]. Heat and plastic deformation are the
two main factors shaping the plastic flow in the work-
piece which can have dual effects on the quality of the
joint. If these two factors are properly controlled, the
quality of the joint will increase, otherwise, changing
each of the mentioned factors from the allowable range
will lead to different defects in the weld [6]. There-
fore, accurate prediction of temperature history and
residual stress distribution is essential for evaluating
the mechanical performance of FSW joints. In this re-
gard, numerical simulation has become a valuable tool
for understanding the complex thermo-mechanical be-
havior of the process. One of the issues that must be
considered in the FSW process is the increase in tem-
perature in areas away from the weld zone, which can
lead to large tensile residual stresses in the workpiece
and make some areas susceptible to defects [7]. Among
the modifications taken to adjust the temperature dis-
tribution to other areas of the workpiece is the use of
the UFSW technique [8]. Using the UFSW technique,
the thermal conditions of areas away from the weld sec-
tion can be adjusted and possible defects in these areas
can be prevented [9].

Recent studies have shown that UFSW significantly
reduces peak temperature, narrows the HAZ, limits
excessive grain growth, improves mechanical proper-
ties due to enhanced convective heat transfer, and re-
duces welding-induced residual stresses and distortion
[10, 11]. However, the relationship between cooling
conditions and residual stress evolution is still not fully
clear, especially for dissimilar aluminum alloys [11, 12].

Due to the existence of numerous variables involved
in the process affecting the quality of the joint in FSW
and UFSW processes, many experimental, analytical,
and numerical investigations have been carried out;
however, there is still a need for further studies in
this field. Zhang et al. presented a three-dimensional
thermal model for the UFSW process and confirmed
the accuracy of the model by comparing the model
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results with the experimental results [13]. Based on
the results, the maximum temperature in UFSW was
greatly reduced compared to that in FSW. Chandan
et al. conducted an experimental study of the UFSW
process under different rotational speeds and reservoir
water heights and compared the residual stresses in
the samples created in the two conditions of FSW and
UFSW and found that the defects formed in the UFSW
process are much less than those in the FSW process
[14]. Zhang et al. studied the FSW and UFSW of
aluminum-—copper joints experimentally and found that
the maximum temperature value and the time of ther-
mal cycles created in the UFSW process are signifi-
cantly lower than those in FSW [15]. In another study,
Sabari et al. investigated the FSW and UFSW pro-
cesses experimentally and numerically and estimated
the temperature distribution in the TMAZ (Thermo-
Mechanically Affected Zone) for both processes using
two different approaches [16]. Similarly, Maharia et
al. studied the temperature distribution created in the
process using finite element simulation of the FSW and
UFSW processes [17].

Based on the obtained results, the temperature dis-
tributions beneath the tool shoulder are approximately
the same in both processes, but in other areas of the
workpiece, the maximum temperature generated by the
UFSW process is lower than that of FSW. Although
these studies have contributed to understanding the
thermal behavior of FSW and UFSW processes, most
of them focus on either experimental observations or
temperature prediction, while comprehensive numeri-
cal comparisons of residual stress evolution in dissimi-
lar AA6061-T6/AA5086-O joints remain limited.

In recent years, numerical simulation has become a
valuable tool for understanding the complex thermo-
mechanical behavior of FSW. Compared with ex-
pensive and time-consuming experimental studies, fi-
nite element (FE) modeling can predict the temper-
ature history, distribution, plastic deformation, ma-
terial flow, and the residual stress distribution un-
der different welding conditions. Recent advances in
coupled thermo-mechanical models, including Coupled
Eulerian-Lagrangian (CEL) and sequentially coupled
finite element approaches, have significantly improved
the prediction accuracy of thermal fields and residual
stress distributions [12, 18]. Consequently, numerical
simulation has become an effective tool for optimizing
process variables and improving the structural integrity
of FSW components [19].

Despite significant advances in numerical modeling
of FSW and UFSW processes, limited studies have
simultaneously investigated both thermal fields and
residual stress distribution in dissimilar aluminum al-
loy joints.

