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ABSTRACT

The joining of dissimilar materials such as aluminium and steel is of growing importance in modern
manufacturing, owing to the demand for lightweight structures with superior mechanical performance. This
study investigates the influence of rotational speed on key thermo-mechanical performance measures
during dissimilar friction stir lap welding of aluminium alloy-6061 and stainless steel-304. Using finite
volume method, numerical simulations were performed to quantify maximum weld interface temperature,
maximum weld interface velocity, minimum weld interface viscosity, and tool-workpiece interface torque
over a rotational speed range of 200-2200 rpm. Results reveal that maximum weld interface temperature
rise steeply up to about 1000 rpm and then plateau due to thermal equilibrium. maximum weld interface
velocity increases almost linearly with rotational speed, indicating improved interfacial shear and material
mixing. In contrast, minimum weld interface viscosity and tool-workpiece interface torque decrease markedly
as rotational speed increases, reflecting enhanced thermal softening and reduced resistance to tool motion.
Intermediate rotational speed values (= 600-1200 rpm) provide an optimal balance of heat generation,
material plasticization and torque, minimising the risk of excessive intermetallic compound growth or
welding defects. The findings establish a physics-based framework for selecting process parameters that
enhance joint integrity and efficiency in dissimilar friction stir lap welding of AA6061-SS304.
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Introduction

The automotive, aerospace, and marine industries necessitate lightweight structures
with superior wear resistance to ensure optimal performance and durability [1]. These
specific applications underscore hybrid structures combining lightweight materials such
as aluminium (Al) with stainless steel (SS) [2]. Strategically utilising joints made from SS
and Al alloys in critical areas provides a practical solution [3]. Various new joining
techniques were employed by researchers for joining difficult-to-join and dissimilar
materials [4-7]. Friction stir welding (FSW) pioneered and patented by "The Welding
Institute UK" in 1991 stands as a promising solution, surpassing traditional fusion
welding methods due to its advantages, including reduced heat input, thinner
intermetallic compounds (IMCs), and enhanced surface properties [8-10]. FSW has
advantages over fusion techniques for welding many metals, such as welding alloys of
aluminium, titanium, copper, etc. [11].
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In FSW, the spinning tool is gradually plunged into the workpiece until the
shoulder comes into full contact. This position is maintained until the required
temperature is reached, generated by frictional heating and plastic deformation.
In order to accomplish the necessary weld, the tool is traversed along the weld line.
The side of the rotating tool where the tangential velocity coincides with the traverse
speed (TRS) is referred to as the advancing side (AS) [12]. The retreating side (RS) refers
to the side of a rotating tool that has a vectorial sense opposite to the tangential
velocity and TRS [12]. The workpiece section located ahead of tool is known as leading
side, and the section located behind tool is known as trailing side [12]. FSW generates
welds without the melting of the base material, hence eliminating the risks of
solidification cracking, deformation, porosity, and other related issues. It necessitates no
edge preparation and generates transition junctions between dissimilar metals [12].

The primary restriction of FSW is its necessity for distinct tools corresponding to
varying workpiece thicknesses, and the resultant exit hole that remains upon the
withdrawal of the tool from the workpiece. Large forces on clamp, necessitate robust
gripping. It is primarily restricted to linear welding. Furthermore, filler joints are
unattainable using FSW [12].

Recent research has largely focused on utilising FSW to repair defects in structural
components, whereby friction stir techniques can effectively repair defects such as
pores, cracks, grooves, through holes, and the like [13]. Since its inception, extensive
research has focused on the influence of various process parameters in FSW [14,15].
These parameters govern heat transfer and material flow, thereby affecting the resulting
microstructure and weld quality [16,17]. Achieving optimal welding performance requires
careful evaluation of these parameters with respect to key thermo-mechanical measures,
namely maximum weld interface temperature (MWIT), maximum weld interface velocity
(MWIV), minimum weld interface viscosity (MWIVis), and tool-workpiece interface torque
(TWIT) [18]. The present study investigates the effect of tool rotational speed (ROS) on
MWIT, MWIV, MWIVis, and TWIT during dissimilar friction stir lap welding (DFSLW) of
aluminium alloy 6061 (AA6061) and stainless steel 304 (SS304).

