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Abstract: Electrical discharge machining (EDM) has emerged as a pivotal non-conventional produc-
tion technique due to its unique capability to machine without the cutting tool’s physical contact
with the workpiece, making it apt for brittle, delicate, and complex materials. This research delved
into the influence of operational parameters—pulse duration (Ton), peak current (Ip), duty cycle (T),
and gap voltage (Vg)—on machining attributes, namely material removal rate (MRR), electrode wear
rate (EWR), and radial overcut (ROC) for AISI D2 steel. Utilizing the Taguchi L9 orthogonal array for
experimental design, nine experiments were conducted, followed by signal-to-noise ratio (S/N ratio)
computations. Key findings highlighted a 4.02 dB improvement in the S/N ratio for MRR, leading
to a 29.13% improvement; a 10.35 dB enhancement in the S/N ratio for EWR, resulting in a 33.33%
reduction; and a 2.20 dB increase in the S/N ratio for ROC, leading to a 28.57% increment. ANOVA
analyses further underscored the predominant influence of all four parameters. The significance of
these findings lies in optimizing the EDM process for increased efficiency, reduced tool wear, and
enhanced precision, potentially leading to cost savings and improved production quality in industrial
applications.

Keywords: electrical discharge machining; dielectric medium; non-conventional machining; process

parameters; material removal rate

1. Introduction

Many conventional techniques of cutting cannot be employed as they would damage
the expensive material [1]. Electrical discharge machining (EDM), also called the non-
conventional machining process, harnesses electrical energy to produce sparks that erode
material [2,3]. In this process, the tool approaches the material, establishing a specific
gap. This gap is crucial for the ionization of the dielectric with the desired voltage [4].
The absence of direct tool-to-workpiece contact ensures there are no mechanical stress,
chatter, or vibration problems during machining [5,6]. EDM’s erosion mechanism primarily
capitalizes on converting electrical energy into thermal energy, utilizing the dielectric liquid
medium [7,8]. The plasma channel, formed between the cathode and anode, becomes
heated to temperatures between 8000 and 12,000 °C. This process involves voltage pulses
that lead to the dielectric fluid’s electrical breakdown, necessitating high-voltage current
for discharge [9-11].

The essential components of EDM include EDM circuits, a dielectric unit, and a
servo feed control system [12]. Each of these components plays a crucial role in ensuring
the efficiency and precision of the EDM process [13]. Several parameters influence the
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EDM process, including pulse duration, pulse interval, electrode gap, duty cycle, and
polarity [14,15]. These parameters, particularly electrical ones like pulse duration and
interval, are integral to achieving optimal machining results [16-18]. Primarily, there are
two types: die-sinking EDM and wire EDM [19]. Both serve specific purposes and have
unique advantages suited to varied manufacturing needs [20,21].

EDM'’s advantages range from crafting complex shapes [22] and machining tough
materials [23] to ensuring high precision [24]. However, it is not without drawbacks,
including slow material removal rates and high power consumption. EDM’s applications
span various industries, from aerospace to automotive R&D [25,26]. Its ability to machine
hard materials and deliver precision makes it a staple in modern manufacturing [27-29].
With the growing demands of precision, efficiency, and versatility in the manufacturing
world, understanding and optimizing EDM’s parameters becomes paramount [30]. This
project aims to delve into this aspect, seeking optimal parameters for machining D2 steel
with EDM.

EDM has gained significant attention in recent years. Researchers globally have
endeavored to enhance and understand its process parameters [31,32]. This literature
review collates such findings, offering insights into the diverse parameters affecting EDM’s
output and efficiency. Several studies highlight the importance of process parameters
in influencing the outcome of the EDM process [33-35], particularly in terms of material
removal rate (MRR), electrode wear rate (EWR), and rate of cut (ROC).

The inspection of MRR, roughness of the surface overcut, along with clearance, was
performed by change of input factors such as voltage, current values, time (pulse on),
and electrode distance [36]. The performance parameters of the Ti-6Al-4V alloy were
measured utilizing a maglev EDM operation with bio-dielectrics made of canola and
neem oils. Comparing the outcomes for each bio-dielectric at different discharge voltages
(22, 25, and 28 V) while varying the discharge current (220-250 mA) was performed. In
comparison to EDM oil, the performance assessment shows (25-28) lower SE consumption
in neem oil and (35-37) in canola oil. Using bio-dielectrics, the examination of surface
morphology shows reduced deformities and improved homogeneity [37]. According to
research, composite coatings over the electrode have lower weldability and a lower tool
wear rate than other metals. They also increase conductivity and can be flushed and
correctly sliced. [38]. Research shows that using certain additives in the dielectric that
combine with the dielectric improves dimensional accuracy, minimizes tool wear rates, and
boosts the surface smoothness of the machined specimen [39].

