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The present work aims to assess the best friction stir welding (FSW) param-
eter for HDPE sheet weld joints. In this context, tool rotational speed, tool
transverse speed, and tool tilt angle have been considered as control param-
eters. The experiments have been planned according to Taguchi’s L16. The
process outcomes were evaluated in terms of tensile strength and elongation.
Analysis of variance methodology has been implemented to evaluate the most
significant control parameter regarding process outcomes. These outcome
values have been used to optimize the FSW control variables using the concept
of Grey relational analysis. In addition, the integration of the Grey concept
and fuzzy system has also been explored to analyze the optimum welding
combination. When compared, it was found that both optimization routes
yielded identical outcomes in terms of parametric optimization. The favorable
welding conditions were obtained with a tool rotation speed of 1070 rpm, a tool
traverse speed of 20 mm/min, and a tool tilt angle of 2� for maximum output
response, whereas the tool rotation speed was obtained as the most influential
control parameter.

INTRODUCTION

Due to their low cost, high strength, and tough-
ness, thermoplastics are used in various industrial
applications.1–3 Polythene is the most widely used
thermoplastic. It is easily available, processable,
and has a high degree of design freedom for
producing complex shapes.4 For producing large
and complex shapes, different joining methods are
developed.5,6 As a greener, more efficient, and quick
welding technique, FSW is most widely used to join
plastics.7,8 In this technique, materials are joined by
friction and heat generated by a rotating tool. The
four phases of friction stir welding are the plunging,
dwell, weld, and exit phases.9–11

Different methods are used to join thermoplastics,
like adhesive bonding, mechanical fastening, laser
welding, and ultrasonic welding. These methods are
not foolproof as defects have been found in these
methods. As a result, FSW, which is the most
efficient, simplest, least wasteful material, and
defect-free welding technique have been employed
for joining thermoplastics.12–14 The FSW of poly-
mers is not only used to remove defects caused by
conventional welding methods, but it also discov-
ered some defects such as root defects, peeling
defects, and flash. A short length of the pin causes a
root defect, while a long pin results in the melting of
the material. Peeling defects are mostly found while
welding polypropylene (PP).15–17

To obtain a better joint quality in any welding
process, it is crucial to select appropriate parameter
settings to achieve desirable results.18 It was(Received June 28, 2022; accepted April 6, 2023;
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common practice among researchers a few decades
ago to keep all the parameters constant against a
single parameter during process optimization. They
used to vary the single parameter for different
levels. For example, if there were three parameters,
the first two were kept constant, and the third
parameter was varied. For the next set of experi-
ments, the last two parameters were kept constant,
and the first parameter was varied. Such optimiza-
tion models and practices were not only time-
consuming but also unfit for conflicting parameter
optimization.19–21 To overcome this problem, Tagu-
chi’s design of experiment (DOE) model is widely
used in the field of optimization. The Taguchi
method has reduced the complexity in the field of
optimization. It minimizes the interaction of
responses and makes the experimental investiga-
tion simpler. It also improves the weld quality, and
it can be applied with any optimization method.22–24

It has been noticed that several studies have been
carried out for the optimization of FSW parameters
on thermoplastic polymers.25–28 In this regard,
Strand29 studied and investigated the scope of
friction stir welding compared to other thermoplas-
tic joining methods. The FSW tool is tilted at an
angle. It gives a better flow of material, while FSW
provides better contact between the tool shoulder
and work material.30 The ability to join non-weld-
able materials is considered one of the main benefits
of friction stir welding, and it was characterized by
Khalaf et al.31 in their study. This research suc-
cessfully used a thermomechanical simulation of
HDPE with a computational fluid dynamics (CFD)
approach to analyze the influence of FSW tool pin
profiles on heat generation and material flow, where
material experiments were used to validate the
simulation’s findings. Higher heat generation in the
cubic pin tool (CPT) sample led to greater heat flux
inside and on the surface of the joint line, which
caused a bigger stirred zone (SZ) to form in the CPT
sample compared to the others. The simulation
results indicate that the SZ size of samples that
were welded with FPT, TPT, and CPT pins were 17
mm2, 19 mm2, and 21 mm2, respectively, which is
around three times the corresponding values in the
heat-affected zone (HAZ). To assess the tempera-
ture conditions between the tool and the plasticized
polymeric materials, Derazkola32 performed under-
water FSW (UFSW). The researchers employed a
newly designed coupled 3D thermo-chemical–me-
chanical numerical model to simulate underwater
FSW. To predict how factors like pressure, viscosity,
and temperature would change when immersed, a
computational fluid dynamics study was carried
out. The numerical model may foretell the percent-
age of shrinkage and the generation of an air gap in
the joint stir zone by studying the evolution of
mixed slipping and sticking contact parameters at
the tool-workpiece interface (SZ). Experimental
data on polycarbonate (PC) polymer were used to
verify the simulation model. Using a steel tool stir