Unlike previous studies that primarily focus on ei-
ther thermal analysis or partial validation of tempera-
ture fields, the present study provides a fully coupled
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thermo-mechanical analysis and a systematic numeri-
cal comparison of both thermal evolution and residual
stress distribution in dissimilar AA6061-T6/AA5086-O
joints under identical welding conditions for the FSW
and UFSW processes.

Therefore, the main objective of this study
is to mnumerically investigate and compare the
thermo-mechanical behavior of dissimilar AA6061-
T6/AA5086-O aluminum alloy joints produced by
FSW and UFSW. The study focuses on the evolution
of temperature fields, residual stress distributions, and
weld zone characteristics under identical conditions to
provide a consistent and direct comparison between
the two welding techniques. In this manner, a three-
dimensional coupled thermo-mechanical FE model was
developed using ABAQUS software. The moving heat
source is implemented through a DFLUX subroutine
to accurately simulate the transient heat generation
accurately during the welding process. The model can
predict the thermal histories and temperature distribu-
tions, as well as residual stress distributions, allowing
a detailed assessment of the influence of underwater
cooling on stress distribution in dissimilar aluminum
alloy joints.

The main contributions of this study can be sum-
marized as follows:

e Development of a unified FE model to simulate
both FSW and UFSW under identical welding
conditions

e Comparative analysis of thermal and resid-
ual stress distributions in dissimilar AA6061-
T6/AA5086-O joints

e Evaluation of the effect of underwater cooling on
the reduction and distribution of residual stresses

e Providing a mechanistic understanding of weld
zone formation and thermo-mechanical behavior
in dissimilar aluminum alloys.

2. Numerical Simulation

In order to investigate the numerical simulation of the
FSW and UFSW processes, the ABAQUS finite ele-
ment software was used. The numerical simulation was
carried out based on the conditions and information
including the tool geometry, process parameters, and
workpiece and tool material, presented in an experi-
mental work carried out by Jamshidi Aval et al. [20].
It should be noted that their research was only based
on the FSW process, and in the present study, in addi-
tion to the FSW process, the UFSW process has been
also be simulated.

The workpiece material in the FSW process con-
sisted of two aluminum alloys AA6061-T6 and A A5086-
O, according to the experimental work [20]. For this
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purpose, two separate parts were used to create a work-
piece with dimensions of 5x50x 150 mm. According to
the experimental work, the tool used has a concave con-
ical shoulder with an angle of 2 degrees and a radius of
20 mm along with a conical pin with an upper radius
(radius at the interface with the shoulder) of 6 mm and
a lower radius (radius of the bottom of the pin) of 3
mm. The tool rotation speed was considered to be 840
rpm, and its linear movement speed was also consid-
ered to be 150 mm/min. Due to the use of an indirect
analysis, only the workpiece was modeled and by ap-
plying a moving heat flux to the workpiece, conditions
similar to those in the FSW and UFSW processes were
created. The pin dimensions were used as input data
for the FORTRAN code in the DFLUX subroutine to
specify the volume swept by the pin for the applica-
tion of volumetric heat flux. Two different equations
were used to apply the heat flux due to the pin and the
tool shoulder, which were selected based on Schmidt’s
model [21]:

me _ 27Tprm Uyzeld( Tpin + szn)

V3 2
2 F. _,
* 3 ABpin Ripin M)
Qshoulder = z’n—w Tyicld (Rsh lder — R%’ i )(1 + taHOé)
3 \/g shoulder pin

(2)

According to these equations and coding in the form
of a DFLUX subroutine, two different heat fluxes were
applied to the surface and the entire volume of the
workpiece, a surface heat flux according to the heat
generated by the shoulder using Eq. 1 on the upper sur-
face of the workpiece and a volumetric heat flux based
on Eq. 2 for the heat source generated by the tool
pin was applied to the total volume of the workpiece
so that the input heat of the process could be modeled
through these two heat fluxes. To apply these two heat
fluxes, coding was done in such a way that the magni-
tude of the applied heat fluxes could be defined depend-
ing on the spatial location and the time. It should be
noted that the simulation of the tool plunge and with-
drawal stages was omitted and only the joint creation
step was considered and finally the problem was solved
by linking the written code and ABAQUS software.
The temperature-dependent thermal and mechanical
properties of the AA6061-T6 and AA5086-O alloys are
listed in Table 1 and Table 2, respectively.

