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Abstract
Friction stir welding (FSW) is gaining traction as a preferred technique due to its potential to
reduce heat input and enhance the mechanical properties of welded joints. However, the path
to commercializing FSW for flange joints is not without challenges. Two primary obstacles
are the complexity of the welding path and the intricate design requirements for the fixtures.
These factors contribute to the difficulty in determining the ideal weld settings and process
parameters, which are critical for achieving optimal results. The current study addresses these
challenges by applying FSW to flange joints using custom-engineered fixtures. These fixtures
are meticulously designed to hold the pipes and plates securely during the welding process.
The focus of the research is on optimizing the multi-performance characteristics of FSW for Al
6063 flange joints through the hybrid Grey-based Taguchi method. The integrity of the weld
joint is assessed by examining various mechanical properties within the weld zone, including
rotation speed, travel speed, tool profile, and shoulder diameter. The study identifies the
optimal parameter settings for the FSW process: a rotation speed of 3000 rpm, a travel speed
of 3 mm/min2, a shoulder diameter of 20 mm, and a conical tool profile. Under these ideal
conditions, the welded material exhibited a tensile strength of 170.169 MPa, a hardness of
63.7709 HV, and a corrosion rate of 0.022 mm/year. These findings underscore the effectiveness
of the optimized FSW process in producing robust and durable flange joints.

Keywords
Flange, Friction stir welding, L9 Taguchi, GRA, hybrid GRA-Taguchi.

Introduction

The objective of material progress is to discover
novel metallic constituents capable of satisfying the
increasing need for enhanced strength and reduced
weight. Aluminum alloys are widely regarded as the
optimal selection, especially in situations where exten-
sive production is necessary. Aluminum alloys provide
a notable combination of high specific strength and
exceptional resistance to corrosion, rendering them
the favored material for vital structural elements in
industries such as aircraft, pipeline, automobile, trans-
portation, military, shipbuilding, civil engineering, and
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others. Structures that are essential and exposed to
different levels of stress during operation may undergo
material fatigue. Hence, it is imperative to take into
account the fatigue strength while designing structural
components (Sabry et al., 2022a). Welding is a widely
used and efficient technique for connecting metal struc-
tures. Conventional fusion or resistance welding faces
challenges when dealing with aluminum alloys because
of their elevated heat and electrical conductivity. Sev-
eral aluminum alloys (Weman, 2003). The Welding
Institute (TWI) in Cambridge has devised a method
to address the difficulty of joining materials that were
previously deemed difficult to weld or were thought
unweldable. Friction stir welding (FSW) was devel-
oped during the 1990s. The process entails harnessing
friction and agitating the welded substance to merge
it into a solid form. Friction stir welding (FSW) is
highly advantageous for joining aluminum alloys, and
it is also applicable to a wide range of other materials
(Argesi et al., 2021).
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Literature review

The most popular welding method for threaded
flange connections is TIG (inert tungsten gas) welding
because of its superior results. A professional welder
who can create strong connections between the com-
ponents being joined without leaving any weak places
in the joint area is needed for this type of welding
(Sabry & Zaafarani, 2017). Fusion welding techniques
like TIG and metal inert gas (MIG) produce higher
temperatures than solid-state underwater friction stir
welding (Sabry & Zaafarani, 2017). Fusion arc welding
processes use an arc temperature above the melting
point of the base metal. Only the FSW technique,
however, requires a temperature more significant than
that of recrystallization. FSW, a modern solid-state
welding process, avoids heating the base material to
the point of melting by using a non-consumable tool.
Unlike all fusion welding techniques, the FSW is

a stochastic process. FSW includes several welding
process elements. The features of the finished product,
such as the weld quality and mechanical or metal-
lurgical properties, are therefore unclear. Numerous
investigations on welding parameters have been con-
ducted independently of welding techniques. In the
majority of investigations, the plunge depth, (N), (S),
and standard FSW parameters were discussed in the
research publications (Sabry et al., 2022b). The weld-
ing process also heavily depends on other parameters,
including dwell time, vibrational frequency, tool, and
pin form. The results of some of the research stud-
ies are listed below. Pawar and Sheet identified vital
factors impacting the mechanical properties and mi-
crostructure while researching to enhance the FSW
of aluminum 6063 pipes (Sabry et al., 2022b). They
discovered improved FSW performance results from
more excellent tool (N) and lower (S) values. The
pin shapes impact the joint qualities, affecting the
interface’s friction.
Instead of cylinder-shaped and tapered pins,

spherical pins created the highest temperature at the
workpieces (Ismail et al., 2015). Compared to butt
FSW weld joints, more articles are available in the
pipes field (Chen et al., 2015). VHN, yield power, UTS,
and El% are essential for various weld connections.
Some statistical approaches and machine learning

algorithms have proven helpful for data analysis and
output prediction from experimental data. Research on
ANN and RSA by (Thekkuden & Mourad (2019) for
process optimization and porosity prediction. Laksh-
minarayanan and Balasubramanian showed that ANN
was more accurate than response surface analysis when
predicting the tensile strength of FSW AA 7039 joints

