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This research paper describes a numerical approach for determining the optimal tool rotation speed (TRS)
to achieve superior mechanical properties in friction stir welding (FSW) of dissimilar aluminum alloys,
specifically AA5083-H12 and AA6061-T6. For this purpose, computational fluid dynamics (CFD) coupled
with the volume of fluid (VOF) method is employed to develop a numerical model for FSW. The temper-
ature and material flow numerical model are simulated at five different TRS (710, 900, 1120, 1400, and
1600 rpm), the model explores temperature, material flow variations, and slip rates with different TRS
levels. The mechanical properties are correlated with numerical analysis. Results indicate that material flow
velocity near the shoulder increases as increases the TRS from 700 to 1600 rpm. However, the trend in
material flow velocity changes after reaching 1120 rpm near the bottom of the tool-workpiece interface.
This decrement is attributed to temperature-induced material accumulation and slip rate affecting the
uniformity of contact conditions at the tool-workpiece interface. Near the bottom of the weld, slip rates
increase initially with TRS from 710 to 1120 rpm but decrease thereafter. Lower slip rates at 1400 and
1600 rpm indicate increased sliding, leading to defects and reducing the tensile strength in weld joints.
Optimal tensile strength of 174 MPa and an improved ductile fracture mode compared to all weld joints is
obtained at 1120 rpm.

Keywords computational fluid dynamics, friction stir welding,
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formation

1. Introduction

In the last decade, Friction Stir Welding (FSW) has gained
significant attention and recognition in the field of welding of
similar aluminum alloy components of automobiles, shipbuild-
ing, and aerospace to industry (Ref 1-3). Nowadays, the
application FSW process is extended to joining dissimilar
material due to several advantages over conventional welding
techniques (Ref 4, 5). FSW offers the advantage of being a
highly versatile process, as it can be applied to a wide range of
materials, including aluminum, steel, titanium, copper, and their
alloys, opening doors for diverse industrial applications (Ref 6,
7). FSW, an established solid-state welding method, incorpo-
rates elements of temperature, mechanics, metallurgical, and
material interactions. It has emerged as a groundbreaking
welding technique due to its energy efficiency, environmentally
friendly nature, and ability to produce high-quality welds (Ref

8). Additionally, the state-of-the-art friction-based welding
techniques are defined by low peak temperatures, inducing
significant plastic deformation, energy efficiency, and environ-
mental sustainability. These methods have the capability to
achieve both mechanical and chemical bonding concurrently,
leading to enhanced mechanical performance (Ref 9). However,
due to different mechanical properties of the joining material,
there are issues and challenges for selection of proper input
process parameters for producing the dissimilar weld joint with
optimum mechanical properties. In FSW several process
parameters such as tool rotation speed, welding speed, plunge
depth, axial force plays a crucial role in achieving good welds
joint (Ref 10, 11). Among these TRS is one of the critical input
process parameters which control the generation of heat,
material mixing and stirring of the material around the rotating
tool pin (Ref 12). Which finally, affects the weld joint
formation and mechanical properties.

