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Abstract: - Ti-6Al-4V and Al6061 are alloys known for their excellent strength-to-weight ratio. Standard processing procedures find these
alloys to be difficult and complex, despite their good properties. The creation of complicated and complex geometries, which is challenging
using standard processes, requires nonconventional approaches. In this research, wire electrical discharge machining (WEDM)'s potential
applications are utilized for enhancing and analysing the machining properties of Ti-6Al-4V and AA6061. To maximize Material Removal
Rate (MRR) and minimize Surface Roughness (SR), it is necessary to optimize several process parameters. Combining Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) with Grey Relational Analysis (GRA) allows for the optimization of a large number of
parameters. Based on the findings, the ideal settings for cutting Al6061 grade steel are as follows: 80V, 700 RPM wire speed, 2 A maximum
current, 20 ps pulse on time (TON), and 15 ps pulse off time (TOFF). With a minimal Dimensional Deviation (DD) of 0.04 and an ideal
SR value of 1.01 Ra, the results are satisfactory. The ideal settings for cutting Ti-6Al-4V include a voltage of 80V, a wire speed of 1400
RPM, a maximum current of 4 A TON for 40 ps, a TOFF of 25 ps, and a steady current of 4 A. With these particular settings, the smoothest
surface is achieved with a SR of 1.9 Ra and a DD of 0.08.

Keywords: Grey Relational Analysis, TOPSIS, WEDM, Aluminium 6061, Titanium grade 5.

I. INTRODUCTION

WEDM is an electrothermal machining technique that removes material through the degrading of metal particles
that have been taken from the substrate by high-intensity sparks of electricity that are applied to the metallic wire
[1-2]. In electrolytic deposition manufacturing, the material and the slicing tool are both immersed in the di-
electric solution [3-4]. The dielectric fluid is continuously drained and filtered to whittle away at the particles [5].
The WEDM is widely used in the automotive, aerospace, and tooling industries for the fabrication of accurate
components [6]. The standard machining procedures can be rather challenging when it comes to fabricating
intricate geometrical pieces out of materials that are tough to machine [7-8]. The WEDM, on the other hand,
adeptly overcomes these challenges with remarkable efficiency and precision. Hence, this approach has emerged
as a very auspicious area of study during the last several decades, and many researchers have extensively explored
it for parameter optimization [9-10]. Ti-6Al-4V and Al6061 present one-of-a-kind opportunities and challenges
for the WEDM process because the diverse material qualities of these two materials require careful attention

during the optimization process [11-12]. Figure 1 shows the schematic illustration of the WEDM process.
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Figure 1. Schematic design of the WEDM process [13]

A. Material selection for the WEDM process: Aluminium alloy and titanium Alloy

Material selection is an extremely important aspect of the WEDM process, especially when working with complex
alloys such as aluminium and titanium [14]. Both the aviation and automobile industries make substantial use of
aluminium alloys because of their reputation for having qualities that make them lightweight [15-17]. In addition
to this, aluminium alloys are well known for their suitability for high-speed machining, which makes them
excellent for the production of complicated components [18].

Titanium alloys, such as Ti-6Al-4V, possess an exceptional strength-to-weight ratio and exhibit resistance to
corrosion. Consequently, they are extensively used in the aerospace and healthcare sectors [19-20]. However,
careful consideration is required when using WEDM because of the inherent difficulties associated with the
machinability of Ti-6Al-4V [21]. Because it is a non-contact technique, WEDM reduces the likelihood of
inflicting mechanical strain on titanium components and the precision of the process makes it easier to create
complicated forms [22-23]. The choice of aluminium and titanium alloys illustrates the need to strike a strategic
balance between the demands of lightweight design and the requirement for the development of precise machining
skills in contemporary production processes [24-25]. Figure 2 shows the test specimen of Titanium and
Aluminium Alloy.