This research holds immense relevance as EDM becomes increasingly integral in in-
dustries, especially when dealing with materials like D2 steel [40]. In this study, the authors
investigated the effects of key EDM parameters on D2 steel machining characteristics. The
parameters include pulse duration (ranging from 80 ps to 160 ps), peak current (from
10 A to 18 A), duty cycle (7% to 13%), and gap voltage (55 V to 65 V). These parameters
were chosen based on their significant impact on outcomes like the material removal rate,
electrode wear rate, and radial overcut, providing insights into the optimal conditions for
the EDM machining of D2 steel.

The insights gained will be invaluable for industries aiming for economic efficiency,
better production rates, and time conservation [41-43]. While much has been studied
about EDM, there remains a gap in understanding the optimal parameters for machining
specific materials like D2 steel. This project aims to fill this gap, striving to pinpoint pa-
rameters that maximize efficiency and precision, thereby benefitting industries extensively
using EDM.

2. Materials and Methods
2.1. Materials
The investigation employed D2 steel measuring 90 x 70 mm with a depth of

10 mm. D2 AISI is a high-carbon, high-chromium metal crafted for functions necessi-
tating superior wear or abrasion resistance and resilience to significant pressure rather
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than abrupt impacts. Due to these attributes and its stability against deformation, D2
AISI stands unparalleled for die tasks in extended production sequences. Predominantly,
it is an oil-hardening material, and it solidifies profoundly. D2 AISI metal is also recog-
nized as 1.2379 and is an air-hardening, high-carbon, high-chromium instrument metal. It
showcases exceptional resistance to wear and possesses favorable dimensional consistency
and elevated compressive robustness. It achieves a hardness spectrum of 58-62 HRC [44].
Given its resistance to abrasion in the solidified state, the machining of D2 AISI tends to
focus on surface refinement. Its mass is approximately 7700 kg/m?. The constituents of
AISI D2 steel are delineated in Table 1.

Table 1. The composition of AISI D2 Steel.

Elements Weight (%)

Carbon 14-1.6

Chromium 11-12

Molybdenum 0.70-1.20

Manganese 0.6
Silicon 0.6

Phosphorus 0.030
Sulfur 0.030

The corrosion coating was eliminated through grinding to enhance the conductivity of
the D2 AISI steel sheet. Mechanical attributes refer to those characteristics that demonstrate
the flexible or inflexible response of a substance when exposed to forces encompassing
bending, fragility, stretching, rigidity, and tensile robustness. Other attributes related to
thermal or procedural aspects are elaborated upon in Table 2.

Table 2. Mechanical, thermal, and processing properties of AISI D2 steel and copper tool electrodes

are mentioned.

Properties Values
Rockwell Hardness, C (AISI D2 Steel) 58-62 HRC
Strength (AISI D2 Steel) 600-700 MPa
Yield Strength (AISI D2 Steel) 400 MPa
Elastic Modulus (AISI D2 Steel) 190-210 GPa
Specific Gravity (AISI D2 Steel) 7.87
Density (AISI D2 Steel) 7700 kg /m3
Electrical Resistivity (AISI D2 Steel) 54.8 pOhm-cm at 21 °C
Elongation at Break (AISI D2 Steel) 4-10%
Poisson Ratio (AISI D2 Steel) 0.27-0.30
Machinability (AISI D2 Steel) Fair to Poor
Melting Point (AISI D2 Steel) 1510 °C
Forging (AISI D2 Steel) 1050 °C-900 °C
Annealing (AISI D2 Steel) 850 °C
Rockwell Hardness, B (Copper tool) 45 HRB
Tensile Strength (Copper tool) 210-345 MPa
Yield Strength (Copper tool) 115-125 MPa
Elastic Modulus (Copper tool) 117 GPa
Specific Gravity (Copper tool) 8.96
Electrical Resistivity (Copper tool) 1.70 x 10° Q cm at 20 °C
Elongation at Break (Copper tool) 40%
Poisson Ratio (Copper tool) 0.20-0.30
Machinability (Copper tool) Excellent
Heat of Fusion (Copper tool) 204.8]/g
Heat of Vaporization (Copper tool) 5234]/g
Specific Heat Capacity (Copper tool) 0.385]/g-°C
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A round copper (Cu) electrode, measuring 9.60 mm in diameter, was used for EDM,
as depicted in Figure 1. Copper is a remarkable electrical conductor, possessing minimal
electrical resistance approximated at 1.70 x 10® Q) cm. This limited resistance denotes
that electricity can flow through Cu efficiently at a significant pace. Copper also boasts
notable corrosion resistance, non-magnetic properties, pronounced metallic sheen, elevated
ductility, and also functions as a potent antimicrobial agent. Comprehensive specifications
about Cu’s mechanical and thermal attributes are also presented above in Table 2.

Figure 1. Tool electrode used in machining.

