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The current work offers a comparative study that examined the effects of various process
parameters, such as dielectric fluid, current (IP), pulse on time (TON), and different
conductive powder particles mixed dielectric fluids, on electrical discharge machining
(EDM) of AISI 1040, EN31, and HCHC steels, respectively. The findings indicate that
adding conductive particles to the dielectric medium during the powder-mixed EDM
(PMEDM) process enhances energy distribution across the spark gap, thereby
improving material removal capacity and the surface characteristics of the machined
surfaces. Experimental results show that the concentration of powder particles has the
most significant impact on surface roughness (Ra) and tool wear rate (TWR), while the
most critical factor affecting the material removal rate (MRR) is the current (IP).
Additionally, increasing the IP and TON leads to the formation of continuous, thick
cracks and a thin white coating on the EDMed surface, as evidenced by scanning
electron microscopy (SEM) images of the surface morphology. The study also employs
a multi-optimization technique using the Fuzzy-based TOPSIS method to investigate
the cumulative effects of the control parameters on performance indicators, namely Ra,
MRR, and TWR. In experimental run 8 i.e. moderate IP (5 A), higher TON (180 ps),
and higher concentration of copper powder (10 g/I) mixed in EDM oil while machining
of AISI 1040, the optimal results i.e. Ra is 5.983 um, MRR is 27.243 mm?%/min, and
TWR is 0.775 mm3/min were obtained, respectively.

1. Introduction

significant machining challenges due to their
work-hardened characteristics, which can result

Steel alloys are increasingly in demand
across various industries, including die-making,
press tools, cold-forming molds, and automotive
sectors, due to their outstanding wear resistance,
exceptional  dimensional  stability, high
compressive strength, and superior hardness.
These steel alloys are essential in industries such
as die-making and automotive i.e. used in
manufacturing gears, axles, and other
components due to their excellent mechanical
properties [1]. These steel alloys pose
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in severe tool wear, compromised surface
integrity, and increased manufacturing costs.
Traditional machining methods frequently
generate high cutting temperatures and surface
defects, highlighting the need for alternative
approaches [2-4]. Industries require stringent
standards for efficient and cost-effective
machining techniques when working with these
difficult-to-machine materials, ensuring that
surface quality and productivity are not
compromised. This need drives the search for

This work is licensed under a Creative Commons Attribution 4.0 International License.
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effective and economical machining solutions
for high-strength materials i.e. Non-traditional
machining techniques (NTMT).

Non-traditional ~ machining  techniques
(NTMT) address the limitations of conventional
machining methods when working with high-
strength materials. Extensive research has been
conducted to explore the machining of difficult
materials using various NTMT. However, some
NTMT face challenges that hinder their
industrial application. For instance, abrasive
water jet machining (AWJM) is often unsuitable
for thick materials and can lead to surface
degradation and dimensional inaccuracies [5].
Economically cutting hard materials with
ultrasonic machining is also challenging, as high
tool wear limits its effectiveness [6].
Additionally,  electrochemical  machining
struggles to produce flat surfaces or sharp
corners due to the erosion of sharp profiles [7].
In laser beam machining, thermal energy can
create significant recast layers and heat-affected
zones (HAZ) due to tapering during the process
[8]. Therefore, selecting the appropriate
machining process is crucial for producing high-
quality components while keeping costs
manageable. Even for hard and brittle materials,
the electrical discharge machining (EDM)
technology has proven to be effective at
generating complex profiles with reduced HAZ
and dimensional inaccuracies. The machining
of hardened  steels using EDM improves
material removal rate and decreases tool wear
rate while preserving higher surface polish [9].
EDM method is a novel thermo-electric
approach that widely utilised non-conventional
material removal method. Where, the cold
emission of electrons from the cathode ionizes a
thin film, creating a highly conductive ionized
column (spark) that is used for machining
operations. The spark gap is the opening that
allows the maximum electric field to be
maintained at the smallest possible distance
between the tool and the workpiece. The spark
gap is maintained by a servo control unit, which
is identified by the average voltage across the
gap. A suitable voltage is created across the
electrodes as a result of this minimum gap,
which creates an electrostatic field strong

enough to cause cold emission of electrons and
produce an electric spark. The workpiece's
temperature instantly rises to 10,000 0C due to
the spark across the spark gap [10, 11]. In
general, it is used for the die industries,
automobile industries, and aerospace industries.
It can be wused to successfully process
conductive materials with a range of toughness
and hardness. Despite the process' incredible
merits, EDM has a number of limitations,
including poor surface quality and low material
removal rate [11].

In this situation, the powder mixed EDM
(PMEDM) technology has emerged as a
revolutionary method for boosting the process
abilities. It involves mixing of appropriate
powder particles into the dielectric fluid (Dr),
causing a skinny layer of additive particles of
powder mixed Dr through the spark gap (Sc)
that develop the capabilities of the EDM
process, where the particles of conductive
powder lessen the insulating resilience of the Dr
and elevate the S through the electrodes,
which allows the process to be more reliable and
enhancing the surface eminence and material
removal of the component [11, 12].

The PMEDM method is illustrated in
Figure 1, where the powder particles are blended
with the Dr either in the same vessel or in
separate container. According to Kansal et al.
(2007), adding conductive powder to the mixed
dielectric fluid across the spark gap can
significantly increase the gap distance,
sometimes doubling or even more. In this
process, the electrified powder particles flow in
a criss-cross pattern, causing the grains to move
closer together in the spark region and aggregate
into clusters. Furthermore, electric forces allow
the powder particles to create small chains in
several segments across the igniting region that
assists in bridging the S [10]. Bridging
weakens the insulating strength of Dr and
lowers the gap voltage, culminating in an easy
short-circuit and quick explosion throughout the
Sc, causing a series of electric discharges
throughout the machining area. These electric
discharge triggers the erosion and vaporisation
of the material [12].
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Figure 1. Principle of PMEDM process

If the spark dispersion among the powder
particles is uniform, a series of narrow craters
typically forms on the EDM-ed surface,
resulting in an improved surface finish [11].
Additionally, the mixing of conductive powder
particles increases the frequency of discharges,
which enhances spark intensity and promotes
greater workpiece erosion. This accelerated
erosion contributes to higher material removal
rates (MRR) and increased surface roughness
(Ra). Conductive powders also help dissipate
the heat generated during the EDM process,
minimizing thermal damage to both the
workpiece and the wire. Furthermore, the
addition of powder enhances the plasma
channel,  further  improving  machining
performance [12-13].

