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Abstract: Engineers continue to be concerned about electrical discharge-machined components” high

energy consumption, machining debris, and poor dimensional precision. The aim of this research is

to propose a hybrid neuro-genetic approach to improve the machinability of the electrical discharge

machining (EDM) of the Nimonic C263 superalloy. This approach focuses on reducing the energy

consumption and negative environmental impacts. The material removal rate (MRR), electrode

wear ratio (EWR), specific energy consumption (SEC), surface roughness (Ra), machining debris

(db), and circularity (C) are examined as a function of machining parameters such as the voltage

(V), pulse on time (Toy), current (I), duty factor (1), and electrode type. By employing the VIKOR

check for method, all the responses are transformed into a distinctive VIKOR index (V1). Neuro-genetic methods
updates (a hybrid VIKOR-based ANN-GA) can further enhance the best possible result from the VIKOR
Citation: Shastri, RK.; Mohanty, CP;  index. During this step, the hybrid technique (VIKOR-based ANN-GA) is used to estimate an overall

Mishra, U.; Hotta, TK.; Patil, V.V;; improvement of 9.87% in the response, and an experiment is conducted to confirm this condition of
Prashanth, K.G. Optimizing the optimal machining. This work is competent enough to provide aeroengineers with an energy-efficient,
Electrical Discharge Machining satisfying workplace by lowering the machining costs and increasing productivity.
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Superalloys based on nickel are distinguished by their high yield strength, low thermal
conductivity, and exceptional hardness. These materials require alternative methods of
operation because they are challenging to machine. Nickel, cobalt, chromium, molybdenum,

and titanium all make up Nimonic C263, making it a member of one of these groups of
materials. The parts for gas turbines, airplanes, and other land-based automobiles rely
heavily on superalloys because of their advantageous material qualities and their capacity
to withstand higher temperatures. Recently, the manufacturing of various components
This article is an open access article ~ USING superalloys has resulted in their exposure to intense temperature and pressure in IC
distributed under the terms and  €ngines, heat exchangers, and other biomedical applications [1,2].
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remove material from the work surface via a sequence of spark discharges that take place in
between the electrodes, the EDM process primarily employs thermal energy. When a steady
energy source is placed between the tool and the workpiece, it creates a conductive plasma
channel as the positive ions and electrons interact, allowing the process to be completed
inside an immersed dielectric medium. Continuous spark discharges cause material from
the electrodes and the electrodes’ surrounding material to melt and vaporize [3,4]. The
melted debris is then flushed off the work surface by the dielectric fluid’s flushing action.
After dielectric cleaning, the machining zone typically reaches temperatures of between
8000 °C and 12,000 °C, leaving the electrode’s imprint on the work surface [4].

The procedure uses a lot of energy to melt and vaporize the electrodes because it is
primarily used to fabricate hard, low-conductive materials. This in turn immediately affects
the cost of production, raising the price per unit of the product. Along with requiring a
lot of energy, the debris particle distribution is a significant factor in the process’ produc-
tivity decline since it can cause sparking and arcing, which could harm the electrode and
the workpiece and impair the machining performance. Modern improvements in these
methods have enabled the achievement of surface roughness values in the range of a few
micrometers (um), typically between 1 and 10 um, or even down to nanometer (nm) levels,
such as 10 to 100 nm, for insulating materials, including ceramics, composites, glass, etc.
Tool- and die-making, the automobile industry, aerospace, mold-making, and other sectors
have greatly benefited from advancements in non-traditional machining procedures over
the past two decades. Specifically, EDM has found widespread application in the aerospace,
biomedical, and tool-manufacturing industries [5]. This versatility makes EDM an essential
process in modern manufacturing environments.

2. Literature Review

Researchers all over the world have been working hard to improve EDM’s effective-
ness. Several relevant studies in this direction have been reported and are discussed below.

EDM is widely used in industries that require precise and intricate machining of
various materials, including metals, alloys, ceramics, and composites. Understanding the
machinability characteristics of different workpiece materials is essential for optimizing
the EDM process and achieving the desired machining outcomes. Hascalik and Caydas [4]
reported that the pulse duration and the current density were found to be the most impor-
tant input attributes affecting the machining process by studying the machinability of a
titanium alloy using three different electrodes: aluminum, copper, and graphite. Ahmed
et al. [6] reported that graphite electrodes have better material evacuation ability, whereas
aluminum electrodes yield components with a finer surface finish when machining a tita-
nium alloy using graphite and aluminum electrodes in EDM. The EDM form tolerances of
Inconel 718 and 625 were studied by Dhanabalan et al. [7]. The study reported the form
(perpendicularity) tolerance index for Inconel 718 to be in the range of 50-55 (dimensionless,
scaled by the machining time) and for Inconel 625, in the range of 15-20 (dimensionless,
scaled by the machining time) for higher values of the peak current. Selvarajan et al. [8]
explored the effect of EDM drilling process parameters like the current, pulse on-time,
pulse off-time, dielectric pressure, and spark gaps on performance parameters such as
the material removal rate, electrode wear rate, and average surface roughness, and on
geometrical tolerances such as the cylindricity, circularity and perpendicularity of drilled
holes in Si3N4-TiN composites. The experimental results indicate that utilizing a copper
electrode for machining can yield a favorable surface finish, accompanied by enhanced
machining accuracy, tighter geometrical tolerances, and reduced irregularities. Straka and
Hasova [9] elaborate on the importance of the material removal rate (MRR) and tool wear
rate (TWR) in die-sinking electrical discharge machining (EDM). A higher MRR facilitates
quicker machining, leading to reduced production time and costs. However, it is crucial to
note that excessive tool wear can have adverse effects on the machining accuracy, surface
finish, and tool longevity. Rahul et al. [10] provided valuable insights into the analysis of the
surface characteristics of Inconel 718 after EDM. The findings underscore the importance
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of process parameter optimization to achieve the desired surface quality and improve
machining efficiency.

Sustainable machining not only minimizes the environmental impact but also im-
proves energy efficiency, reduces waste generation, conserves resources and ensures a
safer working environment. Zhang et al. [11] highlighted the importance of considering
energy consumption and environmental sustainability in the EDM process and provided
valuable insights into parameter optimization for minimizing these effects while machining
a titanium alloy. Shastri and Mohanty [12] investigated and optimized the EDM process
parameters to achieve sustainable machining of the Nimonic C263 alloy. Zhang et al. [13]
conducted a study on the analysis and reduction of the process energy consumption and
thermal deformation in micro-structure wire electrode EDM of thin-wall components.
Murti et al. [14] analyzed the debris generated during ultrasonic-assisted EDM and investi-
gated its characteristics and effects on the machining process. Nieslonyet al. [15] reported
the impact of energy consumption on surface quality and highlighted the need to optimize
the process parameters to achieve the desired surface integrity while considering energy
efficiency in the EDM of hot-work die steel. Zhang et al. [16] conducted an experiment
using different magnetic field strengths and machining parameters to evaluate the material
removal rate, tool wear rate, and aerosol emissions during EDM.