Width: 125mm

(@) Ti-6Al-4V (b) Al 6061
Figure 2 Test specimen of Titanium and aluminium alloy [26-27]

To investigate potential solutions to the complex problems that arise during the WEDM operation when applied
to Ti-6Al-4V and Aluminium alloy is the goal of this research. The formulation of the problem centres on the
necessity of determining the ideal settings for the parametric variables to enhance the efficacy of the machining
process while considering several responses. These responses include the Material Removal Rate (MRR) and the
Surface Roughness (SR). Effectively utilizing WEDM with Ti-6Al-4V and Al6061 demands a tailored approach
due to their distinct material properties and characteristics [28]. The plan is to use a GRA and TOPSIS-based
multi-response optimization technique. GRA aids in investigating the connections between the answers and
reveals the optimal parameter combinations. Comparatively, TOPSIS facilitates the selection of optimal settings.
Understanding the WEDM process for Ti-6Al-4V and Al6061, in general, is the goal of the research.

The subsequent sections of the paper are structured in the following manner: Section 2 provides an overview of
the literature review conducted by previous authors. Section 3 delves into the materials and techniques utilized in
this research, providing a detailed explanation of their implementation. Section 4 presents the obtained results.
Finally, section 5 concludes by summarizing the findings of the research and discussing the future scope of this
study.

Il. LITERATURE REVIEW

This section discusses the previous work done in the area of parametric Optimization of WEDM processes using
various materials including titanium alloy and Aluminium alloy based on methods. In 2023, Paulson et al. [29]
conducted a sequence of studies on Ti-6Al-4V to ascertain the impact of various machining settings in WEDM.
The investigation used the Taguchi approach and the GRA method from the Minitab 18 program. At a peak current
of 3 A, the outcomes revealed that a TON of 30s and TOFF of 9s provided the optimum overall output values for
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MRR and Minimum SR. Previously, Juliyana et al. in 2023 determined the wire cut EDM optimal settings for the
created LM5/ZrO2/Gr composite, and the results of this study were analysed using GRA. According to the results
of the experiments and the GRA, the optimal process characteristics for obtaining the highest grey relational score
are a ratio of 6% ZrO2 to 2% graphite reinforcement [30].

However, in 2023, Adedeji et al. suggested a robust approach for evaluating the desirability function using a
combination of Taguchi Pareto Gray wolf optimization. The suggested technique was efficient because of the
little data required to enhance the wire EDM process parameters for nitinol [31]. In 2022, Arya and Singh [32]
proposed a metaheuristic strategy combined with the response surface technique to enhance several conflicting
outputs during the processing of Incoloy 800H using WEDM. The data indicate that the TON was the primary
factor in selecting which element had the most significant effect on the Reducing Frequency. Kumar et al. [33]
in the same period (2022) work on getting the ideal set of processing variables for wire-EDM for a unique hybrid
Aluminium matrix composite.

The optimization process started with the Taguchi method and then moved on to the TOPSIS method for doing
multiple objective optimizations. It has been suggested that the optimal set of input variables for achieving optimal
levels of SR, MRR, and Radial Overcut (ROC) is the following: 150A of current and 125s of pulse duration.
Nevertheless, Doreswamy et al. in 2022 investigated the influence that different control parameters, such as
current Ton and Toff, have on the MRR of machining Ti-6Al-4V alloy. According to the findings of the study, a
change in the amount of current from 2 A to 6 A resulted in a large rise in MRR by 93.27%, and a change in the
amount of time from 20 milliseconds (ms) to 35 ms improved MRR by 7.98%. Furthermore, a regression model
was created to anticipate the MRR concerning the control parameters. This model exhibited a good forecast with
an R2 value of 99.67%, which indicates that the model is accurate [34].