Numerous studies have examined the
impact of various control parameters on the
capabilities of the powder-mixed EDM
(PMEDM) process. Research has shown that the
PMEDM technique is effective in enhancing
surface  characteristics and  machining
performance [11, 13]. According to Bains et al.
(2019), the magnetic field significantly
influences the material removal rate (MRR) and
surface roughness (Ra) in traditional EDM
processes, while also reducing the thickness of
the recast layer (tr). They observed that
combining a magnetic field with low current (Ip)
and extended pulse-off time (Torr) Minimized
particle re-sticking on the machined surface and
significantly improved flushing capacity. As a
result, they recorded a 118% increase in MRR,
a 67.5% reduction in Ra, and a 63% increase in
machining efficiency (MH) [14]. Hameed et al.
(2019) compared the performance of several
powders (manganese (Mn), aluminium (Al), and
a mixture of Mn-Al mixed DF) during EDM of

various steel alloys, such as D3 steel, H13 steel,
and D6 steel. The results showed that, in
comparison to other dielectric mixtures, Mn
powder combined DF gives the highest surface
micro hardness [15]. In the investigation of the
impact of silicon (Si) and copper (Cr) powder
mixed kerosene Dr on the TWR of the Cu tool
during EDM of AISI D2 steel, Kazi et al. (2020)
came to the conclusion that Cr mixed Dr results
in lower TWR when compared to Si powder
mixed Dr [16]. According to Singh and Singh
(2022), the ultrasonic-assisted EDM (UAEDM)
technique has greater MRR and Ra values than
the conventional EDM process. This is because
the UAEDM process, which involves the tool
electrode moving back and forth, causes a
considerable pressure change within the inter-
electrode gap (IEG), allowing debris particles to
be ejected from the IEG and improving flushing.
Additionally, they came to the conclusion that
when compared to the traditional EDM method,
the UAEDM process leads in a 53.57 percent
improvement in MRR and an 18.47 percent
increase in Ra [17]. Zhang et al. [18] explored a
transverse  magnetic  field-assisted  wire
electrical discharge machining (WEDM)
process to improve the uniformity of discharge
point distribution and reduce alterations during
the machining of thin-wall components in
WEDM-low speed (WEDM-LS). They found
that the longitudinal dispersion uniformity of
discharge points increased with higher magnetic
field strength, achieving the highest
improvement of 12.32% at a magnetic field
strength of 0.15 T. Additionally, the application
of the transverse magnetic field led to a 32.77%
reduction in distortion and a 22.68% decrease in
the recast layer thickness.
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In addition to selecting the appropriate
process parameters, choosing an effective
optimization technique is essential for
maximizing  performance  characteristics.
Several studies have focused on identifying the
best optimization strategies. Multi-criteria
decision-making (MCDM) approaches are
necessary for selecting optimal control
parameters to achieve improved performance
characteristics in the PMEDM process,
especially when dealing with conflicting
features.A fuzzy-based grey relation analysis
(GRA) algorithm has successfully identified the
optimal material removal rate (MRR) and tool
wear rate (TWR). The results indicated that all
control parameters and their combinations
significantly affect the MRR, except for the
combination of current (IP) and gap voltage
(VG). In contrast, for TWR, all control
parameters and their combinations significantly
influence the rate, except for pulse-on time
(TON) and the combination of IP and TON
[19].Sivapirakasam et al. (2011) established a
Taguchi-based fuzzy TOPSIS approach to
address  multiple  response  optimization
problems in the green EDM process, where
triangular fuzzy numbers were used to acquire
the weights for different output responses, and
the utmost predicted factor level arrangements
were assigned using the TOPSIS method. This
method's basic philosophy is to choose the finest
alternative with the lowest and greatest distance
from the positive and negative ideal solutions,
respectively [4]. Real-world multi-criteria
decision-making (MCDM) problems often
involve ambiguous, imprecise, and interpretive
data, which complicates the decision-making
process. In evaluating such data, decision-
makers typically account for risk using
linguistic variables like low, high, very high,
and very low. Fuzzy set theory effectively
addresses this ambiguity, allowing for the use of
linguistic variables for generalization [20].
Among the available methods, the TOPSIS
(Technique for Order of Preference by
Similarity to Ideal Solution) approach stands out
as a robust solution for tackling multiple
response optimization problems that involve
both discrete and continuous data across various
industrial applications. However, the TOPSIS

method is the best solution for dealing with
multiple response optimization issues that have
both discrete and continuous data in various
industrial applications. Further, it was witnessed
that the best-chosen option is the one that is
nearby the positive ideal solution (V*) and the
utmost away from the negative ideal solution
(V) [21].