Literature review

In recent years, extensive research has examined the influence of process parameters on
the performance of dissimilar friction stir welding (DFSW) of SS304 with various
aluminium alloys. Nishida et al. [19] examined development of interfacial microstructures
in dissimilar friction stir lap welding (DFSLW) between AA3003-H112 and SS304. Analysis
of the bottom surface of the exit-hole showed that there were several mixed layers with
ultrafine IMCs. The continuous thin reaction coating that was produced at the interface
was also reported to be stronger than the base aluminium alloy. Habibnia et al. [20]
researched the concept of microstructural and mechanical properties of dissimilar
friction stir butt welds (DFSBW) in AA5050-S5304. Their findings indicated that joint
quality increased with a lower tool rotational speed (ROS) and higher TRS.

Ghosh et al. [21] investigated the thermal impact on the microstructure of weld
nugget of DFSBW of AA6061 and SS304. Higher heat contribution favored increasing the
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iron content at the interface, changing IMC composition Fe;Als to more iron-rich grains in
the Fe -Al phase diagram. At intermediate ROS, which was coincident with the formation
of FesAl and FeAl, phases, maximum microhardness and tensile strength were obtained.
Balamagendiravarman et al. [22] compared the microstructure and mechanical behaviour
of DFSBW of SS304 and commercial pure aluminium. There were minimal changes in
microstructure on the steel surface in comparison to aluminium as a result of thermal and
mechanical variation. In the interface and stir zone (52), AlsFe IMCs were observed, and
the hardest point was at the SZ. The highest tensile was 78 percent of the aluminium
base metal. The same authors in a follow-up study [23] demonstrated that addition of
more ROS enhanced IMC layer thickness and facilitated the growth of FeAl,, FesAlss,
Fe,Als and FeAls. At 400 rpm, it reached the maximum joint efficiency of 90 % and
elongation of 4.5 % and the maximum hardness was obtained in the SZ at the high ROS.

In the study by Mahto et al. [24], the practicality of underwater friction stir
welding (UFSW) of AA6061 and SS304 was evaluated at different levels of ROS and
plunge depth (PD). Less heat input and faster cooling in UFSW inhibited the excessive
IMC, fine-tuned the weld microstructure and minimized defects including porosity, voids
and kissing bonds leading to greater strength in the joints. They studied interfacial
microstructure and corrosion behaviour of the DFSLW in a related study [25]. Reducing
grain size was improved by the increasing ROS and the PD because of the rapid cooling
and heating speeds. IMCs like Fe;Als and AlCrFe, were discovered and the corrosion
resistance declined with reducing grain size mainly due to pitting and intergranular
corrosion. The researchers of Chitturi et al. [26] investigated how tool tilt angle (TA) and
pin depth influence DFSLW of AA5052 and SS304. Low TAs (0° and 1.5°) were found to
have tunnel defects and micro-voids whereas defect-free joints were obtained at 2.5°
owing to enhanced mixing of the material and formation of IMC. Both sides of the weld
have hooks that improved mechanical interlocking and the SZ hardness was almost
three times greater than SS304.

Uematsu et al. [27] carried out crack propagation tests on DFSBW joint of AA6061
and SS304. The rates of fatigue crack propagation of the welds were also lower than
that of the aluminium base metal and when compared by the effective stress intensity
factor range of the fatigue crack propagation, the behavior of the fatigue crack
propagation was similar in all the samples. Chitturi et al. [28] also tested the fracture
behavior of DFSLW of AA5052 and SS304 at different TAs, ROS, TRS, and PDs. Fractures
that were mainly initiated on the aluminium side had mixed brittle-ductile failure
modes. X-ray diffraction was used to confirm the formation of AlFe based IMCs, and
hardness was found to be between 300-630 HV with different process conditions.
Jabraeili et al. [29] examined the effect of the welding parameters on DFSBW of AA2024
and SS304. Tool offset was found to be a vital parameter whereby with positive offsets
one will end up with tunnel defects because the heat input was not enough and in the
case of negative offsets thick IMC layers were produced. The finest conditions gave a
serrated interface of thin IMCs and increased strength and ductility of the joints.