(Lakshminarayanan & Balasubramanian, 2009). Simi-
lar outcomes were obtained by Krishnan & Subrama-
niam (2018), who reported that the optimal welding
parameters in welds of the A.A. 6063-A319 alloy could
be predicted by ANN more accurately than by the re-
sponse surface method. Hu et al. used pigeon-inspired
optimization combining ANN to evaluate the mechan-
ical characteristics of several AlMg welds produced
using ultrasonic-assisted FSW (Hu et al., 2020).
On the FSW of A.A. 6082-T6, Wakchaure et al.

(2018) used hybrid GRA-ANN to find that (N) and
(D) are the essential parameters, followed by tilt angle
and tool geometry. Sabry & Moura (2021a) evaluation
of the ANN-GRA simulated annealing technique to
maximize UTS and VHN in F.S. welds shows that the
hybrid approach is practical for modeling and opti-
mization. According to Dewan et al. (M.W. Dewan,
2015), the adaptive ANFIS predicted the UTS of FSW
more accurately than the ANN. The resilience of ANN
over statistical methodologies was compared to that
of Shehabeldeen et al. in their study (Taher et al.,
2019). It has been proven that the ANFIS is superior
to the response surface method for optimizing AA2024-
AA5083 friction stir welds. According to Thekkuden
& Mourad (2019), Harris–Hawks optimization, in con-
junction with ANFIS, successfully determines the ap-
propriate FSW process parameters. The optimization
of process factors for achieving utmost weld strength
using FSW on cryogenically aluminum 2219 alloy has
been investigated by Kamal Babu et al. (2018). Inte-
grating an ANN with the G.A. enhanced the weld’s
strength. In their study, Khalkhali et al. (2017) uti-
lized the Taguchi design of experiments technique to
identify the optimal combination of process criteria
for lap joint FSW of AA1100 aluminum alloy. The
experimental design employed in this study utilized
Taguchi’s L16 orthogonal array to conduct the experi-
ments for FSW. Additionally, ANOVA was employed
to evaluate the significance of the design parameters
with the output parameters.

The input process parameters discussed in this study
encompassed the tool’s rotating speed, tilt angle, tra-
verse speed, and pin form. The design with the highest
potential was achieved by considering many output
elements, such as the diameters of the grain in the
weld zone, the mechanical strengths (UTS and VHN),
the maximum working temperature, and the forces
exerted on the tool in both the horizontal and vertical
directions throughout the entire process. The mechan-
ical qualities (Prasad & Namala, 2018) and corrosion
resistance (Lee et al., 2016) of aluminum alloy joints
produced by FSW are affected by factors like tool
rotating speed, welding speed, and tool tilt angle. In
their comprehensive analysis, Xiaocong He et al. (2014)
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conducted a thorough examination of scholarly articles
about numerical investigations in the field of friction
stir welding, specifically focusing on works published
from the year 2000 onwards. A comprehensive review
was conducted on the recent advancements in numeri-
cal analysis of FSW procedures, microstructures, and
the attributes of the welded joints. The discussion also
encompassed important numerical considerations, in-
cluding the meshing method, modeling of materials
flow, and establishing failure criteria.

In their study, Meraihi et al. (2021) comprehensively
analyzed the Dragonfly algorithm and its various alter-
natives. These alternatives were categorized into two
groups: better versions and hybrid versions. In addi-
tion to the review, this paper also discusses the various
uses of the Dragonfly algorithm in several domains,
including image processing, machine learning, neural
networks, robotics, and other technical applications.
In their work, Chnoor, & Rahman (2019) provided an
overview of the Dragonfly algorithm and its several
iterations. Furthermore, the various forms of hybridiza-
tion employed by the algorithm were also discussed.
Furthermore, the method underwent verification