Riel and Lauwers (2022) in [35] suggested wire electrochemical processing as a refining technique as it works
similarly to WEDM mechanically and eliminates conductive substances without harming the machined surface.
Performed on a WEDM machine, the procedure improved machining productivity and the precision of the final
products by doing away with reclamping. Obtaining removal depths larger than 20p m with an SR below 1um Ra
demonstrates experimentally that wire-based electrochemical machining is a realistic method. Kumar et al. (2021)
performed process parameter optimization utilizing the Taguchi grade planning concept of the L16 orthogonal
array for WEDM of D2 steel [36]. It has been discovered that the most significant influence on MRR during
WEDM comes from the current, whereas the flushing force has the least significant influence on MRR. During
the WEDM process, the SR of a D2 steel workpiece is affected the most by wire speed, while the spacing voltage
has a minimal impact on the SR of the workpiece.

Nevertheless, Ramaswamy et al. estimated the ideal set of process variables to obtain the lowest SR, and highest
MRR using RSM in 2021 [37]. The findings showed that process parameter interactions have a major influence
on SR, whereas Pon shows an effect on MRR. Meanwhile, in the same year (2021) Phate et al. [38] focused on
using principal component analysis to enhance the WEDM process in a multi-response manner. The study used
Taguchi's L18 mixed design and included MRR and SR as response variables. In summary, the most critical
factors for the process are the percentage content of silicate, the Poff, and the current. However, Subburaj et al.
[39] performed process-parameter improvement of a WEDM method in 2021. Taguchi's Design of experiment
(DOE) was utilized to get a conclusion regarding the appropriate number of tests to conduct. The experimental
results show that the maximum MRR rate achieved is 19.896 and a minimum SR of 0.333 Ra is achieved.
Nevertheless, Aldurobi et al. (2020) developed a model using an artificial neural network to forecast the MRR
and SR values for the processing of AlSi 1045 steel [40].

To attain its research goals, this study used variance analysis and the Taguchi technique. The results of this study
indicate that the suggested model, which forecasts SR and MRR with an accuracy of around 98.136% and 97.3%,
respectively, is the most accurate framework available. However, previously Soundararajan et al. (2020) [41]
developed metal matrix composites using the Al6061 alloy by the stir cum squeeze casting method. The actual
data shows that the mathematical model has outstanding predictive power, with average error readings within
6.47% for MRR and 1.52% for SR, which are considered acceptable. Majumder et al., (2020) [42] optimized the
primary process parameters for multiple conflicting reactions during Inconel 718 WEDM using ratio estimation
and multifaceted selection assessment. These machine settings are appropriate for multi-performance: Toff lasts
46 seconds, Ton 120 seconds and current 230 Amperes. While Thangaraj et al. (in 2020) proposed a decision-
making technique for the intake process components using Taguchi-Grey analysis. The choice of the electrode
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made of wire was shown to have the most significant influence on the quality measurements in the WEDM
procedure. The suggested technique has determined the optimal arrangement of the input parameters for the
process, which includes the following parameters: duty factor (0.6), current at discharge (15 A), and gap potential
(70 V) [43].

I1l. MATERIALS AND METHODS

1. In this section, the investigation's preparation of specimens and experimental setup, as well as
the DOE, measurements of the response parameter, and optimum approach are explained in detail.

B. Materials

This study focused on Titanium and Aluminium alloys. Titanium alloy is popularly used in aerospace and
biomedical applications. The selected aluminium alloy's versatility and low weight make it a popular material in
the aerospace and transportation sectors. Tables 1 and 2 discuss the chemical composition, and Table 3 discusses
the mechanical properties of both Ti-6Al-4V and aluminum alloy.

Table 1 Chemical composition of Ti-6Al-4V [44]

Chemical composition 6. | 4.1 00| 00| 0. | 0.012 | 0. | Remainin
(%) 010 8 5 2 5 3 g
Elements Al | V C N 0] H Fe Ti

Table 2 Chemical composition of Al6061 [45]