Wang et al. [30] have compared the microstructure and mechanical behavior of
AA3003 and SS304 DFSBW joints. Tool offset was more significant compared to ROS on
the microstructure of the joints. Reduced ROS enhanced tensile strength and hardness



88 A. Yadav, A. Jain, R. Verma

with a constant offset, and the start of a failure was at the weld root and spread through
the SZ. The authors of Joshani et al. [31] were researching the DFSBW of AA7075, and
SS304 at various ROSs. The increment of ROS enhanced the IMC thickness to 6 yum and
diminished joint strength. Optimal tensile strength (about 72 % AA7075) was realized at
the lower ROS, whereas fracture moved to the SZ at the higher ROS. Datta et al. [32]
made comparisons between DFSBW of DAA1100, and DAA7075 and that of SS304. Joint
AA1100 -SS304 was more efficient and ductile. The reduced traverse velocity improved
strength and elongation because of the controlled amount of heat.

Kumar et al. [33] examined DFSBW of AA7075 and SS304 and stated that the
higher the ROS, the greater was the heat generation leading to thicker IMC layers and
less tensile strength. The refinement of the grains was also great, which resulted in
equiaxed recrystallized grains and IMCs like AlisFes, AlsFe,, and AlsMg; at the interface.
Ou et al. [34] have constructed the model of heat transfer in DFSBW of AA6061 and
SS304, to include the welding tool. The model determined peak temperatures with a
margin of error of 2.3 % and showed low temperature gradients and IMC thickness at
increasing TRSs. DFSBW of SS304 and AA2024-T3 was well investigated by
Mir et al. [2,10,35]. Their results pointed to better wear and corrosion resistance,
refinement of grains, and hardness in the stir zone with the best heat input and material
flow. Zhang et al. [36] were able to obtain defect free DFSBW of SS304 and AA2219
with low ROS at 200 rpm. Substantiation of thin amorphous Al Fe O layer inhibited the
Cu rich IMCs yielding high metallurgical bonding and tensile strength of 210 MPa.
Nakrani et al. [37] examined fatigue cracking characteristics in DFSBW of SS304 and
AA5083, which showed an increased rate of crack propagation at the Al-steel interface,
and brittle fractures behavior at the interface. Caetano et al. [38] investigated DFSBW of
SS304 and SS410, demonstrating that placing ferritic SS410 on the AS reduced flash
formation and voids. Increased axial force eliminated root defects, although it promoted
higher flash formation on the AS.

Overall, prior research on DFSW between aluminium alloys and stainless steel has
primarily concentrated on interfacial microstructural evolution, IMC formation, and
mechanical performance. While studies have highlighted the role of parameters such as
ROS, TRS, PD, TA, and welding environment, significant research gaps remain. In particular:
1. The effect of ROS on critical thermo-mechanical performance measures (MWIT,
MWIV, MWIVis, and TWIT) has not been systematically quantified.

2. Weld interface viscosity, a key factor governing material flow, mixing, and defect
formation, remains underexplored in dissimilar lap welds of AA6061-55304.

3. Torque variation with ROS and its correlation with weld quality in AA6061-SS304 lap
welds have not been addressed.

Most existing studies emphasise butt joints or other aluminium alloys (AA2024,
AA5052, AA7075), leaving the practically relevant AA6061-SS304 lap configuration
insufficiently studied. To address these gaps, the present work employs a physics-based
finite volume method (FVM) simulation using ANSYS® Fluent® to analyse the effect of ROS on
MWIT, MWIV, MWIVis, and TWIT in DFSLW of AA6061-5S304. This systematic investigation
provides deeper insights into heat generation, material flow, and tool-workpiece
interaction, offering a framework to minimise defects and improve joint efficiency.
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Simulation design

The simulation model utilises an AA6061 sheet and an SS304 sheet with dimensions of
200 x 75 x 3 mm?> (each sheet). They are joined in a lap arrangement with an overlap
width of 30 mm (Fig. 1). Solidworks® 2017 is used for geometric modelling, while CFD
software ANSYS® 19.3 R3 (FLUENT®) is employed for FVM numerical simulation [39].
A flat shoulder tool with a frustum conical pin is employed (Table 1).