Many authors have reported that the selection of optimal
TRS is one of the important input process parameters for
achieving the good quality of the weld joints (Ref 13, 14).
Rodriguez et al. (Ref 15) experimentally analyze dissimilar butt
joints between AA 6061 and AA 7050 in FSW, highlighting the
correlation between TRS (270, 340, and 410 rpm), material
intermixing, and joint strength. Their findings demonstrate that
increasing TRS enhances material intermixing and improves
tensile strength of the weld joint, indicating a positive
relationship between these factors. Zhang et al. (Ref 16)
experimentally investigated the effect of TRS (600-1650 rpm)
on microstructure, material flow, and mechanical properties in
FSW joints between AA7075-T651 and AA2024-T351, to
show the correlations between TRS and weld quality param-
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eters. Their findings aid in optimizing FSW parameters and
improving joint performance, indicating an initial increase in
mechanical properties with TRS until reaching peak values,
with optimum properties observed at 900 rpm. Abolusoro et al.
(Ref 17) experimentally explore the impact of TRS (1250-
1850 rpm) on temperature distribution, mechanical behavior,
and microstructure in FSWof dissimilar aluminum alloys 6101-
T6 and 7075-T651, elucidating correlations between TRS, on
temperature profiles, mechanical properties, and microstructural
features. Their findings offer insights for defect-free welds and
effective temperature feedback control in industrial applica-
tions, highlighting a rise in temperature with increased TRS and
an optimal mixing observed at 1550 rpm, while tensile strength
decreases with higher TRS. Zhang and Zhang (Ref 18) present
a novel fully coupled thermo-mechanical model for FSW,
accurately predicting material deformations and temperature
fields. Their study explains the correlations between deforma-
tion, temperature, microstructure, and texture, highlighting
asymmetries in temperature distribution and material flow
behavior across thicknesses, thereby informing optimization
strategies. They observed a negative impact of TRS on weld
joint formation in 6061-T6 aluminum alloy. Huang et al. (Ref
19) studied the joint formation mechanism at constant rotational
velocity in FSW Al-Mg-Si alloys through a combined numer-
ical-experimental approach, focusing on high depth-to-width
ratio welds using CFD, CSM, and FSI methods. The effec-
tiveness of the proposed numerical model in analyzing joint
formation during FSW, especially suited for high depth-to-
width ratio welds. Ajri et al. (Ref 20) investigate tunnel and
cavity defects in FSW of Al 6061 T6 alloy using experimental
and numerical methods, employing a coupled Eulerian-
Lagrangian finite element model to analyze the process and
optimize parameters. Their study describes the influence of
material flow, temperature, and tool action on defect formation.
The cavity formation in the top half and tunnel defects in the
bottom half of the advancing side (AS) of the weld joint, with
cavities prevalent at higher TRS. Xie et al. (Ref 21) introduces
a process simulation strategy using numerical models to predict
tensile strength in FSW AA2195-T8, validated against exper-
imental data, ensuring its accuracy and rationality. This
comprehensive model integrates various numerical techniques
including CFD, modified KWN, DRX and recovery, and CSM
models, promising essential datasets for further analysis.
Moreover, Xie et al. (Ref 22) also develop a thorough process
simulation strategy leveraging neural networks to map macro-
and microstructural responses of Al-Cu-Li alloys, validating its
effectiveness with experimental data. The approach, integrating
nested neural networks trained on CFD and microstructural
evolution models, elucidates structure-parameter-property rela-
tionships, with broad potential application across FSW tech-
niques and materials beyond AA2195 alloy. Pandian and
Kannan (Ref 23) study temperature distribution and grain size
effects on dissimilar friction stir welded aerospace-grade
aluminum alloys 7075 and 2014. Their 3D integrated Multi-
physics model, validated through experiments, enhances com-
prehension of dissimilar alloy welding processes, offering
insights for temperature control, grain refinement, and mechan-
ical property enhancement. They observed moderate TRS
speeds to improve weld joint mechanical properties. Moradi
et al. (Ref 24) analyze welding variable effects on temperature
distribution and weld characteristics in friction stir welding of
AA5083-O and AA6061-T6 aluminum alloys using finite
element modeling and the Johnson-Cook plasticity model.

Their study reveals how TRS, traverse speed, and tool diameter
influence temperature distribution and weld geometry, offering
insights for optimizing parameters and improving joint quality
and efficiency. Results indicate reduced material displacement
within the weld area at 740 rpm compared to higher TRS such
as 940, 1040, and 1140 rpm.

While previous studies have explored the influence of tool
rotation speed (TRS) on material flow velocity and mechanical
properties in FSW, there remains a gap in understanding the
underlying mechanisms leading to the observed changes in
weld quality beyond the optimal TRS point. Specifically, the
decrement in mechanical properties after reaching the optimum
rotation speed has not been extensively discussed. Although
experimental studies have provided valuable insights into the
effects of TRS on weld quality, there is a gap in the literature
regarding comprehensive numerical analyses that can elucidate
the complex interactions between TRS, material flow velocity,
and slip rates. A more thorough numerical investigation is
necessary to complement experimental findings of mechanical
properties and provide a deeper understanding of the underly-
ing processes governing weld quality in FSW. Thus, this article
presents a numerical method to predict the TRS for optimum
mechanical properties of dissimilar material weld joint of FSW
through the temperature and material flow analysis. For this
purpose, the computational fluid dynamics (CFD) numerical
modeling technique, specifically the Volume of Fluid (VOF)
method, is employed to develop a numerical model for FSW of
AA5081-H12 and AA6061-T6 aluminum alloys. The model’s
validity is established by comparing numerical and experimen-
tally calculated temperature profiles. To predict the TRS for
optimum mechanical properties, temperature and material flow
numerical model is simulated at five different TRS and constant
welding speed. The temperature strain rate and material flow
are analyzed perpendicular to the weld joint and tool and
workpiece interface in AS and RS. Moreover, the slip rate is
determined at the interaction between the tool and workpiece
materials. The simulation results provide insights into the effect
of temperature, strain rate, variations in material flow, and slip
rate impact the creation of weld joints and influence their
mechanical properties.