The investigation on several MCDM
approaches revealed that the TOPSIS method is
the most effective method for solving
complicated response optimization problems,
particularly in commercial applications that
involve both discrete and continuous data. It is
clear from the reported literature that very less
research has been done to examine the
combined effects of various tool materials,
varied powder combinations, and variable
concentration dielectric fluids during EDM of
various steel grades. Therefore, the current
study focused on the PMEDM of different steel
alloys viz. American Iron and Steel Institute
(AISI) 1040, European standard (EN) 31, and
High Carbon High Chromium (HCHCr) steel,
using various electrode materials (Mg), various
powder materials (Mp), with adding different
concentration of powder particles in EDM oil
and kerosene, respectively. The effect of
different process parameters viz. current and
pulse on time on PMEDM performance
characteristics was also investigated. Further, a
fuzzy based TOPSIS method was employed to
found optimum set of input parameters which
avails the optimal result of multiple responses
i.e. Ra, MRR, and TWR. The study directly
addresses industry challenges by focusing on
real-world  applications and  optimizing
processes for high-strength materials, which is
crucial for improving manufacturing efficiency.
PMEDM is an advanced machining process
where fine powder particles mixed dielectric
fluid used to enhances the machining process by
improving surface quality of the product which
enhances the service life of the product,
increasing MRR which leads to improve
productivity, and reducing TWR which may
cause for enhancing tool life. All these scenario
leads to optimizing the overall manufacturing
cost of the product.
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2. Experimental setup and methodology
2.1. Experimental setup

The set of 18 experiments were performed
in the MITSUBISHI ELECTRIC (Japan) made
D-7120 die-sink EDM machine in the presence

4 ontroller Unit l

0n >~

Dielectric Tank setup

N

Various suitable conductive  powder
mixed DF was used in the present work, where
a stirrer setup was attached (Figure 2b) to
improve mixing and circulation of the powder
particles into the dielectric media. Figure 3

ielectric Con

\
Figure 2. Illustration of D-7120 Die-sink EDM machine

of EDM oil and kerosene as dielectric media
mixed with different powder particles of
average size 100 micron procured from
SAVEER MATRIXNANO PRIVATE

LIMITED. Figure 2 shows the illustration of
PMEDM process.

\

1040, and HCHCr. Each of the workpiece
sample had the following measurements:
60 x 30 x 10 mm (refer Figure 3). Table 1
displays the chemical configuration of the
various elements in the chosen steel alloys.

depicts the EDMed specimens of EN 31, AlSI

Figure 3. EDMed samples of (a) AISI 1040, (b) EN31, and (c) HCHCr steel alloys

Table 1: Chemical arrangement of following steel alloys

% arrangement

Workpiece
C Mn S P Cr Si Ni Cu Mo
0.400 0.050 0.040
AISI 1040
EN-31 1.100 0.600 0.500 1.400 0.250
HCHCr 1.500 0.060 0.030 0.030 12.000 0.600 0.300 0.250 0.900
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EDM of the foregoing materials is carried
out using three distinct tool materials, where, all
the tools were shaped as cylindrical bar of
diameter 20 mm. The diameter of cylindrical
tools was measured using digital Vernier

calliper (Mitutoyo Japan). Table 2 depicts the
chemical arrangement of the selected tools.
However, the physical properties of selected
powders and Dr are noted in Table 3 and Table
4, respectively.

Table 2: Chemical arrangement of selected tool materials

Tool % arrangement
w Cu Ni Ti Pb C Cr
Cu 99.78 0.045 0.09 0.029 0.044
W-Cu 79.36 19.462 0.121 0.047 0.014 0.026
Graphite 100
Table 3: Physical properties of powder particles
Powder  Density (g/cm?®) Melting point Thermal conductivity Electrical conductivity
(°C) (W/mK) (S-m)
Copper 8.96 1085 385 5.85*107
Chromium 7.18 1857 93.9 0.77*107
Tungsten 19.6 3244 175 1.79*%107
Table 4: Properties of selected dielectric fluids
Dielectric Dynamic Density Breakdown Thermal Specific Dielectric
fluid viscosity (g/mmd) voltage conductivity  heat (J/gK) constant
(g/ms) (kKV/mm) (WImK)
EDM oil 0.92-1.0 1000 65-70 0.606-0.62 4.19 80.4
Kerosene 1.64 781 14-22 0.14-0.149 2.1-2.16 1.8

2.2. Methodology
2.2.1. Design of experiments (DOE)

To perform the set of experiments Taguchi’s
orthogonal array (OA) was used to create design
of experiments (DOE) using Minitab-18
software and Microsoft Excel was used for
implementing the fuzzy TOPSIS method.
Taguchi technique is based on ‘orthogonal
array’, which requires minimum number of
experimental data to demonstrate maximum
information regarding all the control factors that

affects the output responses and design an
optimised setting of control parameters to obtain
the best result possible for the experiments, also
generates mean and (signal to noise ratio) S/N
ratio graph which shows the impact of different
control parameters on the selected responses. In
this analysis, the control parameters and their
levels are displayed in Table 5. The levels of the
input parameters are obtained from pilot study
which helped to identify the range and optimum
setting for each factor.

Table 5: Selection of factors and their levels

S.NO. Control Parameters (units)  Factor Designation Level-1 Level-2 Level-3
1. Dielectric fluid A EDM Qil Kerosene
2. Workpiece B AISI 1040 EN 31 HCHCr
3. Current (A) C 3 5 7
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4. Pulse on time (ps) D
5. Electrode E
6. Types of powder F
7. Powder Concentration (gm/l) G

60 120 180
Copper Tungsten Copper Graphite
Copper Chromium Tungsten

0 5 10

Table 6 lists the series of 18 tests that are
being conducted and includes the mean values
for the measured response variables Ra, MRR,
and TWR. Using Taguchi L18 orthogonal array
allows for the efficient evaluation of multiple
factors (up to 18) with a limited number of
experiments (18 runs), which optimizes

experimental time and cost. The Ra values were
determined using the SJ 210 Mitutoyo portable
surface roughness tester. When the surface
roughness tester's stylus passes over a machined
surface, the average surface roughness value is
measured.