using the CEC-C06 2019 standard benchmark func-
tions. The results demonstrated that the algorithm
exhibited a high degree of exploration and achieved
convergence faster than other algorithms, such as PSO
and G.A., as reported in the existing literature. The
optimal multi-objective evaluation of process parame-
ters (namely tool speed, feed rate, and depth of cut)
has been investigated by Arun Vikram Kothapalli et
al. (2017) through the utilization of the Taguchi-based
Dragonfly algorithm. The study examined the output
qualities, including hardness, surface roughness, and
tool vibration amplitude, during tangential and orthog-
onal turn-mill operations on a CNC vertical milling
center. The obtained results were juxtaposed with the
outcomes of GRA, a widely recognized technique for
multi-response optimization.
In their study, Sharma et al. (2019) conducted an

optimization of the FSW process parameters, includ-
ing rotating speed, pin offset, diameter of shoulder,
and speed of welding. This optimization aimed to en-
hance the quality of joints in dissimilar aluminum and
copper materials. The authors employed the Taguchi-
based Technique for the TOPSIS technique, for this
purpose. The study examined the impact of different
combinations of these factors on the joints’ mechanical
properties, specifically the UTS and VHN. The me-
chanical properties, specifically the tensile and impact
strengths, of AISI 409 M ferritic stainless-steel joints
with a thickness of 4 mm, produced via FSW, were in-
vestigated by Lakshminarayanan & Balasubramanian
(2013) studies were conducted using a central compos-

ite rotatable design with three components and five
levels. The process parameters, notably rotating speed,
welding speed, and shoulder diameter, were optimized
using multi-response optimization techniques involv-
ing numerical and graphical methods. The Taguchi
technique was implemented to optimize the process
parameters, namely rotating speed, transverse speed,
and axial force, in the FSW of an Al–Mg alloy (Vijayan
et al., 2010).
According to the experimental findings, it was ob-

served that the highest UTS of 301 MPa was attained
under the following conditions: a speed of rotational
650 rpm, a speed of transverse 115 mm/min, and an
axial force of 17 kN. The magnitude of the strength is
subject to notable impact from the speed of rotational,
which constitutes a substantial proportion of 88.64% in
terms of its overall contribution, alongside many other
parameters. Teimouri and Baseri (2015) examined the
efficacy of the fuzzy artificial bee colony imperialist com-
petitive algorithms in predicting the FSW parameters
for both forward and backward scenarios.
Most studies have only focused on enhancing FSW

process parameters for plates and pipes. Additionally,
unlike flanges, articles about the FSW of plates are
plentiful. Concerning UTS, VHN, and C.R., As far
as the authors are aware, flange joints have not been
used in the FSW process. This study presents a novel
methodology in Friction Stir Welding (FSW) to join
flange joints. The process parameters are optimized for
the FSW process parameters for flange joint welding
of aluminum 6063-T3 to enhance welding efficiency,
while a newly invented fixture is used for Friction Stir
Welding (FSW) on a vertical milling machine.

Materials & Methods

Materials

The pipes and plates utilized in the work are made
of 6063-T3 aluminium alloy and have an outside diam-
eter of 53 mm, a wall thickness of 4 mm, and a plate
thickness of 9 mm. The chemical makeup and me-
chanical characteristics of Tables 1 and 2 exhibit base
metal. Figure 1 shows the elemental compositions of
the energy dispersive spectrometry curve and the sub-
structure of the base metal under investigation. Steel
K100 is used to make the FSW tool. The details of
the tool shape employed for this study are shown in
Figure 2. The axial force and the pin length tilt an-
gle were set to 4.8 mm, 10 K.N., and 32 MPa. The
FSW process is depicted schematically in Figure 3.
The process parameters, including the (N), (S), and
(D), were set to be 3000, 2500, and 2000 rpm, as well

44 Volume 15 • Number 2 • June 2024



Management and Production Engineering Review

as 3,5 and 10 mm/min, 10,20, and 30 mm, respectively,
the tensile test was conducted following ASTM D638.
An analogue universal measuring machine tester with
a 100 kN load was employed for the tensile test, and
the VHN test based on ASTM E18-22 was carried out.

Table 1
Al 6063-T3’s Composition and Properties

Wt. % Al Si Fe Cu Mn Mg Cr Zn Ti

96 0.6 0.35 0.1 0.1 0.9 0.1 0.1 0.1

Ultimate tensile
strength

Hardness Elongation

195 90 10%

Table 2
The levels of process parameters in FSW

Process
Parameters

Unit Symbol
Levels

–1 0 1

Rotation
speed

RPM N 3000 2000 1800

Travel
speed

mm/
min

S 3 10 16

Shoulder
diameter

mm F 10 20 30

Tool profile T Cylindrical Taper Conical

Corrosion rate

Benha University’s Laboratory of Metallurgy Me-
chanical Engineering conducts corrosion testing uti-
lizing a link to the NOVA software, a three-electrode
cell potentiostat. following ASTM G102 standards.
Figure 4 depicts the corrosion test specimen’s mea-
surements. In this corrosion test, a chemical solution
with a 3.5% NaCl content following the ASTM D1141
standard replaces seawater.