The main difference in the numerical simulation of
the two processes of FSW and UFSW is in applying
the thermal boundary conditions. Different convective
heat transfer coefficients were defined for different parts
of the workpiece shown in Table 3 under the two weld-
ing conditions of FSW and UFSW . It should be noted
that the ambient temperature in the simulation of the
two processes was considered to be 25°C.
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Table 1
Mechanical and thermal properties of AA6061-T6 alloy.

T °(c) E (Gpa) Yield Stress (MPa) Cp, (Wm—2K™1) (kgm=3)p a(107%°¢71)

25 66.94 276 896 2690 23.5

100 63.21 262 978 2690 24.6

150 56.32 214 1004 2670 25.7

200 56.80 103 1028 2660 26.6

250 51.15 34 1052 2660 27.6

300 47.17 19 1078 2660 28.5

450 43.51 12 1133 2630 29.6
Table 2
Mechanical and thermal properties of AA5086-O alloy.

T °(c) E (Gpa) Yield Stress (MPa) C, (Wm—2K 1) (kgm=3)p a(107%°¢71)

25 70 117 900 2657 23.8

250 67.8 38 960 2612 25.5

300 60.7 33.4 980 2607 26.8

400 51 19.5 1020 2593 28.9

500 374 10.3 1130 2590 31.5
Table 3 thermal gradients, a biased mesh with gradually coars-
Convective heat transfer coefficients used. ening elements was employed outside the welding zone

Parameter Unit FSW UFSW to reduce computational time.

h-upside W.m~2.°C 15 2000

h-downside W.m~2.°C 200 1000

According to the experimental work, in both pro-
cesses, the AA6061-T6 alloy was placed on the advanc-
ing side and AA5086-O alloy on the retreating side.
Considering that the travel speed was considered to
be 150 mm/min and the length of the workpiece was
also 150 mm, a transient thermal analysis step of 60
seconds was used to simulate the welding process, and
in both FSW and UFSW models, a thermal analysis
step of 340 seconds was used to cool the workpiece.
After completing the thermal step and obtaining the
results of the temperature distribution in the work-
piece, a static analysis step of 400 seconds was used
to estimate and simulate the mechanical behavior of
the workpiece, and through this mechanical step, the
residual stresses of the workpiece were obtained.

In order to mesh the model for both processes,
10500 elements from the DC3DS8 family and C3D8R
family were used in the thermal and mechanical anal-
yses, respectively. To enhance the accuracy of the
results, after the mesh sensitivity analysis was per-
formed, the model was meshed in such a way that the
element density was increased in the weld line area.
Fig. 1 shows the mesh applied to the model.

In order to ensure the reliability of the numerical
results and determine the optimal element size, a mesh
sensitivity analysis was performed prior to conduct-
ing the thermo-mechanical simulations. Seven differ-
ent mesh sizes, namely 6, 5, 4, 3, 2, 1, and 0.5 mm,
were considered in the welding region. Since the re-
gions far from the weld line experience relatively low

Fig. 1. Final model meshing.

Transient thermal analyses were carried out for
both FSW and UFSW conditions. The peak tem-
perature was selected as the mesh convergence crite-
rion because temperature is a dominant parameter con-
trolling material plasticization and subsequent thermo-
mechanical behavior in friction stir welding processes.

Table 4 summarizes the effect of mesh size and the
total number of elements on the predicted peak tem-
peratures for both FSW and UFSW processes.

Furthermore, the variation of peak temperature
with mesh size is illustrated in Fig. 2. As shown in Fig.
2, the predicted peak temperatures increase gradually
with mesh refinement and become nearly constant for
element sizes smaller than 1 mm.

