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This research focuses on the thermal analysis and optimization of FSW AA 6061 alloy joints at various
welding speeds, rotational speeds, and tool geometry. Tool shoulder (concave and flat) and tool probe (ta-
pered and cylindrical) geometries were used to weld a workpiece. The aim of this paper is to get a defect
free joint by optimizing temperature using finite element analysis. A Coupled Eulerian-Lagrangian (CEL)
approach on ABAQUS software was used to simulate butt joints to study thermal phenomena and defects
such as tunnel, flash, and crack formation during FSW. The temperature range for welding was found via
software simulation. Experimental work validated the temperature value obtained from finite element
analysis. Based on the Taguchi L9 orthogonal array, nine tests were done and optimized. A Dual Laser
InfraRed thermometer was used to measure the temperature of the welded workpiece. To obtain accurate
results in FE, the quality of mesh was evaluated using trial and error procedures. The numerical analysis
results were in good accord with the experimental data. A concave shoulder tool with tapered probe gives
a defect free joint at 1000 rotational speed and 20 mm/min welding speed. The maximum temperature of
560 �C was observed when concave shoulder with tapered probe was used at 1200 rotational speed and
15 mm/min welding speed.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 2022 International Con-
ference on Materials and Sustainable Manufacturing Technology. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

W.Thomas and E. Nicholas invented friction stir welding (FSW)
at The Welding Institute (TWI) Cambridge, in 1991[1,17]. FSW is
used for joining similar and dissimilar metals [2]. Friction-Stir
Welding can join metals that are hard to weld using fusion weld-
ing. Aluminium alloys, copper and its alloys, mild steel, stainless
steel, and magnesium alloys are the most common metals, welded
using FSW. Even though FSW was invented for soft metals, nowa-
days, this technique has a wide application such as in trains, aero-
space, the automobile, marine, etc.[3].

A non-consumable rotating tool with a shoulder and probe at
one end is used to soften the material due to friction between
the tool shoulder and the workpiece. Material flow and heating
are characterized by contact conditions at the interface between
the tool shoulder and workpiece, classified as sliding, sticking, or
both sliding and sticking [4]. The friction between shoulder and
workpiece generates heat as a tool rotates from advancing to
retreating side. The tool-workpiece interface of FSW under butt
joint is shown in Fig. 1. According to Coulomb’s law, the coefficient
of friction is a constant variable and depends on temperature, but
is considered kinetic friction only when the contact conditions are
non-sticking [5]. The total heat generation and plastic deformation
of the workpiece is considered a combination of sliding friction and
adhesive friction [6].

dQFSW ¼ dQf þ dQs ¼ 1� dð ÞxrlpdAþ dxr
ryffiffiffi
3

p dA ð1Þ

The mechanical interaction between the rotating welding tool
and the stationary workpiece generates heat by applied pressure
and friction. Different design features of the tool and shoulder vary
the amount of heat generation and stirring material. There are
three surfaces of the tool that are used as a source of heat genera-
tion by friction and enable the joining of weld pieces [7]. These are
the tip of the probe, lateral surface of the probe, and face of the
shoulder. In the present analysis, three different tool geometries
were used. A shoulder face (flat and concave) and probe (tapered
nology.
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Nomenclature

Hp Length of pin
QT heat generation by pin tip surface
Qp Heat generation by pin lateral surface
Qs Heat generation by shoulder surface
a pin taper angle
h concave angle

d Extent of sticking
Tc Contact shear stress
Ty contavt yield stress
x radial velocity
ry Yield stress
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and straight cylindrical) were used. Heat generation is mainly
influenced by taper angle, concave angle, and diameters. The gov-
erning equation of heat generation due to probe tip (QT ), probe
surface (Qp) and shoulder surface (Qs) are given by the equations
(2), (3) and (4), respectively.
QT ¼ 2
3
pscxRt