Table 6: Lis experimental design with response variables

T Mean Sg Mean Mean
S.NO: D¢ Mw Ip (A) on Me Mp Cp (g/) MRR TWR
(ns) (Hm) (mm3¥/min)  (mm®%min)

1 EDM oil HCHCr 3 60 Cu Cu 0 3.553 9.321 0.919
2 EDM oil HCHCr 5 120 W-Cu Cr 5 5.633 16.003 0.875
3 EDM oil HCHCr 7 180 Graphite W 10 9.348 32.999 1.560
4 EDM oil EN31 3 60 W-Cu Cr 10 2.677 8.065 0.630
5 EDM oil EN31 5 120 Graphite W 0 9.910 22.992 1.755
6 EDM oil EN31 7 180 Cu Cu 5 10.748 26.149 1.196
7 EDM oil AIS11040 3 120 Cu W 5 4.137 20.893 0.955
8 EDM oil AISI1040 5 180 W-Cu Cu 10 5.983 27.243 0.775
9 EDM oil AISI1040 7 60 Graphite Cr 0 11.798 18.253 1.361
10 Kerosene HCHCr 3 180 Graphite Cr 5 6.932 17.116 1.178
11 Kerosene HCHCr 5 60 Cu w 10 2.278 18.339 0.911
12 Kerosene HCHCr 7 120 W-Cu Cu 0 8.847 17.598 1.399
13 Kerosene EN31 3 120 Graphite Cu 10 6.488 21.383 0.868
14 Kerosene EN31 5 180 Cu Cr 0 12.826 19.270 1.473
15 Kerosene EN31 7 60 W-Cu W 5 5.698 21.313 1.151
16 Kerosene AISI1040 3 180 W-Cu W 0 7.618 16.899 1.153
17 Kerosene AISI1040 5 60 Graphite Cu 5 6.162 20.293 0.836
18 Kerosene AIS11040 7 120 Cu Cr 10 8.332 24.996 1.054

2.2.2. Fuzzy TOPSIS method

A fuzzy-based TOPSIS approach, a multi-
criterion decision-making (MCDM) method,
has been employed to address the multi-
response optimization problem in the PMEDM
process. This approach is particularly useful for
resolving practical issues when individual
preferences are expressed through linguistic
data. The linguistic information was represented
using triangular fuzzy numbers, as illustrated in
Table 7. Four experts—two from industry and
two from academic institutions—contributed to
the decision-making process. As outlined in
Table 8, each decision maker (DM) assessed the
weight of the response variables using linguistic
terms. Table 9 presents the total fuzzy weight
assigned to each response variable.
Furthermore, the linguistic scores from all sets

of response variables (criteria) collected during
each experimental operation (alternative) were
utilized to construct the fuzzy decision matrix
and the normalized fuzzy decision matrix
(NFDM).

Additionally, it was considered that the rates
of each criterion would lead to the identification
of fuzzy positive (V+) and fuzzy negative (V-)
ideal solutions. The closeness coefficients for
each alternative were calculated, allowing for
the determination of the best ranking based on
the specified criteria. In this method, the
weighted performance matrix is measured by
the product of associated weight, NFDM and the
fuzzy waiting of alternatives at the response
variable wij ; wherei=1,2, ...., m,j =1, 2,

.,n, and m signifies the number of
alternatives, and n indicates the number of
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criteria. The NFDM was determined using
equation (1).

xij

1)

TN
In equation (1), x;; signifies the authentic
value of ‘i'th criteria of jth alternative and r;
signifies the equivalent normalized value.
Further, the values of NFDM were multiplied
by the associated weights of each criterion to
produce the weighted performance matrix (W).
Furthermore, the positive ideal value set (W)
and negative ideal value set (W~) were
computed by using equation (2), and (3) [20].

w* = {[max(W;;) j € 3] or [min(W;;) jeJ],i=

1,2,....18} 2
W= ={[min(W;;) j € Ja] or [max(W;;) jeJT], i=
1,2,....18} 3)

where J = {j = 1, 2, and 3|j}: denotes the
greater the better criteria, ' ={j =1, 2, and 3|j}:
denotes the lower the better criteria. In the
existing investigation, MRR is assumed to be
the greater the better type, whereas Raand
TWR are assumed to be the lower the
better types.

Table 7: Linguistic variables for the significance of fuzzy weighting of each criterion [20]

Linguistic Significance

Abbreviation

Fuzzy Scale

Extremely low EL (0,0,0.1)
Very low VL (0,0.1,0.3)
Low L (0.1,0.3,0.5)
Medium M (0.3,0.5,0.7)
High H (0.5,0.7,0.9)
Very High VH (0.7,09, 1)

Extremely High EH (0.9,1,1)

Table 8: Significance of nominated criteria’s (response variables)

Decision Maker

Output response

DM1 DM2 DM3 DM4

Surface Roughness (Ra) VH VH H VH
Material Removal Rate (MRR) VH EH EH VH
Tool Wear Ratio (TWR) H H H

Table 9: Fuzzy weight of nominated criteria’s

Output responses

Fuzzy weight

Surface Roughness (Ra)
Material Removal Rate (MRR)
Tool Wear Ratio (TWR)

0.65, 0.85, 0.975
0.8,0.95,1
0.5,0.7,09

4. Results and discussion

This paper investigates the PMEDM process
and the effect of various control parameters on
different output responses including Ra, MRR,
and TWR.

4.1. Investigation of surface roughness (Ra)

The crater size produced and the dispersion
of recast layer on the machined surface are used
to estimate the surface quality of the EDMed
surface [11, 22]. The experimental results
witnessed that the Ra value of distinct steel
alloys differs within the range of 2.278 um to

12.826 pm that can be professed from main
effect plot (Figure 4).

Figure 4 shows that as Ip and Ton increase,
the Ra value also increases because it has a wide
surface area and strong dispersive energy, which
results in powerful spark and impulsive forces
that grow larger as Ra increases [23].
Furthermore, tungsten (W) powder mixed with
the dielectric resulted in the lowest surface
roughness (Ra), followed by copper (Cu)
powder and chromium (Cr) powder mixed
dielectrics. This can be attributed to the
combined effects of the high density (p) and
thermal conductivity (k) of W particles
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compared to Cu and Cr particles. Higher p and
k lead to smaller craters on the machined
surface, as they influence the plasma generated
and promote a uniform distribution of spark
energy in the machining zone, thereby reducing
Ra [24, 25]. Additionally, increasing the
concentration of powder significantly decreases
Ra. The accumulation of more powder particles
produces shorter pulses even at wider spark
gaps. These short pulses distribute the intensity

of spark energy across multiple locations within
the specified pulse duration, resulting in smaller
and narrower craters on the workpiece surface,
which contributes to a lower Ra. However,
adding excessive powder can complicate the
stirring of the fluid mixture, as the particles tend
to settle in the tank, negatively affecting the
surface properties [25]. Figure 5 displays the
S/N ratio plot for the influence of input
parameters on Ra value.