Technological modifications in EDM are widely studied in the literature and have
achieved higher productivity, superior machining results, and a more sustainable and
cost-effective EDM process. Al-Amin et al. [17] studied the HA/CNT suspended-EDM
process and its effects on the machining responses of 316 L steel. The suspension improved
the material removal rate, reduced the surface roughness, and decreased the tool wear.
Validation of the machined surface morphology and elemental migration has been suc-
cessfully conducted through scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX) analyses. The study resulted in the lowest surface roughness
of 1.85 pm. Kumaran et al. [18] reported ultrasonic-assisted EDM for deburring CFRP
composites. The deburring performance was evaluated based on the material removal
rate and surface roughness. Xu et al. [19] investigated recast layer removal in 304 stainless
steel using a novel approach that combines micro-EDM with negative polarity micro-EDM
and reported a surface quality enhancement and recast layer elimination in EDM. Laser
scanning confocal microscopy results show the surface roughness of the components to be
reduced by up to 0.57 um. Jadam et al. [20] optimized the EDM parameters for Inconel 718
by adding MWCNTs to the dielectric. They used a Talysurf surface roughness tester and
found that MWCNT-mixed EDM yielded better surface finishes compared to conventional
methods, with the greatest improvement at Ip = 8 A (14.1% reduction in roughness). Le
et al. [21] studied the role of electrical parameters and powder addition in influencing the
surface properties of SKD61 steel in the EDM process. A surface roughness tester with a
resolution of 0.001 um was used to assess the surface roughness. The study reported the im-
proved surface quality, reduced surface roughness (0.727 pm), and enhanced microhardness
(726 HV) of the machined SKD61 steel. Kumar et al. [22] demonstrated that incorporat-
ing Al203 nanopowder into the dielectric medium enhances machining efficiency and
reduces electrode wear in EDM. The study utilized atomic force microscopy (AFM) to
evaluate the machined surface, revealing an improvement in the surface roughness from
2.245 to 1.487 um. Peta et al. [23] proposed a novel method for assessing repeatability and
reproducibility in topographic measurements using integrated modes on the Sensofar S
neox instrument. The study used the coefficients of determination (R?) and linear regres-
sion slopes on the H-H plots to quantify the repeatability and reproducibility across large
numbers of measurement locations.

Optimization techniques maximize the benefits of EDM and achieve optimal machin-
ing outcomes in terms of the efficiency, quality, and cost-effectiveness. Rangajanardha [24]
focused on the development of a hybrid model that combined artificial neural networks
(ANNSs) and genetic algorithm (GA) to optimize the surface roughness in EDM. This
research is significant in providing compelling evidence of the effectiveness of hybrid
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modeling approaches in attaining enhanced surface quality. Mandal and Mondal [25]
focused on the multi-objective optimization of Cu-MWCNT (copper-multi-walled carbon
nanotube) composite electrodes in electrical discharge machining (EDM) and used a hybrid
algorithm known as MOPSO-TOPSIS. Dikshit et al.’s [26] combination of RCCD and NSGA
II proved to be a valuable approach for achieving enhanced surface quality while consider-
ing multiple objectives in the EDM of the biocompatible Ti6Al4V alloy. Chekuri et al. [27]
proposed a multi-objective optimization approach using the WOA-CS algorithm for ex-
perimental and thermal investigation of EDM. The experimental tests and optimization
results demonstrated the effectiveness of the WOA-CS approach in achieving improved
machining efficiency and surface quality. Srinivasan et al. [28] proposed the combined use
of GRA and the TLBO algorithm for process optimization in the EDM of Si3N4-TiN.

This review has presented a comprehensive overview of research conducted between
2018 and 2023, focusing on the measurement of different performance metrics in electrical
discharge machining (EDM). As per the reported works, no research work has recently
been conducted on debris particle study. Very few research papers studied the circularity of
the machined holes and the specific energy consumption (SEC) in EDM. Most of the effort
was directed toward EDM applications for composite materials, nickel alloys, titanium
alloys, etc. However, there is a dearth of information regarding EDM of the Nimonic C263
alloy [1,3,12,29]. Despite its importance in the aerospace and automotive industries, the
Nimonic C263 alloy presents a machining problem when utilizing traditional methods due
to its poor thermal conductivity value. The Nimonic C263’s machinability in EDM with a
variety of electrodes is hence of paramount importance. Again, there is a lack of research on
topics like the circularity of the machined component holes [30,31] and the microstructure
of the debris [14,32]. The researchers were inspired to investigate the machinability of
Nimonic C263 in EDM with a variety of electrode materials due to the lack of previous
work in this area. The MCDM approach orders the various performance indicators from
best to worst by computing the VI. A hybrid ANN-GA-based technique is used to further
enhance the optimal results of the VIKOR method.

3. VIKOR Model

To obtain the best results from a battery of responses, employ the VIKOR technique [33].
It is recommended to analyze the utility and regret parameters after quantifying the positive-
ideal and negative-ideal outcomes by factoring in the importance of each performance
indicator and quality loss. The experiment’s utility weight and regret parameters are then
used to compute the VIKOR index. The values of the VIKOR index are used to estimate the
optimal level factors [34]. As illustrated by Equation (1), the machining problem can be
written as a decision matrix.

K i Y Yn
1
M= . Y11 Y12 Yin )

K,
o Vi Y2 Ymn

In the equation, K; is the ith selection, i = 1, 2... m; yjis the tth selection, t =1, 2, .....,
n; and the individual measure of a selection is y;;. The numerous elements of the VIKOR
approach [34] are described in detail below.
Stage 1:
R = [us] 2)

mxn
Yij
N T
Equation (2) represents the calculation of the decision-making matrix. Here, R repre-
sents the normalized decision matrix, u;; represents the normalized value of ith alternative
to the jth criterion, m is the number of alternatives and n is the number of criteria.