For the FSW model, the predicted peak tempera-
ture changed only from 362 °C to 363 °C when the el-
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ement size decreased from 1 mm to 0.5 mm. Similarly,
in the UFSW model, the peak temperature increased
from 281 °C to 283 °C. Despite these negligible changes
in temperature, the total number of elements increased
significantly from 46,500 to 138,000, resulting in a con-
siderable increase in computational time.

Table 4
Results of mesh sensitivity analysis for FSW and UFSW simu-
lations.
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The obtained prediction errors (1.18% and 2.24%)
are comparable to or lower than those reported in pre-
vious thermo-mechanical FSW simulations, indicating
that the developed model provides satisfactory accu-
racy for predicting the thermal response of the welding
process.

Table 5
Comparison of experimental and numerical results in the FSW
process.

Mesh size Total number Peak temperature (°C) State Temperature (°C)

(mm) of elements FSW UFSW Advancing side Retreating side
6 2250 142 119 Experimental [20] 338 312

5 3000 195 143 Numerical 342 319

4 4940 263 201 Error 1.18 % 2.24 %

3 8500 313 252

2 19125 349 272 3.2. Process Temperature

1 46500 362 281 One of the main characteristics of welding processes is
0.5 138000 363 283

BFSW

UFSW

Peak temperature (°C)

Mesh size (mm)

Fig. 2. Variation of peak temperature with mesh size
for FSW and UFSW processes.

Therefore, considering both accuracy and computa-
tional efficiency, the element size of 1 mm in the weld-
ing region was selected as the optimal mesh size and
used in all subsequent simulations.

3. Results and Discussion

3.1. Validation

In order to validate the results obtained from the nu-
merical simulation, the numerical temperature mea-
surements were compared with the experimental re-
sults of Jamshidi et al.’s work [20]. Table 5 shows the
temperature measurements obtained at a point 10 mm
away from the weld centerline on both the advancing
and retreating sides.

According to the results presented in Table 5, it
was determined that the numerical method used for
the simulation of the FSW process is capable of cor-
rectly estimating the temperature values in the work-
piece with high accuracy.

the maximum process temperature. The temperature
in welding processes can have a detrimental or ebne-
ficial effect. If the process temperature can be con-
trolled within an appropriate range, the joint will have
the best possible quality. In solid-state processes, the
process temperature is generally 0.7 to 0.8 times the
melting temperature of the parts [2]. If the tempera-
ture exceeds this range, the possibility of local melting
during the process increases, and this phenomenon will
lead to destructive defects in the joint. Fig. 3 shows
the temperature history plot of the midpoint of the
workpiece for the FSW and UFSW processes.

450

400 -

350

300

Temperature (C°)

Fig. 3. Temperature history plot of FSW and UFSW.

According to Fig. 3, it can be seen that the tem-
perature history curves in the two processes have two
fundamental differences. First, the maximum temper-
ature in the FSW process is significantly higher than
that in the UFSW process due to the high heat concen-
tration in the central weld zone and the lack of proper
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cooling during the welding operation. Second, due to
the presence of fluid as a coolant in the UFSW pro-
cess, the part returns to the ambient temperature in a
much shorter time and this can lead to a decrease in
the number of defects with thermal origin.

These findings are consistent with previous stud-
ies on UFSW, where the presence of a water medium
increased the heat extraction rate and consequently re-
duced both the peak temperature and the cooling time.
Zhang et al. [13] and Maharia et al. [17] similarly re-
ported lower peak temperatures in UFSW compared
with conventional FSW. The agreement between the
present numerical predictions and previous investiga-
tions supports the capability of the developed model
to capture the thermal response of both welding pro-
cesses.

Fig. 4 shows the temperature distribution contour
of the upper surface of the workpiece in the FSW and
UFSW processes at the moment when the tool passes
the midpoint of the workpiece.

H

Fig. 4. Upper surface temperature distribution con-
tour.