3 ¼ 2
3
px dsy þ 1� dð Þlp3� �

Rt
3 ð2Þ
Qp ¼ 2
3
pscx Rp

3 � Rt
3

� � 1þ tana
tana

� �

¼ 2
3
px dsy þ 1� dð Þlp2� �

Rp
3 � Rt

3
� � 1þ tana

tana

� �
ð3Þ
Qs ¼
2
3
pscx Rs

3 � Rp
3

� �
1þ tanhð Þ

¼ 2
3
px dsy þ 1� dð Þlp1� �

Rs
3 � Rp

3
� �

1þ tanhð Þ ð4Þ

Some researchers have been working on optimization of FSW
for different materials using both experimental and numerical
methods [1,8]. However, the quality of FE analysis is not good
enough in most research results due to improper mesh optimiza-
tion. Identifying the reason of defect formation in FSW joint plays
a big role to ensure the quality. Narges Dialami et al. [9] studied the
defect formation such as flash, voids, wormholes and joint using
cylindrical and threaded tool. Fashami Hoda et al [10] tried to pro-
duce a defect free joint on AZ91 material using at different rota-
tional and welding speed. The present study showed the material
flow around the weld nugget zone using ABAQUS software by vary-
ing tool geometry, welding speed, and rotational speed at a better
mesh quality. This paper tried to find the defect on joint at differ-
ent rotational, welding speed and tool geometry on AA6061-T6.
The aim of this study is checking mesh quality, defect formation
reason and effect of temperature on weld quality.

The paper is outlined as follows. In section 2, materials and
methods of FSW modelling are briefly described. In this section,
the use of CEL technique for thermal analysis and experimental
works are addressed. In section 3, results and discussions about
the temperature results from numerical and experimental and
defects analysis are included. Section 4 summarizing the effect of
each parameters on the final temperature and defect formation.
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Fig. 1. Tool-work interface.
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2. Materials and methods

The analysis of thermal phenomena in FSW was examined in
numerical method and experimental investigation. Numerical
analysis is a cost-effective method, but less accurate than experi-
mental due to many assumptions considered in FE. Many research-
ers have done numerical analysis using different software. Among
this software, Abaqus is widely used by enormous researchers due
to its capabilities to perform FEM. ABAQUS is used to perform the
simulations and analysis of FSE estimate stress, temperature, heat
transfers, and bulk deformations [8]. Although the software by
itself can perform both mechanical and thermal aspects, the accu-
rateness of the result is still questionable due to the user knowl-
edge gap. This research work contributes to the scientific
advancement of FE analysis using appropriate software to develop
a thermo-mechanical model with a major novelty. In this study,
the numerical result assures by optimizing mesh quality.

2.1. Thermal analysis using coupled eulerian-lagrangian (CEL)

ABAQUS is suitable software for Finite Element (FE) analysis of
friction stir welding and has proven to be a cost-effective tool for
the prediction of various output responses without having experi-
mental trails or a physical product [11]. Numerical modelling of
FSW attempts to predict weld phenomena, like temperature, mate-
rial flow properties, and defect formation [12]. The friction stir
welding process involves excessive deformations and heat genera-
tion on a workpiece that is difficult to simulate and solve using the
classical FE method. The convergent solution cannot be obtained
due to large deformations, mesh distortions, and contact problems
that occur on the tool-workpiece interface. CEL method should be
used in ABAQUS/explicit to reduce those difficulties concerning
large deformation [13]. CEL has capable of obtaining certain
insights such as temperature, heat generation, flash formation,
the extent of mixing from advancing side to retreating side, and
formation of defects.

In the present study, ABAQUS_2017 was employed to simulate
the FSW in different tool geometry. Characterization of weld joint
is dependent on the material flow and extent of plastic deforma-
tion. Material which to be weld is under high deformation and high
temperature in heat affected zone due to frictional heat between
work and tool. The extent of deformation and amount of heat gen-
eration is obviously, influenced by the tool geometry and other
process parameters [17].

The CEL analysis technique is a method in which both Lagran-
gian and Eulerian elements should combine in the same model.
In a CEL analysis, bodies that will have excessive deformations
must mesh with Eulerian elements. Stiffer bodies, tools, meshed
with Lagrangian elements. In this technique, the workpiece is con-
sidered as Eulerian elements while the tool is Lagrangian elements.
The main advantage of using this CEL analysis technique is to elim-
inate mesh distortion due to high deformation. The coupled eule-
rian lagrangian FE method exhibited a potential of defect
prediction around the welded nugget zone, which ultimately can
help process parameters optimization.
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It also helps to reduce a computational time to a significant
amount thereby making FE simulations will do in minimum mem-
ory [14,13]. A series of steps in FE simulation of FSW includes part
drawing, assembly, property definition, interaction, boundary con-
dition, mesh, and job.