2. Experimental Method

The workpiece material used in this study was 5083-H12
(0.02 Si, 0.26 Fe, 0.06 Cu, 0.74 Mn, 4.5 Mg, 0.08 Cr, 0.01 Zn,
0.01 Ti, and balance Al) and AA6061-T6 (0.58 Si, 0.54 Fe,
0.19 Cu, 0.09 Mn, 0.83 Mg, 0.04 Cr, 0.15 Zn, 0.17 Ti, and
balance Al) (Ref 25). The workpiece dimensions are 150 mm
in length, 50 mm in width, and 6 mm in thickness. In the
welding process, 5083-H12 placed in AS and 6061-T6 in RS,
respectively (Ref 26-28). The mechanical properties of the
5083-H12 and AA6061-T6 aluminum alloy are given in
Table 1. The butt joint welding is carried out using a vertical
milling machine (HMT FN2H, 7.5 HP motor capacity). The
tool material used was high-carbon steel, and it had a taper
cylindrical shape. Taper cylindrical shape tool geometry
generates lower welding force and spindle torque while
concentrating more heat around the tool pin. This configuration
leads to higher material flow velocity, thereby facilitating
defect-free welds compared to a cylindrical pin (Ref 29, 30).
Additionally, dimensions of the tool, including shoulder
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diameter, pin diameter, and pin length, are taken based on
literature (Ref 31-33).

Table 2 provides the input process parameters and tool
dimensions. The welding input process parameters are selected
based on the trial run. To measure the temperature during the
welding process, K-type thermocouples are placed 15 mm
away from the welding line and 3 mm from the top of the
workpiece on both AS and RS. These thermocouples are
connected to a data acquisition system for temperature
recording. Afterward, to analysis the weld zone shape, the
samples are cut in the transverse cross section of the weld joint,
polished using different grades of emery paper (from 400 to
2000), and finally etched with a solution consisting of 94 ml
distilled water, 3 ml nitric acid, 2 ml hydrochloric acid, and
1 ml hydrofluoric acid (Ref 35, 36). The samples are deep into
the etched solution for 40 seconds. A total of 15 samples, 3 per
conditions tensile test samples are prepared according to the
ASTM E8 M standard and tested at room temperature using an
Instron, UK, 8801 universal testing machines (UTM) with a
capacity of 50 KN and a crosshead speed of 1 mm/min. The
average value of the 3 samples of each condition is taken in the
result analysis. Moreover, the fracture surface behaviors are
analyzed using a Field Emission Scanning Electron Microscope
(FESEM) with the model number Jeol, Japan, JSM-6390LV.

3. Modeling

The heat transfer and material flow simulation of FSW was
performed utilizing ANSYS 14.5 software within the frame-
work of computational fluid dynamics (CFD). The placing of
material in AS and RS, dimensions of the workpiece, tool, and
input process parameter are same as the experimental. During
the simulation, it was assumed that the tool’s shoulder would
enter the workpiece, penetrating it by 0.1 mm starting from the
top surface, with the tool itself considered as a rigid body and
the workpiece as a fluid. The plasticized material surrounding
the rotating tool was treated as a viscous plastic, non-
Newtonian, and incompressible medium. The welding is
conducted in the X-direction, while the tool rotation occurs in
the Z-direction. To analyze the material flow in the weld zone,

the volume of fluid (VOF) method was employed during the
simulation.

3.1 Material Properties

In the simulation process, temperature-dependent mechan-
ical properties of the workpiece are used. The specific heat and
thermal conductivity of the 5083-H12 and 6061-T6 function of
temperature are given in Eq 1-4 (Ref 37, 38).