Hardness evaluation

The Universal Hardness Tester was used to deter-
mine Vickers’s hardness. Testing for hardness is done
following Figure 6.

Tensile test

Three tensile specimens have been produced for each
experiment following the ASTM E8M-04 standard.

Fig. 1. (a) Base metal microstructure and (b) A.A. 6063-
T3’s EDS

Fig. 2. The tool’s geometric specifications

Fig. 3. Shows the fixture and set used to induce FSW for
a flange in schematic form

Fig. 4. Dimensions of the corrosion test
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Fig. 5. Methodology

The UTS of the FSW joints was tested using universal
testing equipment, and Table 3 and Figure 7 display
the average of the three results.
A welding apparatus was employed, consisting of

a cylindrical, tapered, and conical structure with
a threaded probe featuring a cylindrical cross-section.
The pin profile exhibits an initial diameter of 5 mm
and a concluding diameter of 4.9 mm, demonstrat-
ing a taper rate of 1 mm per unit length of the pin.

Fig. 6. Vickers hardness testing dimensions.

The welding apparatus utilized in the experiment is
illustrated in Figure 2. Table 2 illustrates that the
three variables of the factorial design were chosen suc-
cessively throughout the three phases. The response
surface methodology used 27 trials under coded condi-
tions, utilizing a central composite design matrix.

Fig. 7. The tensile test specimen, all measurements in mm

Table 3
The design matrix, experimental results, and anticipated tensile strength, hardness, and corrosion rate values

Run
FSW process
parameters

Tensile
strength
code

Hardness
code

Corrosion
rate

N D S T UTS VHN CR

1 3000 3 10 Cylindrical 170.00 63.54 0.2850

2 3000 10 20 Taper 167.00 60.09 0.6230

3 3000 16 30 Conical 166.39 59.30 0.3570

4 2000 3 20 Conical 162.00 57.90 0.6425

5 2000 10 30 Cylindrical 159.00 50.90 0.9365

6 2000 16 10 Taper 155.00 44.00 0.6645

7 1000 3 30 Taper 149.00 48.50 1.3290

8 1000 10 10 Conical 151.32 51.20 2.6720

9 1000 16 20 Cylindrical 148.00 47.30 2.3070
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Table 3 shows the design matrix, experimental re-
sults, and anticipated tensile strength, hardness, and
corrosion rate values.

Methodology

Taguchi technique

Taguchi is a Japanese quality manager, statistician,
and engineer (Huang et al., 2019). Since its creation,
it has optimized many procedures across a wide range
of academic disciplines by optimizing the ratio of the
process characteristics that can be controlled—the
signal—to those that cannot be controlled—the noise—
the signal-to-noise ratio is achieved. According to the
required output response, three standards (SNR) are
commonly used, as illustrated in equations (1), (2),
and (3) (Prasanthi Kumari et al., 2018). Using this
strategy, also known as the Taguchi standard orthog-
onal array, the best setup of the input process pa-
rameters is obtained with minimal experiments. As
a minimum number of experiments are carried out to
attain the ideal configuration that would produce the
best-desired output instead of testing out all potential
combinations of the input process parameters as is
the case in the classical experiment design, time and
money are saved (Benakis et al., 2020). The Taguchi
technique uses the notation La(Xn) to indicate the
number of experiments that must be performed. Where
n is the total number of input process parameters, X is
the total number of levels of input process parameters,
(Ingle et al., 2023) is the total number of experiment
runs.

(a) The signal-to-noise ratio for “nominal is best”.

η = 10 log
1

n

n∑
i=1

µ2

σ2
(1)

(b) Signal-to-noise ratio for “smaller the better”.

η = −10 log
1

n

n∑
i=1

y2i (2)

(c) Signal-to-noise ratio for “larger the better”.

η = −10 log
1

n

n∑
i=1

1

y2i
(3)

η denotes the signal-to-noise ratio (SNR), the num-
ber of experiments (η), the mean SNR, the standard
deviation (σ), and the output response (yi). The nota-
tion denotes all of them. The parameter combination

that exhibits the best signal-to-noise ratio is the opti-
mal choice. The Taguchi optimization process consists
of several steps. First, the process performance or char-
acteristics that need to be maximized, minimized, or
maintained are identified. Next, the factors that con-
trol the performance are determined. Then, an appro-
priate orthogonal array is selected. Figure 5 presents
the methodology of experimental trials conducted to
obtain output responses. The output response values
are analyzed to identify the optimal setting. Finally,
the optimal setting is confirmed. The present study
examines the three levels of N, S, D, and T with the
UTS, C.R., and VHN of a similar butt joint. These
performance parameters are among numerous that are
being investigated. The L9 orthogonal array was sub-
jected to Taguchi analysis using Minitab 17 software.
The orthogonal array is depicted in Table 4.