The first step in FE analysis is geometry creation/part drawing.
The tool geometries are cylindrical probe, tapered probe, flat shoul-
der and concave shoulder as shown Fig. 2. The geometry of the
welded specimen is modelled by using the commercial software
package, ABAQUS/explicit. This specimen consists of two 6061 alu-
minum alloy plates with dimensions 500 � 100 � 2 mm each. The
3D model consists of one eulerian, lagrangian, and welding tool.
Lagrangian is model as 3D, deformable solid part, unlike eulerian
is as 3D eulerian.

The second step is adding material properties and section
assignments based on the required material. ABAQUS has no
built-in units system, and therefore, all input mechanical and ther-
mal properties should be specified in consistent units. All the prop-
erties of AA6061 should be properly added to the property module.
The units used for the analysis are always the same in the ABAQUS
environment for both workpiece and tool material in the analysis.
In this analysis, a system of units of « mm, N, tone, sec » is used as
shown in Table 1.

All the required properties of AA-6061 alloy are given in Table 4.
Material properties were added based on the Johnson-Cook model,
Fig. 2. Tool geometries (a) Concave, taper probe (b) Flat, cylindrical probe and (d)
Flat, taper probe.

Table 1
Set of units [8].

Quantity SI SI (mm)

Length
Force
Mass
Time
Stress
Energy
Density

mNKgsPaðN=m2ÞJKg=m3 mmNTonneð103 kgÞs

Fig. 3. 3D model of tool-workpiece assembly (a
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Eq. (1), flow stress(r) as a function of strain hardening rate and
temperature [15,16].

r ¼ Aþ Benð Þ½1þ C ln 1þ e
eo

� �
1� T � Troom

Tmelt � Troom

	 
� �
ð5Þ

Where, Tmelt� melting point, Troom room temperature, T� tem-
perature, A - yield stress, B� strain factor,n� strain exponent,
m� temperature exponent, e

eo
� plastic strain and C� strain rate

factor.
The third step in Abaqus FE analysis is the assembly module. In

this step Eulerian, Lagrangian and tool are assemble as shown in
Fig. 3. The center of the tool probe should be exactly aligned to
the contact line of the two joining plates. A small distance is pro-
vided between the tooltip and the surface of the workpiece during
assembly.

FSW processes include plunging, dwelling, and welding steps.
After assembling all the parts, the step time is given for plunging,
dwelling, and welding. In the plunging step, the tool rotates and
moves downward, and penetrates the workpiece on the contact
line due to applied pressure exerted by the machine spindle. After
proper penetration, the tool will stop downward movement and
rotate at that position. This duration of time is known as dwelling
time. Dwelling is a duration of time sufficient to plasticize the
material. Moreover, welding time is the length of time from the
end of the dwelling to the end of welding. The analysis procedure
is ‘‘Dynamic, Temp-disp, explicit” type because this numerical study
contains thermal and mechanical aspects. Output variables such as
nodal temperature, stress, and contact energy will examine from
the field output request.

Discretization or mesh is a very determinant issue in the FE
analysis procedure. Mesh size is one of the most influential param-
eters in FEA result accuracy. A bigger element size gives inaccurate
results. Unlike, fine mesh gives accurate results but computational
time is much longer than coarse mesh. The main challenges are
finding the correct mesh size to get an accurate result with mini-
mum possible computing time. One of the most important issues
in FE analysis that affects result accuracy is mesh type and compat-
ibility. Since the results are mesh-dependent, mesh quality should
be maintained in both workpiece and tool models to ensure result
US Unit(ft)

MPa ðN=mm3ÞmJð10�3JÞtonne=mm3 Ftlbfslugslbf=ft2ft: lbfslug=ft3

) Eulerian-Lagrangian assembly (b) mesh.
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convergence. The optimum mesh size can be obtained by trial and
error techniques. Firstly, analysis is submitted in coarse mesh and
the result will be recorded. Secondly, mesh size was reduced and
submitted for analysis and the different results obtained, and so
on. Finally, the result of a particular mesh size will be almost sim-
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Fig. 4. Optimum mesh size plot.