Kð5083�H12Þ ¼ 5:9960þ 1:0117T1� 1:7371� 10�3T2

þ 1:0288� 10�6T3

ðEq 1Þ

C 5083�H12ð Þ ¼ 945:52�0:4894T1 þ 1:7462� 10�3T2�8:9778

� 10�7T3

ðEq 2Þ

Kð6061�T6Þ ¼ 25:22þ 3:978� 10�1T1 þ 7:358

� 10�6T2�2:518� 10�7T3 ðEq 3Þ

C 6061�T6ð Þ ¼ 929:3� 6:270� 10�1T1 þ 1:481

� 10�3T2�4:330� 10�8T3 ðEq 4Þ

Where K, C, and T are the thermal conductivity, specific
heat, and temperature. The viscosity (l) of the materials is the
ratio of the effective stress (rR) divided by three times the strain
rate (_e) as given in Eq 5 (Ref 39, 40).

l ¼ rR
3_e

ðEq 5Þ

The effective stress (rR) and Zener-Holloman parameter (Z)
is calculated by eq 6 and 7. The material properties parameters
values of 5083-H12 and 6061-T6 are given in Table 3.

rR ¼ 1

a
ln

Z

A

� �1
n

þ 1þ Z

A

� �2
n

 !" #1
2

ðEq 6Þ

Z ¼ _eexp
Q

RT

� �
ðEq 7Þ

Table 1 Mechanical properties of the workpiece materials (Ref 34)

Alloys Yield stress, Mpa Ultimate Strength, Mpa % Elongation

6061-T6 275.90 301.20 10.12
5083-H12 411.42 438.19 6.72

Table 2 Welding input parameters and tool dimensions

Welding parameters Unit Values

Welding speed (Ref 33) mm/min 63
TRS rpm 710,900,1120, 1400, and 1600
Tool shoulder diameter mm 18
Pin diameter (top and bottom) mm 6 to 4
Pin length mm 5.7
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3.2 VOF Method

The volume of fluid (VOF) method is used in the numerical
model to simulate dissimilar FSW weld joints. The VOF
method helps to analyze the phase distribution of the dissimilar
materials of the FSW weld joint. The numerical modeling of the
dissimilar FSW weld joint with different physical properties of
the material is based on the continuity, momentum, and energy
conservation that are given in eq 8, 9, and 10, respectively. The
amount of mixing of the material in the weld nugget zone
(WNZ) of dissimilar FSW of weld joint is determined by
volume fraction (b). The primary and secondary phases are
6061-T6 and 5083-H12, respectively. The volume fraction of
the primary (bP) and secondary phases ðbS) lies between 0 to 1.
The zero indicates that no amount of fluid material is present in
the phases, and one means the phases are full of fluid materials;
as a result, the sum of the b is always unity.

@

@t
bAqAð Þ þ r:ðbAqA v!Þ ¼ 0 ðEq 8Þ

@

@t
bAqA v!
� �

þr: bAqA v! v!
� �

¼ F
!�rP

þr: lA bA r v!þr v!T
� �� �h i

þ bAqA g
!

ðEq 9Þ

qACA
@T

@t
þ v!:rT

� �
¼ r:KAðrTÞ ðEq 10Þ

Where, P, K, C, T, q, and v! are the pressure, thermal
conductivity, specific heat, density, temperature, and material
flow velocity vector of the workpiece material, respectively.

3.3 Boundary Conditions

The material position, tool rotation, and welding direction in
the numerical model are shown in Fig. 1(a). The numerical
model generates heat at the interface between the tool and
workpiece based on partial sticking and sliding conditions.

The three interface surfaces, which are tool shoulder (TS),
pin side (TPS), and pin bottom (TPB) surfaces are responsible
for heat generation in the welding process as shown in
Fig. 1(b). The heat generated at the interface is calculated and
divided by the surface area of the respective surfaces to find the
heat flux value. The TS, TPS, and TPB heat flux are calculated
based on eq 11-13, respectively. Afterward, the calculated heat
flux value of each surface is given to the manually created
interface of the tool and workpiece of the respective surface.