Table 4
An orthogonal L9 Taguchi array

Run
No

Design
matrix

Estimated Mechanical
parameters

N S D UTS VHN CR

1 3000 3 10 Cylindrical 170.00 63.54

2 3000 10 20 Taper 167.00 60.09

3 3000 16 30 Conical 166.39 59.30

4 2000 3 20 Conical 162.00 57.90

5 2000 10 30 Cylindrical 159.00 50.90

6 2000 16 10 Taper 155.00 44.00

7 1000 3 30 Taper 149.00 48.50

8 1000 10 10 Conical 151.32 51.20

9 1000 16 20 Cylindrical 148.00 47.30

Grey-relational analysis

Instances in which the performance of a process is
solely governed by a single objective or a specific set
of qualities are infrequent in real-life scenarios. Re-
grettably, the conventional Taguchi technique is solely
beneficial for a single performance characteristic. It
has prompted scholars to explore several alternatives
to meet this demand. The launch of GRA has gar-
nered significant attention due to its capacity to opti-
mize many performance metrics. Grey-relational anal-
ysis can integrate many performance characteristics of
a process into a single GRG despite each performance
feature having its ideal setting (Sabry et al., 2022b;
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Sabry et al., 2022b; Sabry & Moura, 2021a). The tech-
nique utilizes the mechanism called grey-relational
generation. The GRA method consists of multiple se-
quential steps. Initially, it is necessary to determine the
process performance or attributes that require either
maximization, minimization, or maintenance.

Furthermore, it is imperative to identify the factors
that control performance. Subsequently, it is necessary
to choose a suitable orthogonal array. Subsequently,
experimental trials are necessary to acquire the output
response values. The output response values should
be normalized according to the signal-to-noise ratio
requirement. Afterwards, the sequence of deviations is
calculated, and ultimately, the threshold is calculated.

The suggested hybrid approach

This research proposes a hybrid method that com-
bines the Taguchi method and GRA. This strategy
is known depending on the Taguchi method. The fol-
lowing actions were taken (Gul et al., 2020; Krishnan
et al., 2018). I was following the computation of the
output response values’ S/N ratios, as seen in Figure 8.
The flow chart depicted in Figure 8 incorporates

the application of Taguchi analysis at step 5, wherein

the objective is to determine the optimal configuration
based on the major impact plots of the GRG with the
input process parameters. The GRG is utilized as the
output response in this research.

Results

Experimentation outcomes

The efficacy of the proposed methodology and the
validity of the GRA, depending on the Taguchi method,
have been established through both experimental work
and optimization approaches. The simulation mod-
elling is executed within the Minitab 18 software work-
ing platform. The FSW process was conducted using
various combos of welding settings. Subsequently, the
specimens were fabricated following the prescribed
ASTM specifications. The organization and utilization
of process factors were deemed significant in contribut-
ing to the development of the advancement model. The
study outcomes are shown in Table 4. Figure 9 pro-
vides an elucidation of the microscopic image across
different locations. The increase in welding speed leads
to a corresponding increase in UTS, reaching its maxi-

Fig. 8. Demonstrates how to use the Grey-based Taguchi process step-by-step
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mum value. Figures 9 depict the exploratory findings
of the study under consideration.

Fig. 9. Displays the microstructures observed in various
locations, namely (a) TMAZ in R.S., (b) TMAZ in AS, (c)

S.Z., and (d) HAZ

Flange joint UTS

One of the responses for the F.S. welded flange that
was measured three times at room temperature was
UTS. In Figure 10, the relationship between rotational
speed and UTS is depicted. At N = 3000 rpm, D =
20 mm, and S = 3 mm/min, a conical pin profile tool
produced a UTS of 283 MPa, and its joint efficiency
was at or near 90%. The lowest UTS, 217 MPa, was
also seen at 1000 rpm, 30 mm D, 16 mm S, and tool
taper profile. Because of this, the result demonstrates
that VHN and UTS are directly proportional to N and
inversely proportional to S of the tool: lower S and
greater N provide enough heat to join the flange B.M.,
consistent with previous research (Trueba et al., 2018;
Sabry et al., 2023a; Hu et al., 2022).