Here, uj; =
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Stage 2:

To find the positive and negative optimum solutions

The ideal K* that is a set of best values for each criterion and the negative ideal solution
K~ that is a set of worst values for each criterion are calculated by Equations (3) and (4), as
mentioned below.

K« = {(max fi|j € ]) or (minflje]'), i=1,2,..,m} = {fix, fox, .fi* . fux}  (3)

K™ = {(min fy|j € ])or (maxfzlj€]), i =1,2,..,m} = {fix, fox, . fj* . fax} (
where | = {1,2,..n|f;,if output is high}, | = {1,2,...n| f;;, if output is low}

Here, K* is the ideal solution, which is a set of best values for each criterion, fi]- is
the value of the ith criterion with respect to the jth criterion, max f; |j € ] represents the
maximum value of f;; for criteria in the set of ] and minf; |j € I, represents the minimum
value of f; for criteria in the set of J'.

Stage 3:

The utility outcome (Oi) and the loss outcome (Li) are calculated by the following
Equations (5) and (6):

"o Ui i)
“EYF ) ©
i=1 )

(f fu)]
(i =f-)

where O; and L; represent the utility outcome and loss outcome for the ith alternative, f;*
represents the best value for the jth criterion, f;~ represents the worst value for the jth
criterion and wj represents the weight of jth criterion.

L = Max [w] (6)

Stage 4:
Calculation of the VIKOR index: the VIKOR index is calculated by following Equation (7):
Qi
1-— 7
Q= E=gr]+a-v) ?)

Here, Q; represents the VIKOR index, v balances the weight between utility and loss
measures, and Q* and O~ represent the best and worst values of the utility measures. A
low VIKOR score indicates a superior alternate solution.

4. Materials and Methods
4.1. Experimental Planning

The experimental setup for this study involves configuring the EDM machine to align
with the workpiece and tool electrode specifications. The MRR, debris weight, SEC, SR,
circularity, and EWR of the Nimonic C263 superalloy are all evaluated experimentally [6,11].
The plate of the Nimonic C263 superalloy utilized in the experiment has dimensions
of (100 x 100 x 5) mm?>. The low conductive workpiece has the following physical
properties: density = 8360 kg/m3, specific heat = 461 J/kgK, Poisson’s ratio = 0.8, and
conductivity = 11.2 W/mK. Tungsten, copper-tungsten, and copper are selected as electrode
materials because of their many uses. The diameter of the electrodes is 10 mm, and their
length is 150 mm. Table 1 lists the working ranges and maximum values for the parameters
employed in this study. The electrode material is numbered 1 for tungsten, 2 for copper-
tungsten, and 3 for copper. The die-sinking ZNC EDM setup (make: Electronica, Pvt., Ltd.,
Kolkata, India) is used to conduct the experiments. Hydrocarbon-based kerosene oil is
used as the dielectric medium for experiments.
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Table 1. Machining parameters and range.

Unit Range
Input Parameters

-1 0 1

Discharge current (I) Amp 5 7 9
Voltage (U) A% 60 70 80
Pulse on time (T,y,) us 200 300 400
Duty factor (1) % 70 75 80

Electrode - W(1) Cu-W(Q) Cu(3)

4.2. Methodology

The detailed experimental methodology as well as the equipment proposed are
schematically shown in Figure 1. The methodology employed in this research includes
several key steps. First, the research objectives are clearly defined to be achieved through
the EDM process. Based on a comprehensive literature review, key process parameters
such as the current, voltage, pulse on time, duty factor, and electrode material are selected.
Experimental data are then collected for various performance metrics, including the MRR,
EWR, SR, SEC, circularity, and debris weight.

Tool holder
Electrode
Input variables-
Current Nimonic
Voltage C263 plate
Pulse on time

Duty factor
Electrode material

. Dielectric Tank

00 oG
ELECTRICAL DISCHARGE MACHINING
(EDM) SETUP
Responses
Material Electrode 1
Removal wear ratio -
rate
Surface Specific Circularity Debris
Roughness energy weight
consumption

Integration of ANN and GA to find minimum Vikor
index and optimum input parametric setting

e Calculation of Vikor index

using VIKOR approach U; T
e Evaluation of optimum o8 - Best Value
parameters setting — 07

e Analysis of all the responses
e FESEM and XRD analysis of
debris particles

itness Value (VI)
°
&

Fi
o o o
[T

Tonnso—ose—a

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Number of Generations

L

o Confirmative test to valid the results obtained
® Determination of Percentage improvement in the Vikor index

Figure 1. The methodology employed in the current work.
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Upon gathering experimental data, a multi-criteria decision-making approach, specifi-
cally the VIKOR method, is employed to determine the optimal parameter settings. This
method provides a systematic way to weigh and rank the different performance measures
and their corresponding parameter combinations. The acquired experimental data undergo
rigorous analysis to comprehend the individual effects of each parameter on the machining
performance and to discern any trends or interactions among the variables. To further
optimize the parameters, an integrated approach utilizing artificial neural networks (ANN5s)
and genetic algorithms (GAs) is implemented to minimize the VIKOR index value and
ascertain the optimum parameter levels. The experimental setup and procedures adhere to
industry standards for EDM processes, ensuring the validity and reliability of the results.
Finally, a confirmatory test is conducted using the identified optimum parameter settings
to validate the research findings and ensure the robustness of the selected parameters for
the EDM process.

4.3. Measurement of Output Responses
4.3.1. MRR and EWR

The workpiece and electrode weights are quantified using precision weighing equip-
ment (precise to 0.01 g) before and after machining. The MRR and TWR values are calcu-
lated using Equations (8) and (9). Finally, Equation (10) is used to calculate an approxi-
mate EWR.

MRR — 1000 x AWw ®)
pwx T
1 A
TWR — 000 x AWt )
pt x T
100 x TWR
EWR = ——un— 1
MRR 10

4.3.2. Surface Roughness (SR)

The roughness of the surface to be machined is measured using a Mitutoyo Surftest
SJ-210, as shown in Figure 2. This is calculated by taking the mean values of five data
measured at different spots on the machined surface for each parameter.

Figure 2. Mitutoyo Surftest SJ-210.

4.3.3. Circularity (C)

The circularity is measured using a coordinate-measuring machine (CMM) equipped
with CALYPSO 2016 measuring software. The CMM moves the probe to each of the eight
locations around the hole, making contact with the surface and recording the position data.
At each contact point, the software is used to measure the deviation of the actual hole
diameter from the nominal diameter, capturing both the radial and the angular deviations.
CALYPSO is used to analyze the collected data to determine the circularity of the hole. The
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circular deviation values obtained from the eight probe contact points are used to calculate
the circularity value [30].