qTS ¼
dTSsb þ 1� dTsð ÞlP½ � � 2x R2

1 þ R2
2 þ R1R1

� �
3 R1 þ R2ð Þ ðEq 11Þ

qTPS ¼
2dTPSxsb R3

2 � R3
3

� �
cosu

3 R2
2 � R2

3

� � þ 2ð1� dTPSÞlxP1ðR3
2 � R3

3Þ
3 R2

2 � R2
3

� �
ðEq 12Þ

qTPB ¼ 2

3
xR3dTPBsb þ ð1� dTPBÞlP ðEq 13Þ

Where d is the contact state variable, and its value lies
between 0 and 1 (Ref 44). sb, x; and P are the shear stress,
viscosity, TRS, and pressure. The R1;R2 and R3 are the radius
of the tool shoulder, pin top, and bottom surface, respectively.
The conduction heat transfer conditions are provided to the
workpiece’s top surface such as 200 W/m2-K and convection in
the top surface and sidewall such as 25 W/m2-K (Ref 45). The
material properties, heat generation equations, and boundary
conductions discussed above are written in the user-define
function (UDF). The UDF is a self-written micro code uploaded
into ANSYS FLUENTwith the help of a user-define option and
solved by the FLUENT solver.

To verify the accuracy of the numerical model the temper-
ature distribution results obtained from simulation and exper-
iment are compared. Figure 2 shows the comparison of
simulated peak temperature result with experimental generated
peak temperature at a welding condition of 910 rpm and
63 mm/min. In the simulated the temperature profile is taken as
the same position that is discussed in the experimental method
section. It is observed that the simulated temperature distribu-
tion curve closely matches with the experimental temperature
distribution curve. The maximum experimental temperatures
recorded by the thermocouples in the AS and RS were 555 and
547 K and simulated temperatures were 543 and 534 K,
respectively. Similar trends are observed for other tool rotation
speeds and indicate that the difference between the simulated
and experimental peak temperatures in AS and RS is approx-
imately 3%.

4. Results and Discussion

4.1 Effect of TRS on Temperature Generation

Figure 3(a), (b), (c), (d), and (e) shows the temperature
distribution profile of the perpendicular to the weld joint at
different TRS of 710, 900, 1120, 1400, and 1600 rpm. The
peak temperature increases with increasing the TRS. The
amount of friction heat between the tool and workpiece
increases with increasing the TRS and thus increasing the peak
temperature in the weld joint (Ref 46).

This temperature distribution is attributed to the stirring
effect of the shoulder, which generates significant heat. This
heat is then dissipated toward the bottom and the surrounding
wall, resulting in the observed temperature contour. The
contour is wider near to the shoulder and becomes narrower
toward the bottom. Additionally, the temperature distribution
contour in RS is slightly lower compared to the AS, indicating

Table 3 Material properties parameters (Ref 41-43)

Parameters 6061-T6 5083-H12

Q (kJ/mol), activation energy, 145 171
a, material constant 0.03E�6 0.019E�6
A (S-1), material constant 2.4E8 1.09E10
n, material constant 3.55 4.99
Density (kg/m3) 2700 2660
Solidus temperature (K) 855 843
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an asymmetric temperature distribution between both sides as
shown in Fig. 3(a), (b), (c), (d), and (e). This asymmetry arises
due to the workpiece material placed on RS having slightly
higher thermal conductivity, leading to greater heat loss
compared to workpiece material placed on AS. The simulated
peak temperature top and bottom in AS and RS at different TRS
are given in Table 4. And the differences between these peak
temperatures and the solidus temperatures of AA6061-T6 and
5083-H12 in terms of the ratio are calculated and given in
Table 3. Ajri et al. (Ref 20) and Selvaraj et al. (Ref 47) explain
that for the 70 to 90 % solidus temperature (approximately 598
to 770 K in case of 6061-T6) of the workpiece material is
required for adequate material flow from RS to AS to develop
defect-free weld joint.

Upon analysis of Table 4, it becomes evident that, at TRS
values of 900, 1120, and 1400 rpm, the temperature range in
RS, spanning from the top to the bottom of the workpiece, falls
within the critical 70% to 90% range. However, at TRS values
of 710 and 1600 rpm, the temperature range in RS deviates
below and above the 70% to 90% range, respectively.
Additionally, Fig. 3(f) shows the strain rate distribution
perpendicular to the weld joint at different TRS. The relation-

ship between TRS and strain rate is readily observable, as an
increase in TRS leads to a rise in strain rate. The evident
observation is that the strain is more pronounced on top surface
when compared to bottom surface. This discrepancy is
attributed to the significant role played by the rotating tool
shoulder in driving material deformation, surpassing the
contribution of the tool pin. Moreover, the strain rate in AS
of the welding is lower as compared to the RS. This asymmetric
nature is due to the material placed in RS 6061-T6 having
lower activation energy compared to 5083-H12 placed in AS. It
means that the material 6061-T6 required less energy to activate
dislocations and initiate plastic deformation compared to 5083-
H12. Similar observations have been reported by Gotawala and
Shrivastava (Ref 48) in FSW of copper and AA 1050. The
fluctuation in temperature and strain rate due to varying TRS
has a substantial impact on several key aspects, including
material flow velocity, the conduction of contact between the
tool and workpiece, and ultimately, the formation of the weld
zone and mechanical properties of the weld joint as examined
in the following section.