(a)

Shoulder Side Surface (AZ31) /~-\ A
]

Shoulder Surface (AZ31)

(b)

Fig. 1. (a) Arrangement of dissimilar friction stir lap weld of AA6061 with SS304; (b) tool-workpiece
interface surfaces; (c) dimensions of tool employed

Table 1. Fixed process parameters

Process parameter Value
Diameter of flat shoulder, mm 15
Pin length, mm 3.8

Pin base diameter, mm 5.4
Pin tip diameter, mm 3.8

PD, mm 0.225

TA 1.5°
Overlap width, mm 30

The Realisable k-epsilon viscous model is employed to simulate the flow of material
in a transient state [40]. Mesh with tetrahedral elements (899766 in numbers) and 187342
nodes are utilised, with fine mesh at the interface between the tool and the workpiece, as
depicted in Fig. 2 [41]. The present work adheres to the following assumptions:
1. The process is a quasi-steady process, i.e., the rate of heat generation remains constant.
2. Material that has undergone plasticization is classified as non-Newtonian,
incompressible, and visco-plastic.
3. The material is presumed to exhibit characteristics of a non-Newtonian fluid, where
its viscosity is influenced by both temperature and strain rate.
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4. Partial slip condition exists between the tool and the workpiece.
5. Free slip condition exists on the upper, bottom, and side surfaces of the workpiece.
6. The outlet boundary assumes the value of zero pressure.

To make precise predictions about welding, it is crucial to employ realistic
boundary conditions [42,43]. Figure 3 displays the parts and boundaries imposed on the
model. The inlet boundary condition of flow is defined as follows:

U= Uperg, V=0, w =0, (1)
where the TRS is represented by u_weld, whereas the velocity intensities in the X, Y,
and Z directions are represented by u, v, and w, respectively.

-I; -
@) (b)

Fig. 2. (a) Tetrahedron cells’ mesh used in the model; (b) close up view (top) of tool-workpiece interface

(@)

Fig. 3. (a) Flow directions of materials in the model; (b) different heat loss surfaces of the model

The tool periphery velocity, which is the combined effect of tool's ROS and TRS, is
provided below:
U; = wrsind — Uye1q,
v; = wrcosh, (2)
w; = 0.
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The value of r is such thatr; < r < r3. The variables u;, v; and w; denote vectors
of velocity in the X, Y, and Z directions. The index notation "i" means a specific location
on tool's surface where the tool's combined ROS and the TRS are determined.
represents the radius of tool shoulder; r; represents the radius of pin bottom; 6 is the
angle between the horizontal direction vector from the tool axis to any point on the
cylindrical surface. In the weld direction, 8 is equal to zero.

Tool periphery velocity when tool TA (§) and contact state variable (§) are
considered, are represented by equations below [44]. Equations (3)-(5) are used to
define the momentum boundary conditions at the tool-workpiece interface, specifically
at the shoulder surface (SS), pin side surface (PSS), and pin bottom surface (PBS).

u; = (1 = 8)(wrsinb) cos & — Uyera, (3)
v; = (1 — &)wrcosh, 4)
w; = (1 — 8)(wrsind) sin§, (5)
Saasoe1 = (0.31e“™/187 — 0.026) (from [45]), Sss304 = 0.7 (from [46]). (6)

The viscosity (n), flow stress (o), Zener Hollomon parameter (2) and strain rate ()
are determined using the equations below [47-49]:

n= g 7)
5 =1 (g)%+<1+(§)%)2 , ®
z = zelw), )
&= geijsij)g, (10)

where T represents temperature, measured in Kelvin (K), 4, 5, and n are constants that
describe the material properties, Q is an activation energy that does not depend on
temperature, R is the gas constant (8.314 J-K*-mol?).