In the contours presented in Fig. 4, it can be seen
that the higher temperatures in both FSW and UFSW
processes are located on the harder alloy side (AA6061-
T6) and the advancing side, namely the AA6061-T6
alloy, which is due to the higher thermal conductivity
of this alloy compared to that of the AA5086-O alloy.
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According to Fig. 4, after the tool passes along the
weld line, the cooling process occurs at a very high
rate in the UFSW process, which ultimately leads to
a reduction in the thermal cycle time after the tool
passes.

The observed reduction in thermal cycle duration
is important because it directly affects microstructural
evolution and residual stress development. Similar ob-
servations have been reported in recent studies, where
enhanced cooling during UFSW resulted in a narrower
HAZ and reduced thermal exposure of the surrounding
material [10, 11].

Another fundamental difference between FSW and
UFSW processes is the temperature distribution profile
in the weld cross-section. Fig. 5 shows the tempera-
ture distribution contour in the weld cross-section for
both processes.

NTH

+2.819e+02
+2.605e+02
+2.391e+02
+2.177e+02
+1.963e+02

+8.929e+01
+6.789¢+01
+4.650e+01
+2.510e+01

+3.542e+02
+3.2700+02
+2.998e+02
+2.726e+02
+2 4596+02

+1.367e+02
+1.099e+02
+8.234e+01
+3.919e+01
+2.7960+01

Fig. 5. Temperature distribution contour in the weld
cross-section.

According to Fig. 5, the pattern of the temperature
distribution in the area under the tool is the same in
the two processes, but at locations further away from
the tool in the weld cross-section, the temperature dis-
tribution in the two processes is completely different.
In the FSW process, with increasing distance from the
tool influence region, there is still a relatively high tem-
perature distribution in the workpiece cross-section,
which leads to an increase in the HAZ width. An in-
crease in the width of the HAZ in welding processes
is an undesirable event because the materials within
in these regions, due to the relatively large thermal
cycles, experience a decrease in their mechanical prop-
erties. This increase leads to a decrease in static and
fatigue strength, as well as weld quality.

The narrower HAZ predicted for the UFSW pro-
cess is in agreement with the findings reported in the
literature, where higher cooling rates were shown to
suppress grain growth and reduce thermal softening
in aluminum alloys. Therefore, the thermal behavior
predicted by the present model is consistent with the
expected metallurgical response of UFSW joints.
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3.3. Residual Stresses

Residual stresses are of particular importance in all
welding processes. These residual stresses can be di-
vided into two categories, namely tensile and compres-
sive stresses. Generally, the presence of compressive
residual stresses in the part enhances static and fatigue
strength, but tensile residual stresses severely affect the
fatigue life of welded samples and reduce the service
life of the welded part. Therefore, controlling tensile
stresses in the welded part, especially in the welding
areas in different samples, is of great importance.

Although numerous studies have investigated tem-
perature evolution during FSW and UFSW, compara-
tively fewer studies have provided a detailed analysis of
residual stress development, particularly for dissimilar
aluminum alloy joints. Therefore, numerical predic-
tion of residual stresses remains an important research
topic for evaluating the structural integrity and service
performance of welded components.

In the present study, longitudinal and transverse
residual stresses in the joints created by the FSW and
UFSW processes were evaluated. Figs. 6 and 7 illus-
trate the longitudinal residual stresses (along the weld
line) and transverse residual stresses (perpendicular to
the weld line) of the joints produced by the FSW and
UFSW processes at the end of the cooling, respectively.

100

Longitudinal residual stress (MPa)

- — -UFsW

50 40 300 20 <1000 10 20 30 40 350

Distance from the welding line (mm)

Fig. 6. Longitudinal residual stress plot in FSW and
UFSW.

Based on Figs. 6 and 7, it was found that both
longitudinal and transverse residual stresses in both
processes at the end of the cooling step are tensile.
According to the diagrams presented in both longitu-
dinal and transverse positions, the residual stresses of
the samples created by the UFSW technique are lower,
which is due to the faster and more appropriate cooling
of the part by the coolant.