Flange joint VHN

Three times at the nugget zone, the joint’s VHN was
measured. At the pick point of the curve in Figure 11,
with the parameter settings of N of 3000 rpm, S of
3 mm/min, D of 20 mm, and conical tool pin profile,
the higher VHN value of 63.54 VHN was attained.
Accordingly, with N of 1000 rpm, S of 16 mm/min, D
of 10 mm, and tapered tool pin profile, the minimum
VHN value of 54.23 VHNR was noted. The highest
VHN is imparted by a maximum N in conjunction
with a conical tool pin.

Flange joint C.R.

At the nugget zone, the joint’s C.R. was tested three
times. At the pick point of the curve in Figure 12,
with the parameter settings of N of 1000 rpm, S of
10 mm/min, D of 10 mm, and tapered tool pin pro-
file, the higher C.R. value of 2.672 mm was attained.
Accordingly, with N of 3000 rpm, S of 3 mm/min, D
of 30 mm, and a conical tool pin profile, the minimal
C.R. value of 0.285 mm was noted. The lowest C.R. is
imparted when a conical tool pin is combined with the
highest N, consistent with previous research (Krishnan
et al., 2018).
The experimental data’s signal-to-noise ratios are

shown in Table 5 using the more prominent is, the
better criterion. The principal impact graphs for each
output response are shown in Figure 13. The opti-
mal settings for UTS are N, S, D, and T at Level 3
(N3 S1D2 T3). That requires an N of 3000 rpm, S of
3 mm/min, D of 20 mm, and T conical. The optimal
welding parameters for VHN are N of 3000 rpm, S of
3 mm/min, D of 20 mm, and T conical (N3 S1D2 T3).

In contrast, the optimal welding parameters for a cor-
rosion rate are (N1 S2 D3 T2), N of 1000 rpm, S of

Fig. 10. Shows the impact of rotating speed on the flange
material’s UTS

Fig. 11. Shows the impact of rotating speed on the flange
material’s VHN
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Fig. 12. Shows the impact of rotating speed on the flange
material’s C.R

Fig. 13. Shows the output responses’ main effect charts

10 mm/min, D of 30 mm, and T conical. Additionally,
the output responses that are both increasing and
reducing are impacted by the input process parame-
ters, except for the UTS, which grew as the voltage
increased, as shown in Figure 10.
Table 5 presents the welding parameters and the

signal-to-noise ratios obtained from the experiments.

Table 5
The welding parameters and the signal-to-noise ratios ob-

tained from the experiments

Run
No

N S D T UTS VHN CR

1 3000 3 10 Cylindrical 48.609 40.0609 –9.361

2 3000 10 20 Taper 48.4543 40.576 –5.5367

3 3000 16 30 Conical 48.4225 40.4611 –2.4705

4 2000 3 20 Conical 48.1903 40.2536 3.5501

5 2000 10 30 Cylindrical 48.0279 40.1344 0.5698

6 2000 16 10 Taper 48.8066 40.8691 3.8425

7 1000 3 30 Taper 48.4637 40.7148 8.9466

8 1000 10 10 Conical 48.5979 40.1854 4.1102

9 3000 3 10 Cylindrical 483.4052 40.4972 10.9031

Discussion

Findings from the hybrid GRA- Taguchi
method

Tables 6, 7, 8, and 9 contain the normalized signal-to-
noise ratios, deviation sequences, grey-relational coeffi-
cients, and grey-relational grades and rankings, respec-
tively. The maximum grey-relational grade achieved
in experiment run 9 was 0.816936, as seen in Table 9.
At this point, the N, S, D, and T values are 3000 rpm,
3 mm/min, 20 mm, and conical tool, respectively. The
core effect plot for the input process parameters is
depicted in Figure 14, illustrating the grey-relational
grade. The optimal configuration for the various perfor-
mance parameters of the FSW flange joint (UTS, VHN,
and C.R.) is (N3 S1D2 T3). At level 3 (3000 rpm), the
equivalent is N. At level 1 (3mm/min), the equivalent
is S. At level 2 (20 mm), the equivalent is D. At level
3 (conical tool), the equivalent is T.