Table 2
Mesh optimization.

Mesh size Elements Max Von misses (Mpa)

mesh 0 2 330 104.54
mesh1 1 2600 116.85
mesh2 0.6667 8730 124.31
mesh3 0.5 20,800 127.98
mesh4 0.4 40,750 130.02
Mesh5 0.333 70,200 131.07

Table 3
Process parameters combination.

Exp.
No.

Welding speed
(mm/min)

Rotation speed
(rpm)

Tool geometries

1 10 750 Concave shoulder, taper
probe

2 15 750 Flat shoulder, cylindrical
probe

3 20 750 Flat shoulder, taper probe
4 10 1000 Flat shoulder, cylindrical

probe
5 15 1000 Flat shoulder, taper probe
6 20 1000 Concave shoulder, taper

probe
7 10 1200 Flat shoulder, taper probe
8 15 1200 Concave shoulder, taper

probe
9 20 1200 Concave shoulder,

cylindrical probe

Table 4
Mechanical and thermal properties of aluminum alloy (AA6061) based on the Johnson-co

Properties Symbol Value

Density q 2690kg=m3

Specific heat Cp 945 J=kg:
�
C

Thermal Conductivity K 167W=m
�C

Young’s Modulus E 66:94Gpa

Poisson ratio t 0:33
Yield Strength ry 240Mpa

Reference Strength A 324MPa
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ilar to the former as shown in Fig. 4. The stress-induced at a mesh
size of 0.4 is almost equal to the result in mesh size of 0.333 as
shown in Table 2. The resulting accuracy will no longer have a sig-
nificant change if more refinement is performed but the computa-
tion time will increase significantly.
2.2. Experimental work

The Design of Experiments (DOE) is a statistical method that
tries to offer a predictive understanding of a complex, multi-
variable procedure with few trials [19]. After modelling and simu-
lation, experiments will perform on the proposed materials to
compare software and experiment results. Taguchi experimental
design method was applied to decide the minimum experimental
tests in 3 levels and 3 factors. Those numbers of experiments were
performed by three different process parameters; rotation speed,
welding speed, and tool geometry to show the effect on the
response variables of peak temperature and defect formation on
welded joint. The numerical value and the combination of all
three-process parameters are given in Table 3. Welding was per-
formed on vertical milling machine Fig. 5.

In the present work, an aluminum alloy of AA6061 is a work-
piece material. Magnesium and silicon are the principal alloying
elements in AA6061 and are commonly used for architectural
extrusions and auto- motive components. The tool should model
as a discrete rigid body to reduce computational time. The main
objective in this analysis is to show a temperature contour on
the workpiece but the temperature on the tool is not considered.
ok plasticity model [18].

Properties Symbol Value

Strain hardening parameter B 114MPa
Strain rate coefficient C 0:002
Strain hardening exponent n 0:42
Room temperature Troom 25

�
C

Temperature exponent m 1:34
Melting temperature Tmelt 660

�
C

Fig. 5. FSW processes on AA6061.



a) 750 rpm, 10mm/min, Concave shoulder with taper probe b) 750 rpm, 15mm/min, Flat shoulder with cylindrical

probe         

c) 750 rpm, 20mm/min, Flat shoulder with taper probe d) 1000 rpm, 10mm/min, Flat shoulder with cylindrical probe

e) 1000 rpm, 15mm/min, Flat shoulder with taper probe f)  1000 rpm, 20mm/min, Concave shoulder with taper probe

g).   1200 rpm, 10mm/min, Flat shoulder with taper probe h) 1200 rpm, 15mm/min, Concave shoulder with taper probe

i)  1200 rpm, 20mm/min, Flat shoulder with cylindrical probe

Fig. 6. (a–i). Nodal temperature contour in FSW.
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Fig. 7. (a–i). Temperature plot across the width of the plate.
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3. Results and discussions