4.3.4. Debris Weight (d})

After each trial run, the debris is gathered for disposal. To emulsify and extract the oil,
the debris is centrifuged twice, once without the acetone and once with it [14,32]. The time
spent on the centrifugation process is 60 min. The debris is centrifuged and then dried, and
its mass is measured using 0.1 mg accuracy weighing equipment before being imaged. The
debris particles’ size and shape are defined via microscopic analysis. Figure 3a presents the
centrifugal machining setup; Figure 3b shows the collected debris; and Figure 3c shows the
FESEM machining setup used to analyze the debris collected.

(b) (c)

Figure 3. (a) Centrifugal machining setup, (b) debris collected during machining, and (c) FESEM setup.

4.3.5. Specific Energy Consumption (SEC)

The EDM machine operates on a three-phase power supply setup to power its ma-
chining functions. To monitor the energy usage during machining, three voltage wires
are linked to the input terminal of the three-phase arrangement. These wires are carefully
connected with the appropriate orientation to the electric wires, depending on their desig-
nated wiring number, and secured with clamp sensors. The energy consumed during EDM
operations is then measured using a Multimeter Model CPEM-07, as depicted in Figure 4.
Once all the wires are precisely connected to the machine, the instrument is activated, and
the function switch of the Multimeter CPEM-07 is set to indicate energy consumption in
Watts (W). During each experiment, the energy consumption is monitored for a period of
5 min to assess the energy fluctuations within this timeframe. Subsequently, the average of
all the recorded values is computed. Following established methodologies outlined in the
previous literature [11-13,35], the specific energy consumption (SEC) is determined using
Equation (11).

Power utilized (E)

SEC = Material removal amount (V)

(11)

and
E=IxUXx Ty, (12)

where E = power utilized (joules, ]), I = current (amperes, A), U = voltage (volts, V), and
Ton = pulse on-time (us), and MRR, or material removal rate, is the volume of material
removed in a given amount of time, and it was calculated in Section 4.3.1.
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Figure 4. Energy meter setup.

5. Results and Discussion

The Taguchi experimental model is used to conduct the experiments and find out the
effects of the specified input factors on the output variables of interest (MRR, SR, EWR, C,
db, and SEC) in the machining process. The analysis requires 27 separate experimental
runs. Table 2 shows the results of the applied VIKOR approach, where experiment no. 10
obtains the lowest VIKOR index value, which is highlighted in the table.

Table 2. Experimental table of results with the V1.

. . Debris
SN. I U T, T  Electrode MRR — EWR SR Circularity . opy  SEC - VIKOR gk
(mm3/min) (%) (um) (mm) (gm) (J/mm?)  index
1 5 60 200 70 1 3.0260 2.5114  9.0888 0.0345 0.0051 1.1897  0.439978 10
2 5 60 200 70 2 3.7240 1.222 10.6212 0.0211 0.006 0.9667  0.283698 4
3 5 60 200 70 3 5.1154 1.3238  14.5634 0.0135 0.0066  0.4436  0.440811 11
4 5 70 300 75 1 3.1836 32114  9.0923 0.0356 0.004 1.9789  0.477575 12
5 5 70 300 75 2 3.8254 1.8119  9.5999 0.0297 0.0076 1.6469  0.32684 6
6 5 70 300 75 3 5.0156 1.7888  13.5667 0.0140 0.0077 17860  0.575231 17
7 5 80 400 80 1 2.6920 3.8386  11.2200 0.0388 0.0046  3.5661  0.822935 25
8 5 80 400 80 2 3.4065 2.7285 8.0843 0.0310 0.0079 2.8181  0.544981 15
9 5 80 400 80 3 6.0128 3.234 14.5855 0.0165 0.0108 1.5966  0.620976 19
10 7 60 300 80 1 5.5548 53791  13.7668 0.0379 0.0069 1.3610  0.189784 1
11 7 60 300 80 2 4.9157 3.0031  13.8412 0.0412 0.0104 1.5379  0.217826 2
12 7 60 300 80 3 7.9554 2.8871  15.1254 0.0355 0.0152  0.9503  0.292866 5
13 7 70 400 70 1 3.1322 5.8453  14.0552 0.0780 0.0078  3.7545  0.917993 26
14 7 70 400 70 2 4.0240 3.4914 15.2121 0.0497 0.0111 29225  0.605822 18
15 7 70 400 70 3 8.1249 31511  17.4543 0.0398 0.0103 1.4474  0.244315 3
16 7 80 200 75 1 3.0544 5.0625  13.0232 0.0590 0.0065 22001  0.681533 20
17 7 80 200 75 2 4.6169 4.6368  12.4400 0.0300 0.0123 1.4555  0.439022 9
18 7 80 200 75 3 7.8578 3.5397 14.848 0.0151 0.0088  0.8552  0.487565 13
19 9 60 400 75 1 3.9951 7.6383  14.9678 0.0990 0.0115 3.2440  0.947967 27
20 9 60 400 75 2 4.9242 6.4521  17.8498 0.0791 0.0148  2.6319  0.717679 23
21 9 60 400 75 3 9.3251 3.7875  19.1231 0.0492 0.0165 1.3898  0.555505 16
22 9 70 200 80 1 4.4573 6.4656  12.9865 0.0923 0.0098 1.6961  0.398615 8
23 9 70 200 80 2 4.9090 54835  16.4544 0.0680 0.0127  1.5400  0.354593 7
24 9 70 200 80 3 9.9780 3.0145  18.5289 0.0380 0.0186  0.7577  0.69546 21
25 9 80 300 70 1 3.8452 6.9319  13.8676 0.0965 0.0099 3.3704  0.714599 22
26 9 80 300 70 2 5.3243 6.0032  17.2555 0.0730 0.0129 24341  0.523647 14
27 9 80 300 70 3 7.0750 3.315 19.9811 0.0380 0.0156 1.8318  0.806604 24
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To assess how the crucial input variables influenced the overall response output,
an ANOVA model is implemented. R? and Adj-R? values above 90% are considered
adequate, indicating that the answers are reliable. Table 3 details the ANOVA model used
to determine the MRR. With a contribution of 82.76%, the electrode material type is found
to be the highly dominant parameter for the MRR, followed by the current (6.59%) and
voltage (2.94%). Table 4 depicts the ANOVA for the EWR. It shows that the most influential
factor for the EWR is the current and electrode material, having contributions of 51.49%
and 29.85%. The ANOVA results for the SR are depicted in Table 5, where the current
and electrode material contribute 55.81% and 29.68%, respectively, to the overall effect.
Table 6 depicts the ANOVA for the circularity. It shows that the most influential factors
for the circularity are the current and electrode material, having contributions of 53.01%
and 31.92%. The weight of the debris is significantly affected by the current and electrode
material, which account for 56.42% and 29.72%, respectively, as depicted in Table 7. For the
SEC, as shown in Table 8, the two most important factors are the pulse duration and the
electrode material, each contributing 37.89% and 38.53%, respectively. Table 9 details the
ANOVA model used to calculate the VIKOR index.