Chemical composition 97. |10 ] 06 | 0.2 | 0.2

(%) 9 0 8 0
Elements Al | M | Si Cu | Cr
g
Table 3 Meechanical properties of Al6061 and Ti-6Al-4V
Properties Ti-6Al-4V Al6061
Density 4.429gm/cm | 2.7gm/cm3
3
Tensile strength 950MPa 124-290 MPa
Melting point 1604-1660 5850C
Thermal 6.7 173W/Mk
conductivity
Young’s modulus 115GPa 68GPa
Poisson’s ratio 0.34 0.33
Modulus of elasticity | 113.8 70-80GPa
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C. Design of Experiments

In order to investigate the influence that wire-EDM has on MRR, specific parameters including current, P,y and
Pot time, wire speed, and voltage have been chosen. The wire-EDM process parameters, as well as the settings
that were chosen for them, are detailed in Table 4. The results of the tests and experiments were used to determine
these levels. Table 5 discusses the WEDM process parameters and their values.

Table 4 Dimensions of the workspaces

Dimensio Value
n (cm)
Length 25
Breadth 2
Height 0.8

Table 5 Wire-EDM process parameters and settings

Characteristi | Unit | Level Level Level Level

c 1 2 3 4
A
Max current 2 3 4 5
Ton U 20 30 40 50
sec
Toff U 10 15 20 25
sec

Wire-speed RP 175 350 700 1400

Voltage \ 80 90 - -

D. TOPSIS

TOPSIS is a technique of making decisions that ranks potential solutions based on how close they are to the
optimal answer in the fields of engineering and manufacturing. Within the framework of WEDM, it can assist in
identifying the ideal set of process variables for Ti-6Al-4V as well as Al6061 [46].

The following is an outline of the procedure for fuzzy TOPSIS:

Step 1: It is necessary to assign ratings not only to the conditions but also to the possibilities.

In the initial stages, it was operated with the presumption that the group responsible for making decisions was

composed of K members. The fuzzy score of the Kth selection maker on replacement A; regarding condition C] is

specified as J?l'j = (afj, b{‘j, c{j) and the weight of the criterion C] is represented by the expression ij =
k pnk .k

(W}, bja, ¢js)-

Step 2: Evaluate the collected fuzzy reviews for the several choices that are accessible in addition to the

consolidated weights on each criterion.
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The following is the formula for calculating the weighted mean fuzzy score of the it" choice concerning thejth
criteria Xij = (al-j, bij,cij)'
— mi k —1vyk gk — k

a;j = mink {al-j}, b;; = < Dle=1 b, c;j = max k {cij}. (D)
Step 3: Calculate the outcomes with the help of the fuzzy decision matrix.
Step 4: Create the weighted normalization fuzzy determination matrix by carrying out the necessary calculations.
Step 5Determine the fuzzy positive optimum option and the fuzzy negative optimum option by doing the
appropriate computations for each.
Step 6: Determine the distance from the FPIS and FNIS that separates each alternative.
Step 7: Calculate the CC; similarity coefficient for each available alternative. To calculate the closeness

coefficient C C; for each possible alternative A;, use the following formula:

dm
Clm = Ay +diy, )

Step 8: Place each of the options in order. The alternative that offers the most potential benefits is the one that has
the highest proximity coefficient [47].

E. Integrating GRA — in TOPSIS for multi-response optimization

The conventional TOPSIS technique is believed to have a few drawbacks, the most notable of which are its
tendency to reverse rankings and its incapacity to take into account the relative significance of the distance
between two reference points. The shortcomings of TOPSIS can be remedied by substituting the grey relational
coefficient (GRC) of GRA for the definition of geometric distance. The hybrid GRA-TOPSIS model deviates
from the traditional TOPSIS model in that it uses the grey relational coefficient rather than the geometric distance.
The following is a rundown of the procedures required in using the hybrid GRA-TOPSIS method:
Step 1: Establishment of a decision matrix consisting of n replies and m possibilities.
Step 2: Compute the normalized version of the decision matrix, If the weight of each response is w_j, the
computation of the weighted normalized decision matrix, V, looks like this: [vl-j]
where:

vij = wry;, Given ¥y Liwp=1 3)
Step 3: Obtaining both the positive ideal (which represents the best) and the negative ideal (which represents the
worst) responses:

— I T +/=
—1,2,...,m)}—v1 U, vyt L,y

(4)

Step 4: Calculating grey relational ratings involves finding the mean value of GRC.