Fig. 1 Simulation boundary conditions

Fig. 2 Experimental and simulation temperature distribution at 900 rpm and 63 welding speed (a) AS and (b) RS
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Fig. 3 Temperature distribution perpendicular to the weld joint (a) 710, (b) 900, (c) 1120, (d) 1400 and (e)1600 rpm and (f) strain rate
distribution perpendicular to the weld joint in all TRS

Table 4 Simulated peak temperature at different TRS

Simulated peak temperature, K

710 900 1120 1400 1600

AS RS AS RS AS RS AS RS AS RS

Top 575 573 639 637 711 710 802 801 871 870
bottom 552 547 611 606 677 672 760 775 821 815
T/T solidus (Top) % 68 67 75 74 84 83 95 93 103 101
T/T solidus (Bottom) % 65 63 72 70 80 78 90 88 97 95
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4.2 Effect of TRS on Material Flow Velocity

The material flow velocity contours of the perpendicular to
the weld joint cross section are shown at 710, 900, 1120 and
1400, rpm and 1600 rpm TRS shown in Fig. 4. The material
moves in a negative Y direction representing RS and in a
positive Y direction for AS, respectively, as shown in Fig. 4(a).
The velocity of material flow is higher at the top of the
workpiece and gradually decreases along the depth of the
workpiece in all TRS, as shown in Fig. 4(b), (c), (d), and (e).

This is because the stirring effect of the tool shoulder is
more pronounced at the top of the workpiece and reduces along
the depth. The contour lines of material flow velocity follow the
same pattern in all TRS. However, the variations of the
magnitude of the material flow in the weld zone are observed
with variation in TRS. The peak material flow velocity at the
top surface of the workpiece is slightly higher in the RS
compared to the AS. As previously explored in the above
section, the higher strain rate observed in the RS implies a
correspondingly greater material flow velocity when compared
to the AS. This relationship is established by the direct
proportionality between strain rate and material flow velocity
(Ref 49). All the material flow velocity contour lines first,
second, and third which are near to the shoulder show that
material flow velocity increases with increasing the tool
rotation speed from 700 to 1600 rpm, but the last three contour
lines show that material flow velocity increases with increasing
the TRS up to 1120 rpm and material flow velocity decreases
on further increasing the TRS. The alteration of the material

flow velocities of the contour lines can be used to determine the
optimum material flow by numerical analysis. To investigate
the reason of alternation of material flow velocities of the
contour lines, material flow velocities at interface of the tool
and workpiece is determined because material flow velocity
start at interface and produces the contour of material flow
velocity in the weld zone.

Material flow velocity along the tool and workpiece
interface at different TRS, six different points in RS and AS
are taken, as shown in Fig. 5(a). The material flow velocity in
AS and RS at the interface is compared at all TRS are shown in
Fig. 5(b), (c), (d), (e), and (f). The horizontal axis represents the
distance from center of tool pin to shoulder from bottom to top
of the workpiece. Figure 5(b) shows that at a lower TRS of
710 rpm, the material flow velocity in RS at the bottom of the
interface of tool and workpiece in RS is slightly lower than AS
(point F in RS and 6 in AS). This difference can be attributed to
the insufficient temperature generated at the bottom of the
workpiece in RS, which fails to facilitate the plastic deforma-
tion of materials stirred from RS to AS. Consequently, the
material flow velocity in RS at the bottom of the interface of
tool and workpiece is reduced. Increasing the TRS 900, 1120,
and 1400 rpm the temperature at the bottom of the interface of
tool and workpiece increases. Therefore, stirring of plastic
deformation of materials from RS to AS increases. The material
flow velocity in RS is 14, 16, 8% higher than the AS at above
the bottom of the workpiece. The material flow velocity in both
AS and RS exhibit similar trends at 700, 900, and 1120 rpm.