Table 2. Material-constants and properties for AA6061 and SS304 [44,46,51-53]

Parameters AA6061 SS304

A st 241 x 108 1.62 x 10

) n 3.55 6.1

Material constants

Q, )-mol? 1.45 x 10° 446 x 10°

B, MPa! 0.0367 0.008
Material density p, kg-m™ 2700 7400
Top (h) & side (hs) heat transfer coefficient, W/m2K 80 0.0668T
Bottom (h,) heat transfer coefficient, W/m2K 150 10*0.0668T
External emissivity of workpiece top surface 0.09 0.17

Table 2 provides the material constants and properties of AA6061 [50].
Equation (7) is used to define the viscosity as a function of temperature and strain rate
for the given materials, namely AA6061 and SS304. These equations are implemented
through the use of user defined functions.

The heat created during the FSW process is distributed over many regions. The
tool's contacting surface with the workpiece is partitioned into three sections: bottom
SS, Pss, and Pgs. The SS is subdivided into two sections: shoulder with conical surface
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(Scs) and shoulder with flat surface (Ses). All these sections exhibit partial sticking-
sliding contact. Heat produced by different sources is provided underneath:
Qtotar = 6‘Qsticking -(1- 6)Qsliding- (11)
When the slip coefficient (6) is equal to zero, heat is only generated through
friction. When the value of 6 is equal to 1 (indicating a stick), all heat is produced only
through the deformation of the plastic material [54].
The assumed maximum yielding shear stress is [55]:

(o}
Tp = T%, (12)
(05) aa6061 = 1160 — 8.88T + 2.97 X 1072T2 — 3.32 x 10~°T3 (from [52]), (12a)
(05)s5304 = 796 — 1.6T + 2.25 X 1073T2 — 1.3 X 107°T3 (from [46]), (12b)
where g, represents the material’s yield stress.
The heat-flux (W/m?) in Scs section is [44,46,51,52]:
Gsee =11 <[(1_6CSS)Tb+(6C525§]f2g(rf_r23)(1+tan°(’)])- (13)
The heat-flux (W/m?) in Pss section is:
qpss = N((wr — vsind)((1 — 8pss)Tp + (Spss)uP)). (14)
The heat-flux (W/m?) in Pgs section is:
pye =11 (2(‘)7'3((1_5PBS;Tb+(5PBS)HP)), (15)

where u (0.4 is same for both material) is the coefficient of friction [46,56], P is plunge
pressure (Pa), w is ROS (rad/s), n is fraction of heat transferred to the workpiece (i.e., 0.6
and 0.4 for AA6061 and SS304, respectively [34]), and «’ is cone angle of shoulder
(o<’ = 0 for Sgs)). Plunging pressure of 12 and 109 MPa are taken for AA6061 and SS304,
respectively [46,56]. Equations (13)-(15) are used to define the thermal boundary
conditions for the SS, Pss, and Pgs, respectively.

The specific heat (Cp,) equation for AA6061 is shown below [45,46]:
(Cp)ansos1 = 929 — 0.627T + 1.481 X 107372 — 4.33 x 107°T?, (16a)
(Cp)ss30a = 276 + 0.851T — 8.51 X 107*T2 4 3.0 x 1077T3. (16b)

The thermal conductivity (k) equation for AA6061 is shown below [45,46].
Equations (16) and (17) are used to define C, and k, respectively, as material properties
for both AA6061 and SS304:
kapc061 = 25.22 + 0.3978T + 7.358 X 107°T2 — 2.518 X 1077T3, (17a)
kgg304 = 14.3 —9.02 X 1073T + 4.52 x 107°T2? — 2.49 x 1078T3, (17b)