Table 3. ANOVA for the MRR.

Source DF Adj SS Adj MS F-Value p-Value % Contribution
I 2 7.906 3.9532 8.64 0.003 6.59
Vv 2 3.531 1.7653 3.86 0.043 2.94
Ton 2 1.233 0.6166 1.35 0.288 1.03
T 2 0.709 0.3546 0.77 0.477 0.59
E 2 99.343 49.6713 108.55 0 82.76
Error 16 7.322 0.4576
Total 26 120.044
Table 4. ANOVA for the EWR.
Source DF Adj SS Adj MS F-Value p-Value % Contribution
I 2 41.9667 20.9833 36.11 0 51.49
Vv 2 1.8939 0.947 1.63 0.227 2.32
Ton 2 3.0706 1.5353 2.64 0.102 3.77
T 2 0.9516 0.4758 0.82 0.459 1.17
E 2 24.331 12.1655 20.94 0 29.85
Error 16 9.2973 0.5811
Total 26 81.5111
Table 5. ANOVA for the SR.
Source DF Adj SS Adj MS F-Value p-Value % Contribution
I 2 143.414 71.7072 43.08 0 55.81
Vv 2 0.739 0.3697 0.22 0.803 0.29
Ton 2 5.71 2.8551 1.72 0.211 2.22
T 2 422 2.1099 1.27 0.308 1.64
E 2 76.27 38.1351 2291 0 29.68
Error 16 26.633 1.6646
Total 26 256.987
Table 6. ANOVA for the circularity.
Source DF Adj SS Adj MS F-Value p-Value % Contribution
I 2 0.008986 0.004493 45.26 0 53.01
Vv 2 0.000132 0.000066 0.66 0.528 0.78
Ton 2 0.000713 0.000357 3.59 0.051 4.21
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Table 6. Cont.
Source DF Adj SS Adj MS F-Value p-Value % Contribution
T 2 0.000121 0.00006 0.61 0.556 0.71
E 2 0.005412 0.002706 27.26 0 31.92
Error 16 0.001588 0.000099
Total 26 0.016953
Table 7. ANOVA for the debris weight.
Source DF Adj SS Adj MS F-Value p-Value % Contribution
I 2 0.000224 0.000112 45.46 0 56.42
%4 2 0.000003 0.000002 0.62 0.548 0.76
Ton 2 0.000006 0.000003 1.21 0.323 1.51
T 2 0.000006 0.000003 1.29 0.302 1.51
E 2 0.000118 0.000059 24.02 0 29.72
Error 16 0.000039 0.000002
Total 26 0.000397
Table 8. ANOVA for the SEC.
Source DF Adj SS Adj MS F-Value p-Value % Contribution
I 2 0.8621 0.431 4.04 0.038 3.85
\% 2 2.2963 1.1481 10.76 0.001 10.25
Ton 2 8.4922 4.2461 39.78 0 37.89
T 2 0.4181 0.209 1.96 0.173 1.87
E 2 8.6338 4.3169 40.45 0 38.53
Error 16 1.7077 0.1067
Total 26 22.4101
Table 9. ANOVA for VIKOR index.
Source DF Adj SS Adj MS F-Value p-Value % Contribution
I 2 0.50699 0.25349 23.62 0 35.21
\%4 2 0.39333 0.19667 18.33 0 27.31
Ton 2 0.07041 0.0352 3.28 0.064 4.89
Duty factor 2 0.06364 0.03182 2.97 0.08 4.42
E 2 0.23405 0.11702 10.91 0.001 16.25
Error 16 0.17168 0.01073
Total 26 1.44009

5.1. Analysis of MRR

Figure 5a demonstrates how the current affects the MRR. It shows that when the
current values rise, so does the MRR. When the current is raised, the spark energy is
amplified, leading to the formation of craters with larger dimensions and a consequently
higher MRR. As can be seen in Figure 5b, compared to the other two electrodes, the copper
electrode’s MRR is higher. Copper has good thermal conductivity and heat dissipation
properties. This helps in dissipating the heat generated during the EDM process more
effectively, preventing excessive heat buildup at the electrode-workpiece interface. As a
result, the thermal stresses and distortion in the workpiece are minimized, allowing for
more stable machining conditions and a higher MRR. The tungsten electrode exhibits a
lower material removal rate (MRR) compared to the copper and copper—tungsten electrodes
due to its inferior electrical and thermal properties relative to the copper and copper—
tungsten electrodes. The pulse duration graph in Figure 5c shows a similar trend, showing
the electrodes, pulse duration increases, and MRR value drops. The amount of the molten
alloy is unchanged and the MRR drops when the heat flux is applied for a prolonged
period during the machining process [12]. As the pulse duration increases, the duration of
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heat application to the workpiece also increases. This prolonged exposure to heat leads to
greater heat accumulation within the workpiece material. While the amount of molten alloy
remains unchanged, the prolonged heat application can result in the material experiencing
increased thermal stress. This can lead to phenomena such as thermal expansion, micro-
crack formation, and material redistribution, which collectively hinder the efficient removal
of material and contribute to the observed drop in MRR. Like this, the voltage main effect
figure shows that the MRR declines as the voltage rises. This results in an unfavorable
concentrated discharge and the lack of cooling of the work alloy [12,36]. Also, the MRR
value has grown with the duty factor because of a higher spark energy, as shown by the
figure for the MRR.
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Figure 5. Main effect graphs for the MRR (a) Effect of Current on MRR (b) Effect of Electrode on MRR
(c) Effect of Pulse on time on MRR.