Fig. 4 (a) Direction of material flow and material flow velocity at (b) 710 rpm, (c) 900 rpm, (d) 1120 rpm, (e) 1400 rpm, and (f) 1600 rpm
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However, at 1400 and 1600 rpm the magnitude of the material
flow velocity at the bottom of the interface of tool and
workpiece decreases and its magnitude lies between 900 and
1120 rpm. Moreover, at 1600 rpm the material flow velocity in
RS (point E, F) is lower than AS (point 5, 6) in the bottom of
the interface of tool and workpiece. The results of the study
reveal that at high TRS values, the magnitude of material flow
in the RS is reduced near the bottom due to generation of higher
temperature that result in accumulation of material. At
1400 rpm the temperature generates in RS above the bottom
of the workpiece (point E, F) is approximately 90 % of the
solidus temperature of the workpiece material. Thus, the
accumulation of material started at the bottom of the workpiece
that result in the decreasing the magnitude of the material flow
velocity. However, at 1600 rpm the temperature generates in

RS above the bottom of the workpiece (point E and F) is more
than 95 % of the solidus temperature of the workpiece material.
It means that, the higher accumulation of material and
excessive turbulence in the plasticized deform material that
reduces the material flow velocity in RS. The accumulation of
the material in RS above the bottom of the workpiece at higher
TRS 1400, 1600 rpm and insufficient stirring of the material at
lower TRS 710 rpm which means that the contact condition at
the tool and workpiece interface specially at the bottom of the
workpiece are not uniform. The contact condition at the tool
and workpiece interface described by the slip rate which is the
ratio of material flow velocity to the tool velocity at the
respective contact point. The slip rate describes the occurrence
of sticking, sliding, and partial sticking and sliding phenomena
in the zone where the tool meets the workpiece. When the slip

Fig. 5 Variation in material flow velocity along the depth of workpiece in AS and RS at different TRS (a) 710, (b) 900 (c) 1120 (d) 1400, and
(e) 1600 rpm
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rate tends toward one, the sticking phenomenon dominates,
whereas a slip rate approaching zero indicates a sliding
phenomenon (Ref 50, 51). The slip rate at different TRS,
especially at the bottom of the workpiece (Point F, E in RS) are
shown in Fig. 6.

Increasing the TRS 710 to 1120 rpm the slip rate at point F,
E in RS increases and its value decreases with increasing the
TRS 1400 to 1600 rpm. The slip rate value at point F on 710,
900, 1120, 1400, and 1600 rpm are 0.156, 0.325, 0.412, 0.301,
and 0.156, respectively. The lower slip rate at 710 and
1600 rpm on point F results in more sliding phenomenon
dominating as compared to 900, 1120, and 1400 rpm.

This phenomenon highlights the importance of considering
material accumulation and its effect on the contact condition of
the tool and workpiece interface during the welding process. As
it can significantly influence the contact condition between tool
and workpiece interface and ultimately affect the quality of the
weld joint. The effect of the accumulation of the material
develops the nonuniform contact condition between tool and
workpiece which finally produces defects and reduces strength
weld joint as described in the following section.

4.3 Effect of TRS on Weld Zone

The formation of the weld zone at different TRS is shown in
Fig. 7. Defect-free weld joints are achieved at tool rotation
speeds of 900, 1120, and 1400 rpm, as shown in Fig. 7(b), (c),
and (d). And defects are observed in the weld zone at 710 and
1600 rpm as shown in Fig. 7(a) and (e). This is because of the
lower slip rate at 710 and 1600 rpm of the bottom of the tool-
workpiece interface. That results in more sliding phenomenon
dominating as compared to at the bottom of the workpiece
which causes the defect formation in the weld joint. Moreover,
it is observed from Fig. 7 the average thickness of intermetallic
compounds (IMC) decreases with increasing the TRS 710 to
1120 rpm and further increasing the TRS 1400 to 1600 rpm the

IMC thickness increases as shown in Fig. 7(a), (b), (c), (d), and
(e).

The average IMC thickness was 2.7, 2.15. 1.57, 2.62, and
4.1 lm on RS and 2.23, 1.63, 1.35, 2.38, and 2.56 lm on AS at
TRS of 710, 900, 1120, 1400, and 1600 rpm, respectively. The
variation in the IMC in the weld zone effect due to variation in
the temperature, material flow velocity with TRS as discussed
in the previous sections. The variation in IMC within the weld
area impacts the mechanical characteristics of the welded joint,
as discussed in the next section.