friction, Derazkola and Simchi33,34 injected 100 nm
colloidal alumina nanoparticles into the plasticized
polymer to create polycarbonate (PC)-based
nanocomposites to determine the flexural strength,
tensile strength, hardness, and impact energy of the
prepared samples. The study also gave a detailed
description of the microstructural properties of the
manufactured samples, such as the use of fractog-
raphy to detect fracture growth on rivet patterns
and shrinkage holes. As a side note, flexural spec-
imens revealed mist patterns in the fractographic
examination. Al2O3 nanoparticles were also dis-
persed throughout the samples generated. Sheet
lamination (SL) is a friction stir additive manufac-
turing technique that was used by Derazkola et al.35

to create a poly-methyl-methacrylate (PMMA) poly-
mer matrix composite (FTAM). During the process
of making the laminated structure, the researchers
checked the strength of the layered bonds and the
integrity of the composite construction. Further-
more, the dipole bonding between iron and oxygen
and carbon was analyzed using x-ray photoelectron
spectroscopy (XPS). The microstructural and
mechanical properties of the created samples were
analyzed further, and it was shown that the gener-
ated layered structure exhibited better flexural
bending (about 90% of PMMA). Eyvazian et al.36

investigated the quality of friction stir welded poly
(methyl methacrylate) T-joints based on plunge
depth (TPD), tilt angle (TTA), and offset (TO) of
tool. Thermochemical-based simulation was per-
formed that revealed the increment of frictional
heat at higher TPD and TTA. The study further
discussed the presence of crack forking and crack
path close to shrinkage holes at fractured surface.
Such occurrences were found to be the root cause for
the degradation of the weld quality. Derazkola
et al.37 modeled and experimentally validated the
flow of polycarbonate during FSW. In this regard,
thermo-mechanical models were employed to inves-
tigate the effect of processing parameters. The
simulation result of the study revealed the changes
in temperature gradient due to surge in the tool
rotational velocity. Also, the decrement in the
susceptibility of crack formation around the joint
line due to high tool rotational velocity was found.
The study revealed that the higher heat input
causes less crack formation due to the filling up of
SZ by means of plasticized material. Lambiase
et al.38 studied the widespread application of FSW
and friction spot stir welding processes for poly-
mers. The study provided a detailed discussion
about the process fundamentals, quality assess-
ment, and influence of process parameters on the
mechanical behavior. In addition, emphasis is given
to new developments and future perspectives. Der-
azkola et al.39 employed FSW and formed lap joint
configurations for polycarbonates. Tool rotation
speed (x), travelling speed (V), tilt angle (a), and
plunge depth were the input variables, and the
performance characteristics were material flow,
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joint tensile strength, flexural strength, impact
energy, and hardness. The study explored the
relationship between the process variables and the
properties of polycarbonate sheets, and it was found
that at low and high levels of heat input sound
joints cannot be attained. Derazkola and Simchi40

evaluated the influence of tool pin profile during
FSW of poly(methyl methacrylate) sheets. Frustum,
cubic, and triangle tool pin profiles were used, and
their effects were appraised through thermome-
chanical simulation and experimental analysis. The
study explored the mechanical and microstructural
aspects of the weld joints and showed that internal
defects caused brittle rupture of the material. The
study was further continued by Elyasi and Der-
azkola41 for the same material with different weld
joint configuration. In this study, T-joint configura-
tion was investigated using thermomechanical sim-
ulation and experimental investigation. The
outcomes of the study were identical to the previous
study in term of brittle fracture. However, compar-
ison-based studies using a couple of optimization
techniques are not well explored for HDPE sheets
using the FSW process.