Mean

5.2. Analysis of EWR

Figure 6a shows the effect plot for the EWR vs. current. The graph shows that when the
current rises, the EWR increases. The current surge from the spark causes the electrodes to
heat up, which in turn causes them to melt and evaporate. The impact of the electrode type
on EWR is depicted in Figure 6b. The plot indicates that the electrode wear rate (EWR) is
lower for the copper electrode and higher for the tungsten electrode during the machining
of Nimonic C263. The EWR values for the copper—tungsten electrode fall between those
of copper and tungsten. This disparity is attributed to the superior thermal conductivity
of copper, which minimizes erosion. The rapid heat transfer within the copper electrode,
facilitated by its high thermal conductivity, leads to a reduced EWR. Consequently, the
erosion of the tungsten electrode outpaces that of the other electrodes due to its lower
thermal conductivity compared to the copper and copper—tungsten electrodes.

The EWR plot for the pulse duration reveals a similar trend: an increase in the EWR is
seen with longer pulses. The primary effect plot of the EWR vs. voltage similarly reveals
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that the EWR rises when the voltage is raised. Up to a certain voltage, the EWR decreases
as a function of the duty factor.
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Figure 6. Main effect graphs for the EWR (a) Effect of Current on EWR (b) Effect of Electrode on EWR.

5.3. Analysis of Surface Roughness (SR)

Figure 7a illustrates the effect of the current on the surface roughness. It shows that
as the current increases, so does the roughness of the surface. Increasing the discharge
energy in this way permits the removal of larger materials from the machined surface.
The influence of the electrode type on the surface roughness is depicted in Figure 7b. As
the electrical current rises, the spark gains strength, leading to more substantial material
removal from the work surface, thereby diminishing the machining quality. As copper
electrodes have superior thermal and electrical properties compared to tungsten and copper—
tungsten electrodes, the copper electrode produces a higher material removal rate (MRR).
Conversely, the tungsten electrodes exhibit a lower MRR than both the copper and copper—
tungsten electrodes. With copper electrodes, the higher MRR leads to significant removal
of material from the work surface, resulting in increased surface roughness. Tungsten
electrodes, requiring lower thermal energy during sparking, facilitate the removal of smaller
particles, thereby producing the best surface quality. Machining with copper-tungsten
electrodes typically yields an intermediate level of surface quality. As the pulse lengthens,
the spark energy grows, and with it, the surface roughness. The surface roughness is barely
influenced by the voltage and duty parameters.
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Figure 7. Main effect graphs for the SR (a) Effect of Current on SR (b) Effect of Electrode on SR.
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5.4. Analysis of Circularity (C)

Industries can benefit from circularity because of its lower value. The optical micro-
scope pictures in Figure 8a—c were analyzed to determine the degree of circularity achieved
when machining Nimonic C263 using three electrodes. Tungsten electrodes, in contrast to
the other two electrodes, can produce a hole that is both perfectly circular and precisely
spherical (see Figure 8a). As seen in Figure 8b, there is some variation in the circularity and
the damaged surfaces on the edges when the material is machined using a Cu-W electrode.
The most noticeable changes in the round edges and larger dented surfaces were produced
by the copper electrode (see Figure 8c).

Figure 8. The circularity of the machined holes produced by (a) tungsten, (b) copper-tungsten, and
(c) copper.

The main effect graphs of the circularity with the current are shown in Figure 9a. The
graph becomes more circular as the current increases. Since the spark energy grows in
tandem with the pulse duration and current, the circularity likewise grows. This irregular
spark raises the MRR and affects the circularity. The rise in the pulse duration enhances
the material’s non-uniform evaporation, which in turn raises the circularity variation [31].
The influence of the electrode type on circularity is shown in Figure 9b. When machining a
Nimonic C 263 workpiece, the tungsten electrode is shown to be superior to the other two
electrodes in terms of producing precisely sized holes on the machined surface. Increases
in the current and pulse duration cause fewer erratic sparks from a tungsten electrode,
resulting in a decreased metal removal rate (MRR) during the machining of the Nimonic
C263 alloy. This effect does not result in the formation of huge craters on the machined face
and prevents the machined hole from losing its intended size or shape. Also, the tungsten
has a higher melting point compared to the copper and copper—tungsten electrodes. During
EDM, the electrode material experiences extreme heat due to the electrical discharges. The
higher melting point of tungsten means that it can withstand higher temperatures without
deforming or melting, contributing to the better dimensional accuracy and circularity in
the machined features. Due to the greater, more erratic spark discharges and higher MRR,
copper electrode-made parts have badly damaged circular edges. The copper-tungsten
electrode offers a balance between heat dissipation and dimensional stability and shows
circularity between copper and tungsten electrodes.

5.5. Analysis of Machining Debris (d})

In EDM, the ignition delay time is reduced due to an increase in the absorption of
debris in the dielectric and a drop in the intensity of the dielectric as the machining advances.
As a result, dielectric filtration requires the removal of these waste particles. Debris will
gather in the small machining gap if the dielectric’s flushing pressure is not high enough,
leading to sparking and arcing and potentially damaging the electrode and the workpiece.
The particle size of the machining debris must therefore be kept to a minimum. The primary
effect plot for the debris weight against the current is shown in Figure 10a. The graph
shows that the weight of the debris grows with an increasing current. The intense spark is
the result of a high current. The greater spark energy causes more material to be eroded
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from both electrodes, producing more debris. The debris weight versus the electrode type
primary effect plot is shown in Figure 10b. As can be observed in the image, the copper
electrode produces debris that is bigger than that produced by the other two electrodes due
to the higher MRR. Compared to the other two electrodes, the copper electrode’s higher
material removal rate (MRR) is facilitated by its excellent thermal conductivity and heat
dissipation properties. These properties enable efficient dissipation of the heat generated
during the electrical discharge machining (EDM) process, thereby preventing excessive
heat buildup at the electrode-workpiece interface. Consequently, the thermal stresses and
distortion in the workpiece are minimized, creating more stable machining conditions
and contributing to the higher MRR observed with copper electrodes. This leads to the
generation of larger debris. The debris generated from tungsten electrodes tends to be
lighter in weight during the machining of Nimonic C263 compared to other electrode
options. Since tungsten has a higher melting point, it is less likely to melt and contribute
to the formation of molten debris compared to copper and copper—tungsten with lower
melting points. Similarly, the voltage curve demonstrates that the debris weight decreases
as the voltage increases. The particle size drops alongside the MRR as the voltage increases.
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Figure 9. Main effect graphs for the circularity (a) Effect of Current on circularity (b) Effect of
Electrode on circularity.
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Figure 10. Main effect graphs for the debris weight (a) Effect of Current on Debris weight (b) Effect of
Electrode on debris weight.
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5.5.1. Field Emission Scanning Electron Microscope (FESEM) Study