The boundary condition for heat exchange between the top surface of the
workpiece and the environment is convective as well as radiative heat transfer [44].
The heat exchange between the bottom and side surfaces of the workpiece is conductive
(due to contacts of jigs and fixtures) and convective heat transfer, respectively. All these
heat exchanges are converted to convective form as shown below [44]:

a

ko = he(T = Tp), (18)
d

ks, = ho (T =To), (19)
a

ké = ho(T = Ty), (20)

where h¢, hy, and hg are coefficients of heat dissipation at workpiece’s top, bottom and side
surface, respectively, T, is the environmental temperature (300 K) [45]. Equations (18)-(20)
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are used to define the thermal boundary conditions for the workpiece's top surface,
bottom surface, and side surface, respectively.

Validation of the current model is done with the work by Ou et al. [34]. A 3D CFD
model was constructed to study the heat transfer in DFSBW of AA6061 with SS304 with
a frustum conical pin tool. In the present study, the above work is replicated, and upon
validation of the current methodology and procedure, additional fixed input parameters
(TA and PD) are introduced. The temperature distribution data of the model closely
corresponds to the experimental data of Ou et al. [34]. Table 3 compares the temperature
of the experimental and model. Thus, the numerical modelling method is satisfactory.

Table 3. Comparison results between experimental and modelled temperature

Points (approx.) Experimental Simulation model Error. %
temperature [34], K temperature, K ’
pl (8.99,0.5,3) 492.3 469.6 461
p2 (8.94,1,3) 475.1 455.3 416
p3 (-8.06,4,3) 4394 4294 2.27

Results and Discussion

This section examines the influence of ROS on the performance measures MWIT, MWIV,
MWIVis, and TWIT. The ROS range is selected between 200 and 2200 rpm, based on
findings from the literature. To evaluate the effect of ROS on the above performance
indicators, all other process parameters: TRS, TA and PD, are maintained constant at
100 mm/min, 1.5°, and 0.225 mm, respectively. Table 4 presents the corresponding
performance measures for the investigated ROS range of 200 to 2200 rpm. Simulation
experiments were conducted for various values of ROS as process parameters to
compute MWIT, MWIV, MWIVis, and TWIT performance measures for each. Columns 4-7
of Table 4 indicate the MWIT, MWIV, MWIVis, and TWIT obtained in each experiment,
respectively. The analysis of results is discussed below.

Table 4. Experimental design and its results

SNo. | ROS, rpm | M- workpiece |t | MWIV, m/s | MWIVis, kg/(ms) | TWIT, Nm
temperature, K
1 200 533 469 0.0133 3.16E+07 16.14
2 400 691 558 0.0266 1.21E+07 16.06
3 600 809 626 0.0399 4.01E+06 15.99
4 800 890 675 0.0532 2.57E+06 15.82
5 1000 942 722 0.0666 1.45E+06 15.12
6 1200 977 756 0.0799 1.08E+06 14.74
7 1400 1000 785 0.0932 9.83E+05 14.34
8 1600 1017 808 0.1065 9.56E+05 14.04
9 1800 1014 826 0.1199 8.82E+05 13.76
10 2000 1016 829 0.1332 7.50E+05 13.49
11 2200 1018 833 0.1465 6.90E+05 13.26
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Effect of ROS on MWIT

From Fig. 4, it is observed that both MWIT and maximum workpiece temperature
increase with increasing ROS up to a certain point, after which they tend to stabilise.
At lower ROSs (200-600 rpm), a steep rise in both temperatures is noted, indicating that
heat generation is highly sensitive to ROS in this range. For instance, MWIT increases
from 469 K at 200 rpm to 626 K at 600 rpm, while the maximum workpiece temperature
rises from 533 to 809 K over the same range. This behaviour can be attributed to
enhanced frictional heat and plastic deformation as the tool speed increases [57].