In this context, an attempt has been made by
authors to evaluate the performance characteristics
of friction stir welded HDPE sheets. Two novel
process optimization routes have been implemented
and compared with each other for the best para-
metric setup. The motivation for implementing Grey
integration with fuzzy is their variable handling
characteristics. Actually, it is an efficient method for
dealing with the uncertainty and imprecision that
can arise when welding these materials. The Grey
approach is used to handle the uncertainty associ-
ated with the input parameters of the FSW process,
such as the tool rotation speed, traverse speed, and
tool tilt angle, while the fuzzy approach is used to
handle the imprecision associated with the output
parameters, such as the tensile strength and elon-
gation (%). Together, these methods can help opti-
mize the FSW process and produce high-quality
welds in HDPE sheets.

MATERIALS AND METHOD

Before the commencement of the experiments, a
few modules viz. materials to be welded, selection of
influencing parameters, the total number of exper-
iments to be carried out, availability of machine
setup, etc., must be discussed to execute experi-
ments systematically and successfully. All these
modules have been discussed as follows:

Selection of Workpiece Material and Tool
Material

Thermoplastics have low thermal conductivity.
So, heat generated on the advancing side and
retreating side will not be uniform, and that situ-
ation leads to defects. For defect-free welding, the
tool material must be properly selected.42–44 The

Fig. 1. FSW material, tool, equipment welded samples: (a) HDPE
sheets, (b) FSW tools with dimensions, (c) machine setup for
experimentation, (d) friction stir welded samples.

Muchhadiya, Kumari, Bandhu, Abhishek, and Vora2686



experimental material is an HDPE sheet (Fig. 1a)
having dimensions of 100 � 50 � 6mm3. The
mechanical and thermal properties of HDPE are
illustrated in Table I. An experimental setup is
shown in Fig. 1c. The tool material used during the
FSW is H13 tool steel having a pin diameter of
5 mm, 18 mm shoulder diameter, and pin length of
5.8 mm. The FSW tool (Fig. 1b) used in the exper-
iment has a cylindrical shape pin and cylindrical
shoulder.

Selection of Welding Parameters

The FSW parameters have a significant impact on
the mechanical properties of welded thermoplastics.
Hence, optimization of parameters is needed to
obtain quality welds. From the existing literature, it
was found that tool rotation speed (TRS), tool
traverse speed (TTS), tool tilt angle (TTA), plunge
depth, tool temperature, the temperature of work
material, and plunge depth are the generally used
input parameters that affect the characteristics of
the welded plates.45–48 Of all these input parame-
ters, tool rotation speed (TRS), tool traverse speed
(TTS), and tool tilt angle (TTA) have been selected
in this study based on not only the availability of
machine setup but also employing a trial-and-error
method. These parameters with their respective
level of variations are listed in Table II.

Experimental Design and Machine Setup

Design of experiment (DOE) deals with designing
tables with varying combinations of different
parameters which will be followed in experiments.
Proper selection of the design of experiments is
essentially required for the smooth conduct of the
experiments. Therefore, in this study, the Taguchi
DOE concept has been implemented for designing
the experimental combinations. The experimental
combinations, using L16 orthogonal array, are listed
in Table II, and they were performed on a ‘‘universal

milling machine’’ manufactured by Geeta Engineer-
ing Pvt Ltd. (Fig. 1c). The welded samples are
illustrated in Fig. 1d.

Welding Output Responses

The tensile strength and elongation are critical
parameters that impact the quality of friction stir
welded HDPE sheets. They are used to determine
the strength, flexibility, and overall quality of the
weld and are crucial factors to consider in the
optimization of the FSW process. Tensile strength
refers to the maximum load that a material can
withstand in tension before it breaks. It is an
indicator of the material’s strength and resistance
to stretching. A high tensile strength indicates a
strong, durable weld that is less likely to break or
crack under stress. Elongation, on the other hand,
refers to the amount a material can stretch or
deform before it breaks. It determines the flexibility
and ductility of the weld. A high elongation value
indicates a weld that is more flexible and less likely
to crack under stress. Mathematically,

Tensile strengthðTSÞ ¼ MaximumloadðFÞ
Original cross � sectional areaðAÞ

ð1Þ

ElogationðeÞ ¼ ChangeinlengthðDLÞ
Original lengthðLÞ

� �
� 100 ð2Þ

Before measuring the tensile strength, the sam-
ples are prepared (Fig. 2). In this work, the tensile
test is performed on a universal tensile test machine
for 16 samples. Also, the elongation values for each
sample were noted. The output result of tensile
strength and elongation are listed in Table III.