3.1. Numerical and experimental temperature

The most important assessment to confirm the accuracy of FE
analysis in the FSW process focuses on the temperature contour
[8]. The peak temperature varies with tool shoulder diameter,
material property, rotational speed, workpiece thickness, probe
geometry, shoulder face profile, welding speed, etc. The maximum
temperature (550�C) in the FE analysis was observed on a flat
3353
shoulder with the cylindrical probe at 750 rpm rotational speed
and 15mm=min: welding speed, Fig. 6. In addition, maximum tem-
perature (560 �C) was observed at 1200-rpm rotational speed, con-
cave shoulder with taper probe and 15mm=min: welding speed.
The shoulder face had a great effect on temperature value. More
than 80% of the total heat generation is from the shoulder features
and 14–17% of heat is generated by probe [20]. The numerical and
experimental values of temperature are given in Fig. 7 across the
width of the sheet. The maximum temperature recorded on the
surface is at the center of the joint line, the nugget zone.



Fig. 7 (continued)
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3.2. Defect analysis

Examination of the microstructure showed that the weld
defects, tunnel, void, crack, etc. can be seen around the.

weld nugget zone [21]. The present study confirmed the exis-
tence of defects on the FSW joint and the most influential param-
eters were determined. The temperature had a considerable effect
on the formation of defects. As shown in Fig. 8, the plasticized
region around the tool probe consists of high heated material, nug-
get zone. In this nugget zone, the material grains will be dynami-
cally recrystallized and highly distorted but in the adjacent
thermomechanically affected zone, some not recrystallized grains
are present Fig. 8. This recrystallization variation causes a crack
defect. Tunnel defect formed when the temperature is high and
higher welding speed causes crack due to rapid cooling of joint.
The observed defects and values of temperatures are tabulated
below for all process parameters combination, Table 5. Defects



Table 5
Temperature results and observed defects.

Exp. No. Welding speed (mm/min) Rotation speed (rpm) Tool geometries Max. Temperature (�C) Observed defect

Experimental Numerical

1 10 750 Concave shoulder, taper probe 400 450 Groove
2 15 750 Flat shoulder, cylindrical probe 410 545 Flash
3 20 750 Flat shoulder, taper probe 440 520 free
4 10 1000 Flat shoulder, cylindrical probe 425 480 free
5 15 1000 Flat shoulder, taper probe 395 470 crack
6 20 1000 Concave shoulder, taper probe 475 515 free
7 10 1200 Flat shoulder, taper probe 465 450 crack
8 15 1200 Concave shoulder, taper probe 460 560 Crack
9 20 1200 Concave shoulder, cylindrical probe 500 500 Tunnel

Kissing bond crack defect

Flash

AdvancingRetreatingRetreating Advancing

End 

exit 

Tool 

rotation 

(a) (b)

Fig. 9. FSW defects (a) Tunnel Defect (b) crack and kissing bond defects.
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such as tunnel, crack and kissing bond are shown in Fig. 9 based on
FE and experimental results.

4. Conclusions

A 3D Dynamic, Temp-disp, explicit with Johnson-Cook material
model and CEL model was used to describe the FSW process of
AA6061-T6. Abaqus software is a capable tool to simulate the
FSW process, showmaterial mixing flow, predict peak temperature
and defect estimation. Tool geometry is a dominant factor for heat
generation. Rotational speed and welding speed also affect the
joint quality. The defect formation can be reduced by controlling
rotational speed and other process parameters.

� The highest temperature was 560 �C which was observed at
1200-rpm rotational speed, 15mm=min: welding speed, concave
shoulder, and taper probe. Kissing bond crack defects formed at
this process parameters combination.

� A defect-free joint achieved at 750-rpm rotational speed,
20 mm/min welding speed, and Flat shoulder with taper probe.

� The best mesh size that gives a good result was 0.33 with rea-
sonable running time.

� The lowest rotational speed and welding speed results in
defects like groove whereas the highest rotational speed results
tunnel defect.

� Flat shoulder is the best tool to reduce tunnel defects and con-
cave shoulder reduce excessive flash defects.

� The temperature result from software comparatively higher
than experimental.
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� Excessive flash more likely happen when tool shoulder is flat
than concave shoulder.
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