Mean of Mears

Meanof SNratics

Main Effects Plot for Means
Data Means

i
w
Q.

>

Figure 4. Main effect plot for control parameters (X-axis) on Ra (Y-axis)

Main Effects Plot for SN ratios
Data Means

A A A B B S B s - A
& o o0 #

Signal-to-noise: Smaller is better

Figure 5. S/N ratio analysis for various control parameters on Ra

Ra is minimally influenced by the type of
dielectric fluid (DF), but EDM oil results in a
higher Ra compared to kerosene. This is due to
the faster-moving molecules in EDM oil, which
contribute to increase arcing during the
machining process. As shown in Figure 6, the

W-Cu tool produces a superior surface finish
compared to both the Cu electrode and the
graphite tool. This can be attributed to the lower
electrical conductivity of the W-Cu alloy. The
electrical conductivity of the tool material plays
a crucial role in the EDM process, as it affects
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the characteristics of spark generation. Low
conductivity of the tool electrode causes less
spark intensity, as a result, narrow craters on the
workpiece surface, resulting in low Ra [22].
Additionally; it is shown that PMEDM of an
AISI 1040 steel surface is the best quality
surface, followed by HCHCr steel and EN 31
steel. This may be attributed as the low carbon
and sulphur content present in AISI 1040 steel
which leads to the low production of spark
energy than EN 31 and HCHCr steel and
resulting for low Ra of machined surface [26].

Ra is a significant PMEDM response
variable that has been quantified and indicated
in Table 6. The impact of various control

Powder Concentration 0%

parameters and their significance on the Ra were
assessed using the Analysis of Variance
(ANOVA) approach which is an essential
analytical method for locating significant
components. The ANOVA method's findings
show that the Ip, Ton, Mg, and Cp all have a
sizable impact on the Ra of different steel alloys.
However, it is clear that Dr has the least
significant impact on Ra. Ton (31%), Ir (27%),
and Cp (19%) are possibly the elements that
have the most of an impact on Ra, as seen in
Figure 6. Table 6 shows that the minimum Ra
value of 2.278 um is acquired when machining
HCHCr steel with W powder mixed kerosene
Dr and Cu electrode at 5 An Ip and 60 us Ton.

Workpiece

19% 7%
3% g 27%

13% '

31%

M Dielectric Fluid ®m Workpiece M Current

Pulse On time M Electrode B Powder B Powder Concentration

Figure 6. Percentage contribution of alternative control parameters that influence Ra

Table 10: Analysis of variance for mean of Ra

Source DF Seq SS Adj SS Adj MS F P
DF 1 0.108 0.1079 0.1079 0.21 0.674
Workpiece 2 11.785 11.7849 5.8925 11.24 0.023
Current 2 45,501 45,5009 22.7504 36.06 0.003
Pulse On Time 2 37.800 37.7997 18.8999 43.41 0.002
Electrode 2 17.076 17.0758 8.5379 16.29 0.012
Powder 2 7.432 7.4321 3.7161 7.09 0.048
Powder Concentration 2 34.894 34.8938 17.4469 33.29 0.003

Residual Error 4 2.096 2.0965 0.5241
Total 17 156.692

According to Taguchi, there are two
methods for finishing the analysis. First, the
primary method, which uses analysis of
variance (ANOVA) to process the average of
the repeated runs and the results of a single run.
Applying the S/N (signal-to-noise) ratio for the
identical steps in full analysis is the other
technique that Taguchi strongly recommends
for the multiple runs. The concurrent quality
matrix, or S/N ratio, is linked to the loss

functions. ANOVA is performed to examine the
significance of the control parameters. Table 10
shows the ANOVA table for mean of Ra. Table
10 reveals that the control parameters with p-
value less than 0.05 significantly affect the
multiple output characteristic i.e. Ra value.
From Figure 6 and Table 10 it can be seen that
Ton is the most significant factor influencing
Ra.
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4.2 Investigation of material removal rate
(MRR)

MRR, which measures material erosive rate
during machining and characterises the
effectiveness of the operation, by raising MRR.
Main objective of machining is to boost
productivity and generate value. The value of
MRR can be quantified as the weight difference
between the workpiece before and after
machining as a function of material density (p)
in g/mm? and machining time (t) in minutes
which is shown in Eqgn. (4) [20].
MRR:W%%I (4)
Where, Wo = Workpiece weight before
machining (g), Wf = Workpiece weight after
machining (g)

In general, the chosen material has good
conductivity, hardness, and a high melting
point. The experimental analysis showed that
the MRR value of various steel alloys ranges
from 8.065 mm3/min to 32.999 mm3/min. The
main effect plot Figure 7 shows that increasing
Ip and Ton increases the MRR value
significantly.

This is supported by the observation that
increasing the input pulse (Ip) and pulse-on time
(TON) significantly enhances the spark energy
during the EDM process, leading to a greater
removal of material from both the tool and the
workpiece [27]. Additionally, increasing
powder accumulation improves the material
removal rate (MRR). This improvement occurs
because adding conductive particles to the
dielectric fluid (Dr) facilitates spark gap (Sc)
breakdown and raises the spark gap between
electrodes, reducing the DF's insulating strength
and making short circuits more likely. This
results in rapid sparking and explosive
discharge, which accelerates material erosion
and increases MRR [28]. The influence of
different powder particles on MRR can be
attributed to their physical properties, such as
thermal conductivity, electrical conductivity,
and density. Tungsten and copper, with their
relatively  high electrical and thermal
conductivities, weaken the insulating properties
of the Dr and efficiently dissipate heat,

enhancing material removal [29]. It is often
observed that the graphite tool achieves the
highest removal rate for steel alloys, followed
by the copper tool and the W-Cu tool. This trend
can be traced to the high electrical conductivity
of the graphite tool, followed by copper and then
W-Cu. The increased electrical conductivity of
the tool raises spark intensity, which not only
boosts the removal of workpiece material but
also affects the removal of tool material.