Using the FSW procedure, Figs. (10, 11, and 12)
show the impact of welding speed on the tensile
strength, hardness, and corrosion rate of 6063 alu-
minium alloy weld flange- joints. After reaching a max-
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Table 6
The normalized S/N ratios of the output responses

Run No N S D T UTS VHN CR

1 3000 3 10 Cylindrical 0.0013347 0 1

2 3000 10 20 Taper 0.00097938 0.63734224 0.81127709

3 3000 16 30 Conical 0.00090634 0.49517446 0.65996516

4 2000 3 20 Conical 0.00037301 0.23843108 0.36285845

5 2000 10 30 Cylindrical 0 0.09094284 0.50993136

6 2000 16 10 Taper 0.00178856 1 0.348429

7 1000 3 30 Taper 0.00100097 0.80908191 0.09655006

8 1000 10 10 Conical 0.00130921 0.15404603 0.33521844

9 1000 16 20 Cylindrical 1 0.53984162 0

Table 7
The normalized S/N ratios of the output response deviation sequences

Run No N S D T UTS VHN CR

1 3000 3 10 Cylindrical 0.998665 1 0

2 3000 10 20 Taper 0.999021 0.362658 0.188723

3 3000 16 30 Conical 0.999094 0.504826 0.340035

4 2000 3 20 Conical 0.999627 0.761569 0.637142

5 2000 10 30 Cylindrical 1 0.909057 0.490069

6 2000 16 10 Taper 0.998211 0 0.651571

7 1000 3 30 Taper 0.998999 0.190918 0.90345

8 1000 10 10 Conical 0.998691 0.845954 0.664782

9 1000 16 20 Cylindrical 0.998665 1 0

Table 8
Displays the GRC for the normalized S/N ratios of the output responses

Run No N S D T UTS VHN CR

1 3000 3 10 Cylindrical 0.33363 0.333333 1

2 3000 10 20 Taper 0.333551 0.579604 0.725981

3 3000 16 30 Conical 0.333535 0.497599 0.595213

4 2000 3 20 Conical 0.333416 0.396332 0.439699

5 2000 10 30 Cylindrical 0.333333 0.354847 0.505015

6 2000 16 10 Taper 0.333731 1 0.434189

7 1000 3 30 Taper 0.333556 0.723675 0.356265

8 1000 10 10 Conical 0.333625 0.371484 0.429265

9 1000 16 20 Cylindrical 1 0.520747 0.333333
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Table 9
Displays the rankings of the output replies and the GRG

Run No N S D T GRC RANK

1 3000 3 10 Cylindrical 0.641575 1

2 3000 10 20 Taper 0.582515 2

3 3000 16 30 Conical 0.499546 5

4 2000 3 20 Conical 0.399821 8

5 2000 10 30 Cylindrical 0.4186 7

6 2000 16 10 Taper 0.563122 3

7 1000 3 30 Taper 0.451178 6

8 1000 10 10 Conical 0.38823 9

9 1000 16 20 Cylindrical 0.560236 4

Fig. 14. The primary effect plot for the GRG for the input
process parameters is depicted

imum rotation speed of 3000 rpm, travel speed of
3 mm/min, shoulder diameter of 20 mm, and conical
tool profile, the tensile strength gradually diminishes,
irrespective of the tool’s rotational speed value, travel
speed, shoulder diameter, and conical tool profile.

The mechanical qualities of the junction significantly
deteriorate when the welding speed exceeds 3 mm/min
since the amount of heat dissipated in the working
components is less significant. Hardness and tensile
strength deteriorate as a result. However, the heat
input becomes less effective, and the temperature re-
quired to bring the material to the pasty condition is
insufficient at welding speeds close to 10 or 16 mm/min.
The causes of flaws (the tunnel effect) at the weld
flange joints. To create welding flange joints of the
highest quality, welding speeds closer to 3 mm/min
are preferred. The mechanical qualities of the joint
significantly deteriorated when the heat dissipated

quantity in the parts of the works is less significant for
cylindrical and taper tool profiles, which are less than
conical tools. The joint mechanical qualities deterio-
rate significantly when the shoulder diameter values
are 10 and 30 mm because the parts of the work have
increased heat dissipation quantities. Tensile strength
and hardness deteriorate as a result.

Using ANOVA with a 95% confidence level, the most
significant variable for the multi-performance proper-
ties was identified, as shown in Table 10. All process
parameters were significant, as shown by the ANOVA
findings, and their p-values were less than 0.05% (Chin-
may et al., 2015). The p-value test indicated that N,
which contributed 79.71% and had a p-value of 0.001,
was the most significant process parameter. S, D, and
T came in second and third, with p-values of 0.06 and
0.07, respectively.