4.4 Effect of TRS on Tensile Strength and Fracture Behavior

The fracture location of the tensile samples at different TRS
is shown in Fig. 8(a), and the fracture behaviors are analyzed
using a Field Emission Scanning Electron Microscope
(FESEM) as shown in Fig. 8(b), (c), (d), (e), and (f). The weld
joint’s tensile strength varies with different TRS at 710, 900,
1120, 1400, and 1600 rpm, the strengths are 150, 163, 176,
142, and 135 MPa, respectively. As the TRS increases from
710 to 1120 rpm, the tensile strength of the weld joint also
increases. However, at higher TRS 1400 and 1600 rpm, the
tensile strength decreases. The optimal tensile strength is
observed at 1120 rpm and a speed of 63 mm/min. This is
because at this welding condition the lower average thickness
of the IMC in RS and AS is observed as compared to another
weld joint. The fracture occurred at the weld nugget zone in all
weld joint. However, at the optimum welding conditions the
fracture path is inclined to the tensile loading direction.

The fracture surface shows that the appearance of the voids
and dimples with different shape and size increases with
increasing the TRS 710 to 1120 rpm as shown in Fig. 8(b), (c),
and (d). This indicates material suffers massive plastic defor-
mation and requires high energy prior to the fracture occurrence
and shows ductile fracture behavior. However, increasing the
TRS 1400 rpm smaller dimples are presents in the fracture
surface. As a result, inductile and brittle fracture behavior as
shown in Fig. 8(e).

Further, increasing the TRS 1600 rpm formation of flat
surface is observed at the fracture surface it suggests that the
fracture occurred with minimal deformation and rapid propa-
gation of cracks and indicates material experienced a sudden
failure, characteristic of brittle behavior (Ref 52). It is also
observed that the necking phenomenon is observed at the
fracture surface of the weld joint developed at 1120 rpm and
63 mm/min as shown in Fig. 8(a) and (d). This means that the
more ductile fracture behavior as compared to the other weld
joint.

5. Conclusions

The numerical analysis of the dissimilar material weld joint
using Friction Stir Welding (FSW) has provided valuable
insights into the effect of TRS on the weld joint formation and
mechanical properties. The following conclusions can be drawn
from the study:

Fig. 6 Variation in the slip rate at point E and F in RS
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• Optimizing tool rotation speed (TRS) is essential for pre-
cise temperature control during welding. At TRS values
of 710 and 1600 rpm, temperatures deviate below and
above the critical range of 70 to 90%, solidus temperature
of the workpiece which producing the defect in the weld
joint. Maintaining TRS within this range is vital for ensur-
ing consistent and high-quality welds as obtained defect-
free joint at 900, 1120, and 1400 rpm.

• Material flow velocity at the tool-workpiece interface fol-
lows the same trend at 710, 900, and 1120 rpm, but the

trend shifts after reaching 1120 rpm near the bottom of
the tool-workpiece interface affecting weld quality.

• Slip rates signify the transition from sticking to sliding
phenomena, impacting weld quality. Slip rates increase
initially with tool rotation speed from 710 to 1120 rpm
near the bottom of the weld but decrease thereafter. Lower
slip rates at 1400 and 1600 rpm indicate increased sliding,
potentially leading to decreased tensile strength and for-
mation of defects in weld joints.

Fig. 7 Microstructure at the interface of SZ and TMAZ (a) 710 rpm (b) 900 rpm (c) 1120 rpm (d) 1400 rpm, and (e) 1600 rpm
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• Defect-free weld joints are attained at 900, 1120, and
1400 rpm, with observed defects occurring at 710 and
1600 rpm. The optimal tensile strength of 174 MPa is
associated with lower intermetallic compound thickness at
1120 rpm, while achieving improved ductile fracture mode
compared to all weld joints.

These findings highlight the importance of TRS in influencing
temperature distribution, material flow velocity, weld joint
formation, and mechanical properties in dissimilar material
weld joints. Numerical analysis provides a valuable tool for
predicting the optimal tool rotation speed and optimizing the

FSW process to achieve defect-free weld joints with desirable
mechanical properties.
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