Furthermore, when compared to kerosene
Dr, EDM oil produces a high MRR. In contrast
to EDM oil, kerosene's decomposed carbon
builds up on the workpiece's surface as a carbide
layer. These layers prevent further erosion of
both electrodes, but in the case of EDM oil, a
layer of oxide is formed over the surface of the
workpiece that is easily breakable even at lower
temperatures, increasing the MRR [30].
Furthermore, EDM of HCHCT steel allows easy
material removal, followed by EN 31 and AlSI
1040 steel. This could be due to the high carbon
percentage in HCHCr steel, which was followed
by EN 31 and AISI 1040 steel. Figure 8 displays
the S/N ratio plot for the influence of input
parameters on MRR value.

The ANOVA method can be used to
determine the effect of different control
parameters on the MRR, and their relative
relevance was indeed estimated. The three most
significant variables affecting MRR are the Ip,
Ton, and Mp, as shown in Figure 9. The least
significant element affecting MRR is discovered
to be the kind of Dr. The most significant
variables affecting MRR, as shown in Fig. 9, are
lp (35%), Ton (29%), and Mp (12%),
respectively. Table 6 signifiesthat the
maximum MRR value of 32.999 mm3/min is
achieved while machining HCHCr steel using a
mixture of EDM oil and tungsten powder with a
graphite tool at 7 An Ip and 180 us Ton.

Further, ANOVA is performed to examine
the significance of the control parameters on
MRR. Table 11 shows the ANOVA table for
mean of MRR. Table 11 reveals that the control
parameters with p-value less than 0.05
significantly affect the multiple output
characteristic i.e. MRR value. From Figure 9
and Table 11 it can be seen that Ip is the most
significant factor influencing MRR.
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Figure 7. Main effect plot for control parameters (X-axis) on MRR (Y-axis)
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Figure 9. Percentage contribution of different control parameters persuading MRR
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Table 11: Analysis of Variance for Mean of MRR

Source DF Seq SS Adj SS Adj MS F P
DF 1 1.233 1.233 1.233 0.37 0.573
Workpiece 2 24,728 24.728 12.364 3.76 0.121
Current 2 193.969 193.969 96.985 29.49 0.004
Pulse On Time 2 166.328 166.328 83.164 25.29 0.005
Electrode 2 56.103 56.103 28.051 8.53 0.036
Powder 2 74.964 74.964 37.482 11.40 0.022
Powder Concentration 2 69.662 69.662 34.831 10.59 0.025

Residual Error 4 13.156 13.156 3.289
Total 17 600.143

4.3 Investigation of tool wear ratio (TWR)

There is no dynamic contact between the
electrodes during the EDM process; instead, the
electrodes are eroded by the spark erosion
phenomena [10]. Different tool materials used
in PMEDM procedures exhibit varied degrees of
tool wear because they have different densities,
melting temperatures, electrical conductivity,
and thermal conductivity.

Tool wear rate (TWR) is defined as the ratio
of the eroded volume of tool material to the time
required to machine the workpiece sample,
typically expressed in mm3/min. Experimental
results indicate that the TWR for various steel
alloys ranges from a minimum of 0.630
mm3/min to a maximum of 1.755 mm?3/min.
Figure 10 illustrated that the TWR significantly
rises by increasing Ip and Ton;
whereas, increasing Cp decreases the TWR.
This could be because of the enormous spark
energy generated between the electrodes at high
Ip and Ton. Mixing conductive particles into
dielectric media enhances breakdown across the
spark gap (Sg) and increases the spark gap
between electrodes. This reduces the insulating
strength of the dielectric fluid (Df) and
facilitates easy short circuits. As a result,
immediate explosions and rapid sparking occur
during discharge, leading to accelerated erosion
of the tool material. It can be also seen from Fig.
10 that Cu powder generates least amount of
tool wear, followed by Crpowder and

W powder. Besides, it can be seen that the type
of Dr has no effect on TWR.

Furthermore, graphite tool removes the
maximum tool material, preceded by Cu and W-
Cu tool materials [15]. This could be validated
in the same way that the influence of tool
material on MRR could be. Besides, TWR is
high during EN 31 machining, preceded by AISI
1040 and HCHCr steel. Figure 11 displays the
S/N ratio plot for the influence of input
parameters on TWR value.

The ANOVA approach's findings indicate
that Cp, Ip, Ton, and Me have the greatest effects
on TWR. However, it is discovered that DF has
the least impact on TWR. The most important
variables that affect TWR, according to
Figure 12, are Cp (32%), Ip (25%), and Ton
(15%). According to Table 6, during machining
HCHCr steel with a graphite tool at 7 An Ip and
180 us Ton While using tungsten powder mixed
EDM oil, the minimal TWR of 0.630 mm*/min
IS reached.