It is feasible to assess the usefulness of each param-
eter by employing variance analysis, as demonstrated
by Sabry & Moura (2021b). The primary objective of
ANOVA analysis is to ascertain the most influential
parameter on the tensile strength of friction stir welded
Al 6063 flange joints. The ANOVA analysis results for
GRGs and the key ratios are presented in Table 10.
The F value in Table 10 indicates the impact of each
parameter on the GRG (Global Response Grade) of
the flange joint. The greater the value of F, the more
pronounced the oscillations of that parameter will be,
resulting in a more significant impact on the quality
of flange-joint qualities. The GRG of flange joints is
influenced by rotational speed, travel speed, shoulder
diameter, and tool profile, as indicated by the values
of F. The distribution coefficient (P) is the propor-
tion of the overall changes seen in trials that can be
attributed to the effect of each parameter on the find-
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Table 10
The GRG’s ANOVA outcomes

Source DF Seq SS Adj S.S. Contribution Adj MS F-Value P-Value

N 2 0.014333 0.014333 79.71% 0.004778 0.42 0.0744

S 2 0.001787 0.001787 20.29% 0.001787 0.16 0.0630

D 2 0.002961 0.002961 4.19% 0.002961 0.26 0.0399

T 1 0.009585 0.009585 2.53% 0.009585 0.85 0.0707

Error 1 0.056294 0.056294

Total 8 0.070626 100.00%

ings of GRA. The factor (P) represents the ability of
each parameter to decrease the variation. By precisely
managing each parameter based on the obtained value
of P for that parameter, it is possible to decrease the
overall variance of the process. The table displays the
Percentage of distribution coefficient (%P) values for
several parameters: rotational speed (79.71%), travel
speed (20.29%), shoulder diameter (4.19%), and tool
profile (2.53%). According to prior research conducted
by Taher et al. (2019), Prasad & Namala (2018), and
Meraihi et al. (2021), the rotational speed, with a max-
imum value of P, is the primary factor influencing the
tensile strength of the joint. Among the factors signifi-
cantly impacting the outcome, rotational speed, travel
speed, shoulder diameter, and tool profile stand out.
The welded flange-joint recorded GRGs models and
the F-values of the process parameters (N, S, D, and
T) are 0.42, 0.16, 0.26, and 0.85, respectively. The P-
values have a probability of less than 0.05, indicating
that this statistical model is statistically significant.
Tables 10 indicate that N, S, D, and T are the primary
machine GRG model factors.

A validation examination

A confirmatory test was conducted utilizing the
ideal configuration identified by the GRA- depending
on the Taguchi approach to Verify the optimization
of several performance characteristics. The welding
input process parameters were adjusted to their ex-
emplary values (NTS, VHN, and C.R. readings of
170.0165 MPa, 63.892 HV, and 0.022 mm, respectively)
by N = 3000 rpm, S = 3 m/min, D = 20 mm, and
T = conical. These values are higher than those at-
tained using the parameters’ initial settings, confirm-
ing the validity of the GRA- depending on Taguchi,
several performance characteristics optimization used
by the FSW process, as illustrated in Figure 15.

Fig. 15. Shows optimizing the factors and replies using the
ANOVA response optimizer

Conclusions

Optimization modelling has proven to be an effec-
tive approach for constructing experiments. The anal-
ysis yielded the following conclusions, which aimed to
optimize the FSW for flange-joint parameters for weld-
ing Al 6063 by implementing the Grey-based Taguchi
method.
1. The best settings for FSW aluminium 6063 using

the grey-based Taguchi multi-performance prop-
erties optimization approach are a rotation speed
of 3000 rpm, travel speed of 3 mm/min, shoulder
diameter of 20 mm, and tool profile conical.

2. The best results were 170.169 MPa, 63.7709 HV,
and 0.022 mm for tensile strength, hardness, and
corrosion rate.

3. The Vickers microhardness of the fusion zone, the
tensile strength, and the corrosion rate of the weld
joint have all been measured.

4. The confirmatory test to validate the optimization
process showed that the Grey-based Taguchi ap-
proach is a simple yet efficient way of optimizing
many performance aspects of welded joints.

5. The ANOVA and experimental methodologies
yielded comparable UTS, VHN, and C.R. out-
comes.
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6. The proposed strategy, based on the GRA-based
Taguchi technique, recommends determining the
optimal parameters for FSW utilizing a Steel K100
tool operating at 3000 rpm, with a shoulder diam-
eter of 20 mm, a conical tool profile, and a welding
speed of 3 mm/min.

7. The primary obstacles to future growth in the field
of FSW for flange joints are the need for signifi-
cant investments in equipment and transformative
measures and the readiness to adopt a radically
new methodology. Applying this process outside
of specialized sectors will require addressing sig-
nificant technological problems in tool technology
associated with high-temperature materials.
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