Grey Relational Analysis (GRA)
for Optimization

Grey relational analysis has been done to convert
the multi-responses into a single response. The
experimental output responses are diverse in nat-
ure. Therefore, it is essential to normalize the data
into a common scale where the lowest value is
indicated by 0 and the highest by 1. In the present
study, both the experimental output responses, viz.
maximum tensile strength and elongation (%), are
of the same nature (higher values of responses are
preferred). However, their units are different, so

Table I. Mechanical and thermal properties of
HDPE polymer

Ultimate tensile strength (MPa) 30.17
Melting temperature (�C) 130
Thermal conductivity (W/mk) 0.42
Density (kg/m3) 940

Table II. Selected FSW parameters and their level of variation

Parameters Units L 1 L 2 L 3 L 4

Tool rotation speed (TRS) (rpm) 545 765 1070 1500
Tool traverse speed (TTS) (mm/min) 20 31.5 50 78
Tool tilt angle (TTA) (�) 0� 1� 2� 3�
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they are normalized according to higher is better
using the following Eq. 3.

xi � kð Þ ¼ xi kð Þ � xi kð Þ
xi kð Þ � xi kð Þ ð3Þ

where i ¼ 1; 2; _s _s _s:m; k ¼ 1; 2; _s _s _s::n; m ¼ number of
experiments n ¼ number of factors; xi kð Þ ¼ original
sequence; xi � kð Þ ¼ normalized value; xi kð Þ and xi kð Þ
are the min and max values of xi kð Þ, respectively.
The Grey relational coefficient (GRC) for two output
responses (tensile strength and elongation (%)) is
shown in Table IV. The flow chart of GRA is shown
in Fig. 3.

Grey relational coefficient (GRC) is found by
following Eq. 4.

fi kð Þ ¼ Dmin þwDmax

Doi kð Þ þwDmax
ð4Þ

where fi kð Þ is the Grey relational coefficient; Doi is
deviation among xo � kð Þ andxi � kð Þ; xo � kð Þ = ideal
sequence; Dmax = maximum value of Doi kð Þ, Dmin =
minimum value of Doi kð Þ:

The Grey relational coefficient (GRC) for two
output responses (Tensile strength and Elongation
(%)) is shown in Table IV. The flow chart of GRA is
shown in Fig. 3.

Grey relational grade (GRG) is calculated from
the GRC of every observation as Eq. 5.

ki ¼
Pq

1ifi kð Þ
n

ð5Þ

Table III. L16 orthogonal array and their corresponding output responses

S. No TRS TTS TTA Tensile strength (MPa) Elongation (%)

1 545 20 0 11.047 6.8
2 545 31.5 1 10.907 6
3 545 50 2 10.083 7.32
4 545 78 3 8.778 4.4
5 765 20 1 17.828 6.24
6 765 31.5 0 15.126 6.54
7 765 50 3 15.632 8.24
8 765 78 2 13.384 5.92
9 1070 20 2 14.06 17.36
10 1070 31.5 3 10.454 8.16
11 1070 50 0 8.714 5.76
12 1070 78 1 13.199 11.84
13 1500 20 3 7.615 4.72
14 1500 31.5 2 11.143 8.56
15 1500 50 1 16.147 7.6
16 1500 78 0 13.659 9.21

Fig. 2. Tensile test samples.
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fi kð Þ ¼ Grey relational coefficient and n = the quan-
tity of output responses. The Grey relational grade;
i represents the relationship among the ideal
sequence and the comparative sequence. If a higher
Grey relational grade is found for the equivalent set
of processing parameters compared to other sets, it
is selected as the most accepted optimum setting.

RESULT AND DISCUSSION

Taguchi’s L16 orthogonal array is applied by using
process parameters, viz., tool rotation speed, tool
traverse speed, and tilt angle on output parameters,

viz., tensile strength and elongation. The Grey
relational analysis is applied to obtain multi-re-
sponse characteristic optimization of FSW parame-
ters and their output. The effectiveness of
parameters on output responses is found by ANOVA
(analysis of variance). The contribution of input
parameters (TRS, TTS, TTA) to the Grey relational
grade is shown in Fig. 4. It has been noticed that the
tool rotation speed (28%) has the maximum influ-
ence on output responses. Tilt angle and traverse
speed have a contribution of 14% and 20%
simultaneously.