Further, ANOVA is performed to examine
the significance of the control parameters on
TWR. Table 12 shows the ANOVA table for
mean of TWR. Table 12 reveals that the control
parameters with p-value less than 0.05
significantly affect the multiple output
characteristic i.e. TWR value. From Figure 12
and Table 12 it can be seen that powder
concentration is the most significant factor
influencing TWR.
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Figure 12. Proportion contribution of different control parameters effecting TWR
Table 12: Analysis of Variance for Mean of TWR

Source DF Seq SS Adj SS Adj MS F P
DF 1 0.00000 0.000000 0.000000 0.00 0.995
Workpiece 2 0.07983 0.079828 0.039914 5.33 0.075
Current 2 0.34007 0.340067 0.170033 22.69 0.007
Pulse On Time 2 0.20671 0.206708 0.103354 13.79 0.016
Electrode 2 0.21453 0.214533 0.107266 14.32 0.015
Powder 2 0.18853 0.188531 0.094265 12.58 0.019
Powder Concentration 2 0.48673 0.486726 0.243363 32.48 0.003

Residual Error 4 0.02997 0.029970 0.007492
Total 17 1.54636
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4.4 Multi-response optimization

Furthermore, the multiple responses are
optimised using the TOPSIS algorithm, which is
based on fuzzy logic. As discussed in the
previous section, the fuzzy TOPSIS method
quantifies the closeness coefficient (CC;) value
for each trial of the Lig OA.

The findings of all CCi values from all 18
trials are shown in Table 13, which
demonstrates that experiment No. 8 yields the
greatest CCi value. Thus, among the 18 tests,
experiment No. 8's control factor configuration
ensures the best value of controls for the
anticipated response variables. The control
factors setup of experiment No. 8 thus offers the
finest multiple performance characteristic
among the aforementioned 18 experiments and
is ranked first. Similar to this, the CCi values of
all 18 studies were ranked in decreasing order.
As per the ranking of all 18 experiments noted
in Table 13, the optimum machining
performances for the powder mixed EDM (Ra=
5.9830 pm, MRR= 27.2428 mm?%min, and
TWR= 0.7745 mm®min) were obtained for
EDM oil (Al), AISI 1040 steel (B3), 5 An Ip
(C2), 180 ps Ton (D3), W-Cu tool (E2), copper

powder (F1), and 10 g/lit powder concentration
(G3). Lower values of Ra (surface roughness)
and TWR (tool wear rate) are desirable, while a
higher MRR (material removal rate) is also
sought, creating a conflict among these response
variables. To find the optimal values for these
conflicting outputs, it’s essential to consider the
perspectives of multiple decision-makers
regarding the importance of each response.
According to Table 8, MRR is identified as the
most critical response variable, followed by
surface roughness and then TWR. However,
from the above study it was witnessed that Ton,
Ip, and Cp were the most affecting factors to
fulfil the desired output responses. Therefore,
the optimum value of multiple responses was
noted at high Ton, moderate Ip, and high Cp.
Furthermore, using copper powder mixed with
EDM oil is most effective for optimizing
multiple response variables. Copper powder
offers moderate Ra and MRR while achieving
the lowest TWR. Meanwhile, EDM oil results in
lower Ra and higher MRR compared to
kerosene dielectric fluid, although it has a
negligible effect on TWR. This combination
allows for a well-rounded performance in the
machining process.

Table 13: Values of CC; of 18 set of trials and their Ranks

- Current T Concentration Clos?ness
S.NO: DF Workpiece ON Electrode Powder coefficient Rank
) (9/) (cCy
1 EDM oil HCHCr 3 60 Cu Cu 0 0.5348 10
2 EDM il HCHCr 5 120 W-Cu Cr 5 0.5657 8
3 EDM oil HCHCr 7 180 Graphite W 10 0.5221 11
4 EDM oil EN31 3 60 W-Cu Cr 10 0.6073 6
5 EDM oil EN31 5 120 Graphite w 0 0.3568 18
6 EDM oil EN31 7 180 Cu Cu 5 0.4897 12
7 EDM oil AISI1040 3 120 Cu w 5 0.6629 3
8 EDM oil AIS11040 5 180 W-Cu Cu 10 0.7301 1
9 EDM oil AISI1040 7 60 Graphite Cr 0 0.3672 16
10 Kerosene HCHCr 3 180 Graphite Cr 5 0.4782 13
11 Kerosene HCHCr 5 60 Cu w 10 0.7017 2
12 Kerosene HCHCr 7 120 W-Cu Cu 0 0.3936 15
13 Kerosene EN31 3 120 Graphite Cu 10 0.6103 5
14 Kerosene EN31 5 180 Cu Cr 0 0.3501 17
15 Kerosene EN31 7 60 W-Cu w 5 0.5727 9
16 Kerosene AISI1040 3 180 W-Cu w 0 0.4635 14
17 Kerosene AISI1040 5 60 Graphite Cu 5 0.6133 4
18 Kerosene AISI1040 7 120 Cu Cr 10 0.5612 7
4.5 Investigation of white layer and micro- dimensions, microhardness (MH), and Ra

cracks

White layer
formation and

thickness, recast layer
size, fracture and crater

(surface roughness) are common metrics for
assessing surface quality in EDM processes
[31]. The surface morphology of the EDMed
sample has been evaluated using scanning
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electron microscopy (SEM) scans from an FEI
Nova Nano SEM 450. According to the SEM
data, the mixture of powder and dielectric fluid
(DF) significantly reduces Ra and results in the
formation of a white layer along with small
cracks on the EDMed surface [12]. Figure 13 (a)
and (b) illustrates SEM micrographs of HCHCr
steel machined surfaces during two randomly
selected experiments i.e. experiment no. 2 and
experiment no. 3 respectively. Both the

experiment was selected randomly and deals
with the machining of HCHCr steel using EDM
oil at different levels of Ip, Ton, and Cp. Fig. 13
(@) shows a thick and irregular white layer
formation and uniformly distributed globules
when compared with Figure 13 (b). This may be
due to the low energy produced at low level of
Ip and Ton Which causes for less Ra but leading
to thick and irregular white layer on machined
sample [32].

Flgure 13. IIIustrates the SEM images (100 um) of HCHCr machlned (a) using 5 g/L chromium powder mixed
EDM oil and W-Cu electrode at 5 A Ip and 120 ps Ton and (b) using 10 g/L tungsten powder mixed EDM oil and
graphite electrode at 7 A lp and 180 ps Town

It is evident from Figure 14 (a) and (b) that
experiment number 2 results in the formation of
thin,  discontinuous  fractures,  whereas
experiment number 3 results in thicker,
continuous cracks. This might be a result of the
experiment number three's high Ip (7 A) and
high Ton (180 us) ngh dlscharge energy
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generated across the spark gap resulted in higher
Ip and Ton. The thicker and continuous fractures
on the machined surface were formed as a result
of the higher discharge energy's strong

discharge impact force on the workpiece surface
[11].