1200
1000 1014 1016 1017 1018
942 77
1000 390
809 808 826 829 833
~ 800 691
) ee /85
2 533 t s 722
(]
g 600 626
£ 558
~ 400 469
MWIT
200
Maximum Workpiece Temperature
0

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
ROS, rpm

Fig. 4. Effect of ROS process parameter on MWIT performance measure

Beyond ~ 1000 rpm, the temperature curves show a tendency to plateau.
The maximum workpiece temperature reaches about 1018 K at 2200 rpm, while MWIT
stabilises around 833 K. This saturation effect occurs because, at higher ROSs, the heat
dissipation rate through conduction and convection counterbalances the additional heat
input, preventing further significant temperature rise [58].

A consistent observation is that the maximum workpiece temperature remains
higher than the MWIT across all ROSs. This is expected since the bulk workpiece
accumulates heat from both frictional sliding and plastic deformation, whereas the weld
interface experiences localised heat generation that is partly dissipated into the
adjoining materials [59].

Implications for weld quality: the progressive rise in temperature with increasing
ROS enhances diffusion and reaction kinetics at the AA6061-55304 interface, promoting
IMC layer formation. However, excessive IMC growth at higher temperatures may lead
to brittle phases, reducing joint toughness [60,61].

Moderate ROS values (600-1200 rpm) provide sufficient thermal softening and
material flow without excessive IMC growth, which is favourable for achieving high-strength
welds [60,61]. At very low ROS, inadequate heat input results in poor plasticization and
insufficient bonding, while excessively high ROS (beyond ~ 1600 rpm) risks overheating,
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excessive flash formation, or void generation [60,61]. Thus, selecting an optimal ROS
range is critical for balancing heat input, material flow, and metallurgical reactions.

Effect of ROS on MWIV

Figure 5 graph presents the variation of MWIV with ROS. It is evident that MWIV increases
almost linearly with increasing ROS. At the lowest speed of 200 rpm, MWIV is only
0.0133 m/s, while at the highest speed of 2200 rpm, it reaches 0.1465 m/s, representing
more than a tenfold increase. This strong positive correlation reflects the direct
dependence of interface velocity on tool rotation, since higher ROS enhances the relative
tangential velocity between the tool and the workpiece (from Egs. (3)-(5)).

0,16 - 0,1465
014 - 0,1332
0,119
012 - 0,1065
01 - 0,0932
0,0799
0,08 - 0,0666
0,0532

0,0399

MWIV, m/s

0,06 -

0,04 - 0,0266

0,0133
0,02 |~

0

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
ROS, rpom

Fig. 5. Effect of ROS process parameter on MWIV performance measure

The nearly linear trend also indicates that material flow at the weld interface
scales proportionally with tool speed, without showing saturation or instability within
the investigated range. This suggests that ROS is the dominant driver of weld interface
shear velocity, which in turn influences plastic deformation, material mixing, and
bonding efficiency [62-64]. Therefore, tool speed is sometimes referred to as ROS.

Implications for weld quality: higher MWIV at increased ROS promotes improved
plasticization and mixing of AA6061 and SS304 at the interface, which is essential for
sound metallurgical bonding [57,63]. Since frictional heating is directly linked to
interface velocity, the rising MWIV also complements the increase in weld interface and
workpiece temperatures, ensuring sufficient softening for weld formation [62,65]. While
low MWIV (at lower ROS) can result in insufficient stirring and weak bonding,
excessively high MWIV (at very high ROS) may lead to turbulent flow, uneven mixing, or
excessive flash, thereby compromising weld integrity [57,63].

Effect of ROS on MWIVis

A distinct decreasing trend is observed from Fig. 6, where MWIVis reduces rapidly with
an increase in ROS up to approximately 1200 rpm, after which the values stabilise with
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minimal further reduction. At lower rotational speeds (200-600 rpm), extremely high
viscosity values are recorded, such as 3.16E+07 kg/ms at 200 rpm and 1.21E+07 kg/ms
at 400 rpm. These high viscosities indicate inadequate heat generation, resulting in
poor material plasticization and insufficient mixing at the weld interface [63].