Amin j+sAmax

GRCj; = ®)

(vj+/_ —vij)+sAmax

Step 5: Position the potential options in descending order based on the value of Pi [48].

F. Surface roughness (SR)

The term "surface roughness" refers to the method of modifying the surface of the metal, which includes
eliminating, restructuring, and adding components to the surface. Because of the irregularities in the surface, this
could generate locations where corrosion or cracks first start. Utilizing a handheld SR tester, specifically the
Mitutoyo Surfest SJ-201P, the values of SR can be determined and estimated [49].

G. Estimation of MRR

The MRR is computed by taking the difference in weight between the workpiece before and after the procedure,
as well as the combination of the time and the density of the substrate, into account. Equation (6) has been utilized

for this particular research to determine the rate of material removal [50].
t. before machining—wt. after machinin

timeXxdensity

3897



J. Electrical Systems 20-10s (2024):3892-3903

IV. RESULTS AND DISCUSSION

In this section the results that are obtained after the implementation is discussed in detail. Figure 3 (a) shows the
effect of current on MRR for both the AI6061 and Ti-6AI-4V. It is observed that in the case of Al6061 the highest
MRR rate is 2.25 achieved at 3 A current and the lowest MRR rate is 0.64 achieved at 4 Ampere current. On the
other hand, for Ti-6Al-4V the highest MRR rate is achieved at 5 Ampere current i.e., 2.25 and the lowest MRR
rate is achieved at 4 Ampere current i.e., 1.02. Figure 3 (b) shows the effect of wire speed on MRR for both the
AIl6061 and Ti-6Al-4V. It is observed that in the case of Al6061, the highest MRR rate is 2.78 achieved at 700
RPM and the lowest MRR rate is 0.56 achieved at 175 RPM. On the other hand, for Ti-6Al-4V the highest MRR
rate is achieved at 700 i.e., 2.46 and the lowest MRR rate is achieved at 175 RPM i.e., 1.65.

—e— Al 6061 —e— Al 6061
2.5 Ti-6Al-4 3 Ti-6Al-4V
= [ 4 . 'b—n- 5 ~e
— —15 ,
o o
=
.
0.5 0.5 L
0 0
2 5 175 350 700 1400
turrent (Aﬂ Wire Speed (RPM)
@ (b)

Figure 3 (a) Effect of current on MRR and Figure 3 (b) Effect of wire speed on MRR

Figure 4 (a) and (b) show the effect of pulse on time and pulse off time respectively on MRR for Al6061 and Ti-
6AIl-4V. From figure 4 (a) it is observed that for both the material as the pulse on time increases from 20 to 40,
the MRR rate is also increased. This suggests that longer spark durations i.e., TON release more spark energy
during each spark cycle, which causes bigger crater-sized material to melt. On the other hand, the MRR decreased
when the TON exceeded 40 ps. This could result from the molten pool surrounding the craters recasting as a result
of the longer operation time and lower spark frequency. It's interesting to note that, for both materials, increasing
the TOFF duration from 10 us to 25 ps led to a consistent decline in MRR, as Figure 4b illustrates. The duration
during which sparking does not occur is known as the TOFF. As a result, lengthening the pulse length lengthens
the cycle duration and decreases spark frequency. As a result, when the TOFF increased, the MRR decreased.