White layers

Compound formation

p—

Figure 14. Illustrates the SEM images (20 pm) of HCHCr machined (a) using 5 g/L chromium powder mixed EDM
oil and W-Cu electrode at 5 A Ip and 120 ps Ton and (b) using 10 g/L tungsten powder mixed EDM oil and graphite
electrode at 7 A lp and 180 us Ton

From Figure 15 (a) a high recast layer can
be observed as compared to the Figure 15 (b).
This may be attributed to inadequate cooling of
HCHCr steel when using chromium powder
mixed with EDM oil. Since chromium powder
has lower thermal conductivity compared to

tungsten powder, it leads to slower cooling of
the EDMed surface. This slower cooling process
results in the formation of a thicker recast layer,
as observed in the analysis. From Figure 15 (b)
the enlargement of cracks can be observed as the
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concentration of powder increased which causes
widening of the discharge column.
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Figure 15. Illustrates the SEM images (20 ) of HCHCr steel

méchined‘»(raA) usihd é_g/L chromium powder mixed

EDM oil and W-Cu electrode at 5 A Ip and 120 ps Ton and (b) using 10 g/L tungsten powder mixed EDM oil and
graphite electrode at 7 A lp and 180 ps Town

The PMEDM process on the machined
surface was analyzed using X-ray diffraction
(XRD). The composite XRD pattern in Fig. 16
(a) reveals the presence of chromium powder in
the EDM oil and W-Cu tool used for machining
HCHCr steel, alongside copper and tungsten

[2]
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particles, as well as iron and chromium carbides
(FesC and Cr3C:). While tungsten powder may
also have been present in the EDM oil and
graphite tool, Fig. 16 (b) indicates the presence
of iron carbide (FesC), chromium carbide
(Cr:C2), and particles of carbon and tungsten.
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Figure 16. lllustrates XRD images of HCHCr steel machined (a) using 5 g/L chromium powder mixed EDM oil and
W-Cu electrode at 5 An lp and 120 s Ton and (b) using 10 g/L tungsten powder mixed EDM oil and graphite electrode
at 7 Alpand 180 ps Ton

5. Conclusion

This paper presents a comprehensive study
investigating the influence of different powder-
mixed dielectrics, tool materials, and machining
parameters during the EDM of various steel
alloys. Additionally, a multi-criterion decision-
making (MCDM) technique is employed to
identify the optimal arrangement of process
parameters for achieving the best performance
characteristics. The findings offer valuable
insights into the machining of different steel
alloys using the PMEDM process.

The current work clarifies the multi-
response optimization problem during the

PMEDM of various steel alloys, including AlSI
1040, EN 31, and HCHCTr, using a fuzzy-based
TOPSIS technique. Numerous experiments
demonstrated the effects of electrical
conductivity of the workpiece, tool, and powder,
as well as the influence of pulse-on time (TON),
input pulse (IP), and machinability during the
PMEDM process. It was found that the Ra,
MRR, and TWR were significantly affected by
the physical characteristics of the powder
particles and their concentration in the dielectric
medium. Interestingly, the type of dielectric
medium had the least impact on Ra, MRR, and
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TWR. The results of the current experimental
investigation are as follows:

Vi.

. The maximum material

The lowest Ra value of 2.2781 pm was
achieved when machining HCHCr steel
with a copper tool at 5 A IP and 60 ps TON,
using a tungsten powder mixed with
kerosene dielectric fluid.

removal rate
(MRR) of 32.9992 mm3/min was obtained
during the EDM of HCHCr steel using a
tungsten powder mixed EDM fluid and a
graphite tool at 7 An IP and 180 pus TON
The lowest tool wear rate (TWR) was
recorded when using a graphite tool for
EDM on HCHCr steel at 7 An IP and 180
pus TON, with the lowest TWR value of
0.6295 mm3/min measured while using
EDM oil combined with tungsten powder.
The fuzzy TOPSIS results indicated that the
control parameter setting of
A1B3C2D3E2F1G3 from experiment
number 8 yields the optimal values for
multiple responses (Rank 1). In this
experiment, the best recorded values were
Ra=5.9830 um, MRR = 27.2428 mm3/min,
and TWR = 0.6295 mm3/min.

It can be seen from the surface morphology
that increasing the current from5 Ato 7 A
and Ton from 120 ps to 180 us causes the
surface of the EDMed sample to develop
deep, and continuous fractures as well as
thin white layers. The Ra of the EDMed
sample has increased as a result of these
large cracks.

On the machined surface of HCHCr steel,
SEM investigation revealed the presence of
iron carbide (FesC) and chromium carbide
(CrsC2) components together with some
foreign elements including copper and
tungsten.

6. Limitations and Future Scopes

everything,

Every benefit of any process, and indeed
comes with its own set of

constraints. As a result, this process has some
limitations as well, which are outlined below:

1. This study is focused on the influence of

several input parameters on major EDM
responses such as Ra, MRR, and TWR.

. The

However, effect of input parameters on
micro-hardness can also be performed in
future work.

In this study authors investigated the effect
of different powder particles on EDM
performance characteristics. However, the
effect of particle size can be investigated in
further study.

. This work focused on the machining of

various steel alloys i.e. conductive
materials. However, machining of low
conductive and insulating materials using
EDM process can be performed in further
study.

In this study the metallurgical
characteristics of machined surface is not
been considered. It can be the part of the
further analysis of this work by performing
microstructural and EDS analysis.
membership function and
defuzzification method can be considered
for future research work.

. Post-hoc tests (e.g., Tukey's HSD) can be

performed to identify  significant
differences between factor levels.
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