3,50E+07

3,16E+07

3,00E+07 -
2,50E+07 -

2,00E+07 -

1,50E+07 -

1,21E+07

MW!IVis, kg/ms

1,00E+07 -

5,00E+06 -

1A45E+06  108E+06 9,83E+05 9,56E+05  8,82E+05 7,50E+05  6,90E+05
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Fig. 6. Effect of ROS process parameter on MWI|Vis performance measure

As the ROS increases into the intermediate range (600-1200 rpm), MWIVis
decreases sharply, reaching values around the order of 106 kg/ms. This reduction
highlights the improved thermal softening of the workpiece materials, which enhances
plastic flow and promotes effective interfacial bonding [57].

At higher ROSs (1400-2200 rpm), MWIVis values stabilise in the range of
9.83E+05 to 6.90E+05 kg/ms. This plateau suggests that beyond a certain threshold,
additional increases in ROS do not significantly improve material plasticization, as the
system achieves a thermal equilibrium. Excessively high speeds may therefore lead to
diminishing improvements in weld quality while potentially accelerating tool wear and
energy consumption [57].

Implications for weld quality: optimal joint formation is likely achieved in the
intermediate to moderately high ROS range (1200-1600 rpm), where sufficient heat is
generated to ensure effective mixing without excessive thermal input that could cause
grain coarsening, intermetallic growth, or tool wear [57,63]. ROS directly governs
interface viscosity, which in turn dictates weld strength, microstructural refinement, and
overall joint performance [57,63].

Effect of ROS on TWIT

A clear decreasing trend is observed from Fig. 7, where TWIT gradually declines from
16.14 Nm at 200 rpm to 13.26 Nm at 2200 rpm. At lower ROSs (200-800 rpm), TWIT
remains relatively high (=16 Nm), indicating that greater torque is required to overcome
the resistance to tool penetration and material flow due to limited heat generation and
higher viscosity of the workpiece [57,58]. As the ROS increases, TWIT steadily
decreases, dropping to 15.12 Nm at 1000 rpm and further to 14.04 Nm at 1600 rpm.
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This reduction corresponds to enhanced softening of the material with increasing ROS,
as higher frictional heating lowers viscosity and reduces the mechanical resistance
encountered by the tool [57,58].
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Fig. 7. Effect of ROS process parameter on TWIT performance measure

At higher ROSs (1800-2200 rpm), TWIT stabilises in the lower range of
13.76-13.26 Nm, suggesting that the system approaches thermal equilibrium where
additional increases in ROS do not substantially reduce resistance to tool rotation
(insufficient forging pressure at the weld interface, potentially leading to reduced
consolidation, defect formation, or weaker interfacial bonding may occur) [57,58].

Implications for weld quality: at lower speeds, higher torque values indicate that
the tool faces greater resistance due to insufficient heat generation and higher material
viscosity. This condition often leads to poor material flow, incomplete mixing, and
defect formation at the weld interface [57,58,63].

As the rotational speed increases, the decrease in torque reflects improved thermal
softening and reduced flow resistance, which enhances material plasticization and
promotes more uniform bonding [57,58,63]. However, excessively low torque values at
very high speeds may result in inadequate forging pressure and insufficient compaction
of plasticised material, which can compromise interfacial strength [57,58,63].

Conclusions

Numerical simulation of AA6061-S5304 DFSLW has demonstrated that tool ROS
strongly governs the weld’s thermo-mechanical behaviour:

1. MWIT and overall workpiece temperature initially rise sharply with increasing ROS
before stabilising, while MWIV shows a nearly linear increase across the studied range.
2. Conversely, MWIVis and TWIT decrease significantly as ROS increases, highlighting
the combined effects of frictional heating and improved material flow.

3. An intermediate ROS window of roughly 600-1200 rpm yields sufficient thermal
softening and interfacial mixing without excessive intermetallic compound formation or
loss of forging pressure.
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These insights provide a quantitative basis for optimising DFSLW process
parameters to produce defect-free, high-strength joints and to improve energy
efficiency in industrial applications involving aluminium-steel hybrid structures.
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