FESEM debris investigation is performed to investigate and characterize the Nimonic
C263 particles generated during machining, including their size, weight, and distribution.
It is a difficult chore to clean the machining tank of debris. After each trial run, the debris
is gathered for disposal. Once the debris has been collected, it is centrifuged twice, once
without acetone and once with [14,32], so that the oil can be emulsified and removed. To
learn more about the physical properties of the debris (such as its shape and size), 27 FESEM
micrographs were taken and analyzed. The particle size distribution is seen to be between
5 nm and 2 um. The FESEM picture of the debris generated while machining with the
tungsten electrode at 5 A, 7 A, and 9 A currents is shown in Figure 11a—c. Due to its lower
MRR than the copper—tungsten and copper electrodes, the tungsten electrode exhibits a
good surface finish. When using tungsten electrodes for cutting, the debris size is uniformly
tiny and primarily spherical due to the smaller sparking. This results in a more manageable
electric spark.

v g S ;

Smallest spherical debris in nanometer dimension

Comparatively larger debris in nm dimension

Wik,
P

Figure 11. Cont.
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Largest size debris in nm dimension:

Figure 11. FESEM of debris machined with W electrode at (a) 5 A, (b) 7 A, and (c) 9 A current.

The FESEM picture of the debris generated while machining with the copper-tungsten
electrode is displayed in Figure 12a—c. The debris size produced by the copper—tungsten
tool is less than that of the copper electrode and larger than that of the tungsten electrodes.
Copper-tungsten electrodes produce greater MRRs than tungsten electrodes do at similar
current levels, leading to a greater build-up of debris in the machining gap at higher current
values. The result is erratic sparking and fragments of varying sizes. The FESEM picture of
debris generated while machining with the copper electrode is displayed in Figure 13a—c.
The surface roughness, machining rate, and debris size all increase with an increased
current, because more pulse energy causes larger craters [32].

MR

Figure 12. Cont.
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Figure 13. FESEM of debris machined with Cu electrode at (a) 5 A, (b) 7 A, and (c) 9 A current.

5.5.2. Field Emission Scanning Electron Microscope (FESEM) Study

The size, shape, etc. of debris particles can be seen by SEM analysis. EDX can help
figure out how the particles in the wreckage are dispersed. Figure 14a is an EDX image of
debris machined with a tungsten electrode, confirming the presence of carbon and tungsten
particles in high concentrations. The EDX image displays the evenly dispersed tungsten
from the tungsten electrode. The machined waste particles contain cobalt and chromium
from the Nimonic C263 workpiece. The EDX analysis of the copper—tungsten electrode
fragments is shown in Figure 14b. The machined detritus is depicted with particles of
carbon, copper, tungsten, cobalt, and chromium. Similarly, Figure 14c depicts the EDX
image of the copper electrode’s debris. The debris particles are primarily composed of
carbon and copper, with smaller amounts of cobalt and chromium.
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Figure 14. EDAX analysis of debris produced by (a) W, (b) Cu-W, and (c) Cu electrode.

5.6. Analysis of Specific Energy Consumption (SEC)

For an illustration of the principal effect of the pulse duration on the SEC, see
Figure 15a. Due to the rise in the spark energy, the SEC grows as the pulse lengthens.
The primary effect plot for the SEC using the electrode is shown in Figure 15b. The graph
illustrates that the specific energy consumption (SEC) is at its peak when machining with a
tungsten electrode and at its lowest with a copper electrode on a Nimonic C263 workpiece.
The SEC for copper—-tungsten electrodes falls between those of pure copper and tungsten
electrodes. Notably, the copper electrode demonstrates the highest material removal rate
(MRR) due to having superior electrical and thermal properties compared to the copper—
tungsten and tungsten electrodes, resulting in lower energy consumption. This is because a
greater amount of energy is required to remove material when the MRR is high, thereby
indicating superior energy utilization efficiency in copper electrodes compared to tungsten
and copper—tungsten electrodes. Conversely, the tungsten electrode yields a lower MRR
due to its lower electrical conductivity compared to the copper and copper—tungsten elec-
trodes, leading to higher energy consumption. In this case, less input energy is utilized
by the workpiece, with more energy dissipating into the environment during machining.
To a similar extent, Zhang et al. [13] draw the same conclusion. The current-SEC plot
shows a similar trend; as the current rises, the spark energy rises, and the SEC rises with
it. Similarly, the SEC has grown in relation to the voltage and shrunk in relation to the
relatively unimportant duty factor.

In this study, the VIKOR method is employed to standardize the various machining
metrics by computing the VIKOR index (VI). In addition, the VI values are compared with
the VIKOR index values to determine which options are best and which are worst. Table 2
reveals that, of the 27 VI values, the one with the lowest VI value is experimental run
10, which is highlighted in bold. Using a hybrid optimization structure (neuro-genetic
approach) improves on the already-superior outcome obtained using the VIKOR method.
The model uses a non-linear regression analysis to show how the machining parameters
change when the VIKOR index (V1) changes; the VI is the objective function in the neuro-
genetic method. In Section 6, the specifics of the neuro-genetic method are explained, along
with the hybrid optimization framework. The regression analysis mathematical model is
presented in Equation (13).

VIKORIndex (VI) = 25.83A% — 0.552B% + 2.566C? + 0.232D?+
0.126E? + 18.08AB — 1.419AC — 11.69AD + 4.160AE — 0.328BC—
0.3308BD — 1.281BE + 0.277CD — 1.143CE + 1.298DE — 376.7A+
54.16B — 2.005C — 5.397D — 1.206E127.34

(13)
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Figure 15. Main effect graphs of the SEC (a) Effect of Pulse on time on SEC (b) Effect of Electrode
on SEC.

6. Neuro-Genetic Optimization Technique

To find the best machining attributes for the milling process while keeping the VI
value as low as possible, a neuro-genetic optimization approach is employed.

6.1. Artificial Neural Network (ANN)

The ANN is trained (in MATLAB 2019a) using 27 samples from the experimental
data. In Section 4, the experimental design and the five input variables are described
using five performance parameters. To rank the machining trials, the VIKOR approach is
employed (discussed in Section 3) to combine the five performance characteristics. The
ANN evolves based on the input and output variables. The analysis uses a single-hidden-
layer feedforward backpropagation network. The weights and bias settings are revised
using the Tan sigmoid transfer function and the Levenberg-Marquardt algorithm. A total
of 70% of the data is used to teach the network, 15% to validate it, and 15% to put it through
its paces during testing.