Table IV. Grey relational coefficient (GRC) and Grey relational grade for output responses

S. no GRC-tensile strength GRC-elongation (%) GRG

1 0.4295 0.3802 0.4049
2 0.4245 0.3632 0.3938
3 0.3973 0.3922 0.3947
4 0.3607 0.3333 0.3470
5 1 0.3681 0.6840
6 0.6539 0.3745 0.5142
7 0.6992 0.4153 0.5573
8 0.5346 0.3616 0.4481
9 0.5754 1 0.7877
10 0.4091 0.4132 0.4112
11 0.3590 0.3584 0.3587
12 0.5245 0.54 0.5322
13 0.3333 0.3389 0.3361
14 0.4330 0.4240 0.4285
15 0.7523 0.3990 0.5756
16 0.5505 0.4429 0.4967

Fig. 3. Flowchart of Grey relational analysis.
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The overall Grey relational grade (GRG) of the
L16 orthogonal array is shown in Table IV. It has
been observed that the parameters in experiment 9
show the maximum GRG (0.7877), which gives a
maximum output response.

A fuzzy inference system (FIS) is an accurate
problem-solving method based on human inexact
inference to handle numerical data. FIS is widely
used in data classification, automatic system con-
trol, decision analysis, computer vision, and expert
systems. It mainly consists of four components:
fuzzification, knowledgebase, fuzzy inference
engine, and defuzzification.21–24 The aforemen-
tioned individual Grey relation for responses has
been imparted as inputs to the formulated FIS.
These input variables have been articulated into
linguistic variables by means of three fuzzy mem-
bership functions (refer to online supplementary
material), viz., ‘‘small (S),’’ ‘‘medium (M),’’ and
‘‘large (L)’’ (see supplementary Figure S1 and S2),
whereas the output response (MPCI) has been

demonstrated using five membership functions,
viz., ‘‘very small (VS),’’ ‘‘small (S),’’ ‘‘medium (M),’’
‘‘large (L),’’ and ‘‘very large (VL)’’ (see supplemen-
tary Figure S3). Here, for each input and output
variable, the fuzzy set consists of a triangular
membership function. Based on fuzzy rules (Table
V), the Mamdani implication method23,24 has been
applied for fuzzy inference reasoning (refer to online
supplementary material).

The Mamdani FIS is used to map the input fuzzy
sets to output fuzzy sets. The method is named after
its creator, Ebrahim Mamdani. This method pro-
vides a simple and intuitive way of mapping the
input fuzzy sets to output fuzzy sets. It uses a set of
if–then rules to determine the membership values of
the output fuzzy sets based on the membership
values of the input fuzzy sets. This allows the
system to make decisions based on the input data
and provide an output that is in line with human
reasoning. The formula for the Mamdani implica-
tion method is given by the following equation:25,26

Fig. 4. Contribution of parameters on (a) GRG and (b) MGCI. (c) Comparison between GRG and MGCI.
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y ¼ minð1; 0;m� xþ bð ÞÞ ð6Þ

where y is the output fuzzy set, x is the input fuzzy
set, m is the slope of the line connecting the points
(0, 1) and (1, 0), and b is the y-intercept of the line.

As there are multiple outputs corresponding to
their multiple inputs, to compute the final crisp
output.

The aggregated fuzzy output, yagg xið Þ, of Mamdani-
type FIS has been expressed by a crisp value for the
next operation of the fuzzy controller. For defuzzi-
fication, the center of gravity (COG) method has
been used. The MGCI has been achieved as per
Eq. 7.

Xo MGCIð Þ ¼
Pn

i¼1xiyaggðxiÞPn
i¼1yaggðxiÞ

ð7Þ

The numeric values of MGCIs have been tabu-
lated in Table VI.

By applying Taguchi’s analysis of variance, the
most effective parameter has been found to be
output response. The contribution of parameters
shows the effect on the quality of the weld. As
shown in Fig. 4. Tool rotation speed has a maximum
contribution to output, while tilt angle and traverse
speed have the least contribution.

The results have been compared with GRG and
are shown in Fig. 4.

CONCLUSION

The foregoing study investigates the effect of
welding parameters TRS, TTS, and TTA on tensile
strength and elongation during the friction stir
welding of HDPE sheets.

1. ANOVA has been done to find the parameters
that influence weld quality. It has been noticed
that tool rotation speed has a major effect on the
output characteristics such as GRG and MGCI.

2. The study also concluded that optimal paramet-
ric combinations using both the proposed meth-
ods (by Grey relational analysis and fuzzy
integrated with Grey analysis) are the same.

The optimal parametric combination was ob-
tained as TRS of 1070 rpm and TTS of 20 mm/
min at TTA 2�.
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