@ AlGD61 —e— Al 6061
1 Ti-6Al-4V 0.6 Ti-6Al-4V
.-
08 = = N
7 0.4
Bos ¢ ? -
E o — 03 . -
-~ [n'ay
= =
0.2 0.1
0 0
20 30 40 50 10 15 20 25
Pulse on time Pulse off time
(@) (b)

Figure 4 (a) Effect of pulse on time on MRR Figure 4 (b) Effect of pulse off time on MRR
Figure 5 illustrates how voltage affects MRR for both Ti-6Al-4V and AI6061. There is a clear correlation between
voltage and MRR. When the voltage in the spark gap increases from 80 V to 90 V, the MRR increases as well.
Since the spark energy (E =V x | x T_on) depends on the voltage, current, and TON. As a result, the increased
voltage caused a larger volume of material to melt and evaporate, raising the MRR.

3898



J. Electrical Systems 20-10s (2024):3892-3903

—e— Al 6061
Ti-6Al-4V

80 90
Voltage

Figure 5 Effect of VVoltage on MRR
Figure 6 (a) and figure 6 (b) show the SR of Al6061 and Ti-6Al-4V respectively at various trials performed. The
TON, TOFF, and wire tension had a significant influence on the SR value, but the other parameters were identical
for both wire-EDM processing conditions. From Figure 6 (a) it is observed that the highest SR for Al6061 is 2.8
at trial no. 8 and the lowest SR value is 1.01 at trial no. 3. On the other hand, from Figure 6 (b) it is observed that
the highest SR for Ti-6Al-4V is 2.9 at trial no. 5 and lowest SR values is 1.9 at trial 9.

(b)

Figure 6 (a) SR of AlI6061 and figure (b) SR of Ti-6Al-4V
Similarly, Figure 7 (a) and Figure 7 (b) show the DD of Al6061 and Ti-6Al-4V respectively at various trials
performed. It is observed that for AI6061 the highest DD is 0.14 at trial no. 3 and the lowest DD value is 0.04 at
trial no. 7. On the other hand, for Ti-6Al-4V it is observed that the highest DD is 0.8 at trial no. 7 and the lowest
DD value is 0.08 at trial 8.
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(@) (b)
Figure 7 (a) DD of Al6061 and figure (b) DD of Ti-6Al-4V

V. CONCLUSION AND FUTURE SCOPE

The current research investigated the Ti-6Al-4V and Al6061 material for parametric Optimization of the WEDM
process by integrating GRA in TOPSIS as multi-response optimization. This investigation focused on five WEDM
input process parameters, including voltage, wire speed, max current, TOFF, and TON. The impact of these
processing factors on DD, SR, and MRR was the primary focus of the investigation. Ultimately, this study has
concluded the following findings:

. The ideal parameters for machining Al6061 are voltage of 80V, wire speed of 700 RPM, TON of 20 ps,
TOFF of 15 ps, and maximum current of 2 A.

. The ideal parameters for Ti-6Al-4V machining are 40 ps of TON, maximum current of 4 A, 25 ps of
TOFF, 1400 RPM wire speed, and 80V of voltage.

. The optimal values for Al6061 are a roughness value of 1.01 Ra and a DD of 0.04. The output
characteristics can be determined as the most unfavorable when the SR is 2.8 Ra, and the DD is 0.14.

. The optimal values for Ti-6Al-4V are a roughness value of 1.9 Ra and a DD value of 0.08. Similarly, the
SR of 2.9 Ra and DD of 0.8 can be determined as the most unfavorable values for output characteristics.

. For Al6061, the maximum MRR rate is 2.23 at 3 A current and the lowest is 0.64 at 4 A current. In
contrast, Ti-6Al-4V has a maximum MRR rate is 2.25 at 5 Ampere current, and the lowest rate is 1.02 at 4 Ampere.
. The MRR rates for Al6061 exhibit a maximum of 2.78 at 700 RPM and a minimum of 0.56 at 175 RPM.

Conversely, with Ti-6Al-4V, the lowest MRR rate is 1.65 at 175 RPM, and the maximum MRR rate is 2.46 at
700.

In the future, GRA-TOPSIS can be further integrated with other optimization approaches, such as genetic
algorithms, particle swarm optimization, or machine learning algorithms. Hybrid methodologies can provide
improved optimization abilities, particularly in intricate and non-linear machining procedures.
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