The number of hidden-layer neurons in the network is set using the neuron-independent
analysis described in Table 10. The number of hidden-layer neurons varies during the
investigation from 2 to 20. The mean relative error (MRE), mean squared error (MSE), and
coefficient of determination (R?) are utilized to make predictions of the optimal network
and calculated by following Equations (14)—(16).

1 [VIann — Vi

MRE = — 14
ni:l Vlexpt ( )
1& 2
MSE = HZ(VIANN — VIgxpt) (15)
i=1
" (VN — Vi)
R2 —1_ Zz—l( ANN Expt) (16)

Z?:l (VIExpt)z

where 71 represents the number of datapoints, VIsnn represents the predicted value from
the ANN for the ith data point and VIgxpr represents the experimental value for the ith
data point.
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Table 10. Neuron-independent study.
Hidden Layer Neurons MRE MSE R?
2 0.02892 1.58459 0.92201
3 0.03267 2.83482 0.97993
5 0.03581 2.33291 0.96827
8 0.04798 3.52561 0.98991
10 0.08104 4.26932 0.99472
13 0.08643 5.89524 0.98320
15 0.03183 1.27845 0.99954
18 0.08845 5.57361 0.98291
20 0.08842 6.71204 0.99642

Table 10 clearly shows that the network with 15 neurons has the lowest MRE and
MSE values and the highest R? value. This is the best possible network, as determined by
the GA.

6.2. Genetic Algorithm (GA)

The best ANN network is used to create the GA goal function (Equation (17)). The
probabilities of mutation and crossover are assumed to be 0.1 and 0.82, respectively, in a
random selection with a population size of 50. A single answer, the VIKOR index (VI), is
generated from the normalization of the input and performance parameters employing
the VIKOR method, as detailed in Section 3. The aim is to ensure that the VI is as low
as possible.

Minimize VI Subjected to 5 <1 <9;60 < U < 80; 200 < Ty, < 400;70 < T < 80; 1 < electrode type < 3 17)

6.3. Hybrid ANN-GA Approach

Combining the ANN and GA shortens the solution time and yields better results
(lower VIKOR index values). The combined ANN and GA method has been used by
several researchers [24,37-39] to address the problems of multi-objective optimization.
After 1462 generations, the GA in this work produces the ideal outcomes (Figure 16). This
is the lowest possible value for the VIKOR index. To obtain the lowest possible VIKOR index
value, the following values of =75 A, U=72.85V, T,; = 384.87 us, = 81%, and electrode
type = 1.9 are found to be ideal. For machining purposes, the copper-tungsten electrode
values are rounded up. The minimum VI value (obtained using GA) is 0.1386. The tests are
then repeated with the optimized input variables, and the results are analyzed to verify the
viability of the solution suggested by the neuro-genetic algorithm. Predicting the VIKOR
index values for the answers indicates an improvement of 9.87% over the VIKOR method
(Table 2). Table 11 summarizes these findings.

Table 11. Confirmative test with optimal machining settings.

Machining
Response

A

B

VIKOR Based VIKOR o
¢ b E ANN-GA index Expt VI % Improvement

Optimal
settings

7.5

72.85  384.87 81% Cu-W 0.1386 0.1897 0.1523 9.87%
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Figure 16. VI fitness values for different generations.

7. Conclusions

This study presents a comprehensive investigation into the optimization of the ma-
chining settings for the electrical discharge machining (EDM) of the Nimonic C-263 alloy.
This paper follows a structured approach, integrating experimentation with neuro-genetic
optimization techniques to achieve energy-efficient, clean, and precise electrical discharge-
machined components. This approach effectively combines artificial neural networks
(ANNSs) and genetic algorithms (GAs), providing a robust framework for optimizing the
machining parameters tailored specifically for the Nimonic C-263 alloy. The important
outcomes of the study are mentioned below:

1. This study assesses a range of performance metrics, including the material removal
rate (MRR), tool wear rate (TWR), surface roughness, debris weight, circularity, and
specific energy consumption (SEC). It identifies key parameters that influence these
metrics, shedding light on the effects of the electrode materials, discharge current,
pulse duration, and other factors on machining performance.

2. When machining a Nimonic C263 workpiece, employing a copper-tungsten electrode
yields energy-efficient, clean, and precise electrical discharge-machined parts. Among
the various parameters affecting the material removal rate (MRR), the study highlights
the current and electrode materials as the most significant, with the copper electrode
exhibiting the highest MRR among the available options.

3. Due to its superior heat conductivity and low electrode wear ratio (EWR), the copper
electrode emerges as the most efficient choice among the three electrode materials
examined.

4. The surface roughness and circularity in Nimonic C263 EDM are primarily influenced
by the discharge current and electrode type, as evidenced by the study’s findings.

5. Furthermore, the weight of the debris is heavily impacted by both the current and the
specific electrode utilized.

6.  In machining the Nimonic C263 alloy, the specific energy consumption (SEC) is
notably affected by pulse on-time and electrode type. Notably, the copper electrode
demonstrates the lowest SEC compared to the alternative electrodes.

7. Current (I) = 7.5 A, voltage (U) = 72.85 V, pulse duration (T,,;) = 384.87 us, duty
factor (1) = 81%, and electrode = Cu-W were determined to be the optimal machining
conditions utilizing the VIKOR-based ANN-GA method.

8. Recommendations for Future Research

A technical gap was found in the survey’s benchmarking of the MRR, TWR, and other
machining parameters for innovative electrode materials. Regarding the introduction of
novel PMEDM-based, ultrasonic cavitation-aided, and cryogenic processes, there are still



J. Manuf. Mater. Process. 2024, 8, 126 24 of 25

certain gaps. Concerning the MRR and TWR, the area’s standardization and optimization
needs still need to be developed. In several of the sectors, there is still a dearth of scientific
and technological knowledge. Here are some recommendations for further research. It is
feasible to analyze the effects of process factors on the heat-affected zone of the machined
surface. Mathematical techniques can be developed to examine how the process parameters
affect the various performance metrics. Further improved and hybrid non-traditional opti-
mization methodologies, such as ant colony optimization, artificial bee colonies, and firefly
algorithms, can be used to determine the best parametric configuration to simultaneously
optimize several important performance indicators. Finite element models are applicable
for experimental study. For the processing of innovative ultra-hard materials, the thermal
model of the heat transfer effectiveness and flushing properties must be taken into con-
sideration. For surface-engineered tools, there is also a requirement for standardization
and optimization.
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