Also as seen in Fig. 6, the longitudinal residual
stress in the FSW is higher in the AA6061-T6 alloy
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section, which is due to the larger heat concentration
at the location of this alloy, but it is observed that if a
fluid-based cooling system is used, this difference in the
residual stresses in the two samples is significantly re-
duced, and the longitudinal residual stress pattern in
the two advancing and retreating sides become more
similar at the end of the UFSW process.

160
IR — ——
2 \
E 120
E —FSW
£ 100 1 - — —UFSW
g
S 801
=} _._,.--—‘_f"""_"'—u__
F _-F-__,.n-" -
60 -
‘I'D T T T T T T T T T
50 40 30 20 10 0 10 20 30 40 50

Distance from the welding line (mm)

Fig. 7. Transverse residual stress plot in FSW and
UFSW.

The more uniform residual stress distribution ob-
served in UFSW can be attributed to the reduced ther-
mal asymmetry across the weld region. Similar behav-
ior has been reported in previous studies, where under-
water cooling promoted a more homogeneous thermal
field and consequently reduced stress concentration in
localized regions.

Another noteworthy point about longitudinal resid-
ual stresses is the similarity of the residual stress val-
ues in the central zone of the weld for the FSW and
UFSW processes. According to Fig. 6, the values of
tensile residual stresses are almost the same for both
processes in the tool shoulder region, which is due to
the nearly identical temperature distribution, which
was also observed in Fig. 5 as described in the pre-
vious section. It can be observed in Figs. 6 and 7 that
a significant reduction in both longitudinal and trans-
verse stress values has occurred in the samples joined
by the UFSW method, and this reduction in residual
stresses can be considered an important and effective
factor in improving the quality of the joint.

The observed reduction in residual stresses under
underwater conditions is consistent with previous ex-
perimental and numerical studies reported in the liter-
ature, which attribute this behavior to the enhanced
cooling rate and the resulting reduction in thermal
gradients during welding. The present results fur-
ther demonstrate that underwater cooling not only
decreases the magnitude of tensile residual stresses
but also promotes a more uniform stress distribution



Numerical Investigation and Comparison of Temperature ..

across the welded joint, which is beneficial for improv-
ing structural reliability and fatigue performance.
Overall, the present results not only confirm the
general thermal and mechanical trends reported in
previous FSW and UFSW studies but also provide
a systematic comparison of temperature evolution
and residual stress distributions in dissimilar AA6061-
T6/AA5086-O joints under identical welding condi-
tions. Unlike many previous investigations that pri-
marily focused on thermal behavior, the present study
simultaneously evaluates thermal fields and residual
stresses within a unified thermo-mechanical finite ele-
ment framework, providing additional insight into the
influence of underwater cooling on weld integrity.

4. Conclusion

In the present study, the temperature distribution and
residual stresses in the FSW and UFSW processes
were investigated using the ABAQUS finite element
software. The heat flux was implemented using the
DFLUX subroutine, and the following results were ob-
tained:

e The maximum temperature level in the FSW pro-
cess is significantly higher than in the UFSW pro-
cess due to high heat concentration at the central
weld zone and insufficient cooling during welding.

The higher temperatures in both FSW and
UFSW processes are located on the harder al-
loy side (advancing side, namely the AA6061-T6
alloy), which is due to the higher thermal con-
ductivity of this alloy compared to that of the
AA5086-0 alloy during the process.

The temperature distribution pattern in the area
under the tool is the same in the two processes,
but the temperature distribution at locations far-
ther from the tool in the weld cross-section of
the two processes is completely different. In the
FSW process, there is still a relatively high tem-
perature distribution in the cross-section of the
workpiece with distance from the tool presence
area, which significantly increases the width of
the HAZ in the workpiece.

In the UFSW process, both longitudinal and
transverse residual stresses values are lower than
those in FSW.

Longitudinal residual stresses in the FSW pro-
cess were higher in the AA6061-T6 alloy section,
which is due to the larger heat concentration at
the location of this alloy.

Based on the results, a significant reduction in
both longitudinal and transverse stress values has
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occurred in the samples joined by the UFSW pro-
cess.
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