2.2. Methods
Design of Experiments and Research Methodology

Machining tests were conducted utilizing a CNC die-sinking EDM (17U4558)
(AgieCharmilles, Geneva, Switzerland) with kerosene oil serving as the dielectric. Both
electrodes (the tool and the workpiece) were submerged in a kerosene environment under
reverse polarity configuration, with the intricate machining arrangement. The choice of
kerosene as the dielectric fluid in this study, despite mineral oil being more promising from
a technological and environmental standpoint, was driven by a specific research interest.
Kerosene, being less expensive than mineral oil, is widely used in various industrial set-
tings. Our study aims to analyze the interaction of AISI D2 steel and copper electrodes in
the context of kerosene as the dielectric medium, which has not been extensively studied
before. This approach provides a unique perspective on the EDM process using a more
cost-effective medium, contributing to the body of knowledge in EDM research. The EDM
machines used in this research are shown in Figure 2.

Figure 2. EDM machine used in research.
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While the comprehensive factorial design offers an in-depth comprehension of the
implications of processing, it demands significant financial and temporal resources. In
contrast, Taguchi’s fractional factorial design facilitates a detailed evaluation, optimizing
time by curtailing the number of tests yet sustaining a commendable precision [45]. Conse-
quently, the Taguchi fractional factorial design (L9 orthogonal array) was chosen for the
planning of the machining trials, delineated in Table 3. Prior to conclusive experimentation,
preliminary tests and an exhaustive review of the literature were undertaken to discern the
levels of parameters and their respective influences on machining.

Table 3. Experiments and their results with D2 Steel.

Ip (A) Vg(V)  Ton(us)  T(%) (g“gilfﬂ (gE/glli ) _
10 55 80 7 00713 000228 0212
10 60 120 10 0.0927 0.00494 0.2042
10 65 160 13 0.10039 0.006471 0.2204
14 55 120 13 0089356 0001544 02183
14 60 160 7 005306 00035294 0223
14 65 80 10 0.113906 0.00634 0.2567
18 55 160 10 00642 00003718 02292
18 60 80 13 0.112 0.0032158 0.25
18 65 120 7 0.089022 0.0055 0.285

The machining setup consists of fundamental visual representations pertaining to die-
sinking electrical discharge machining (EDM), the workpiece, and the tool electrode. The
study incorporated various process characteristics, including pulse on time (Ton) measured
in seconds, peak current (Ip) measured in amperes, duty cycle (T) without any unit, and
gap voltage (Vg) measured in volts, whereas the output responses were comprised of radial
overcut (ROC, mm), electrode wear rate (EWR, mm?/min), and material removal rate
(MRR, mm?3/min).

The MRR and EWR computations were conducted by gathering machining data
pertaining to cycle duration, workpiece mass, and tool electrode measurements prior to
and following each machining cycle. The radial overcut was measured using the Chen
Wei GS5-121510, a three-axis coordinate measuring machine (CMM) (THOME Prézision
GmbH, Messel, Germany). The equations for measuring ROC, EWR, and MRR have been
mentioned.

roC = (Pn—De) > D) 1)
Ve

EWR = — &)
_ W

MRR = — ©)

The symbols Dy, and D, are used to represent the diameters of the machined hole and
tool electrode, respectively. The variable V, denotes the volume of the eroded electrode
in grams, while V), represents the volume of the drilled hole in the workpiece in grams.
And mb and ma are used to denote the mass of the work material before and after the
complete machining cycle, respectively. Lastly, T represents the duration of the machining
cycle required for each experimental run. The weight of the workpiece and tool electrode
was determined using a Denver instrument T-214 (Antylia, Shanghai, China), which is a
highly exact electronic scale. The occurrence of spark erosion in AISI D2 steel is visually
depicted in Figure 3, providing a physical representation of this process [46,47].
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Figure 3. The phenomenon of spark erosion in AISI D2 Steel.

3. Results and Discussion
3.1. Taguchi Procedure

The deviation function utilized by Genichi Taguchi [48] denotes the difference between
actual and target values in terms of the signal-to-noise metric. This proportion of averages
to variability is represented by the S/N indicator. This study indicates that improving
surface integrity is achieved by reducing MRR, EWR, and ROC [49]. The results and trials
are showcased in Table 3. Minitab 21.3 served as the tool for performing the Taguchi
evaluation. To enhance the precision of our experiment, we employed the Taguchi L9
orthogonal array for experimental design. This method effectively balances the intricacy of
a comprehensive factorial design with the practical constraints of time and resources. By
selecting key parameters like pulse duration, peak current, duty cycle, and gap voltage, we
were able to systematically evaluate their impact on crucial machining attributes such as
MRR, EWR, and ROC.

3.2. Effects of the EDM Parameters on MRR

Electrical discharge machining (EDM) is a well-recognized machining technique
known for its capability to shape hard metals and alloys which are electrically conductive.
The efficiency of the EDM process largely hinges on the optimization of its operating
parameters. In the context of the present study, the primary EDM parameters explored
include Ip (Amp), Vg (volt), Ton (us), and T.

For instance, in the EDM process, the parameter Ip (Amp) denotes the current pulse,
which is vital for discharging energy. An inadequate current pulse would not provide
sufficient energy for material removal [50], while an excessive pulse might lead to unnec-
essary energy consumption and potential damage to the workpiece. Therefore, based on
initial testing, the parameter values for Ip were determined to be set within a feasible and
efficient range.

The results demonstrate that there are notable variations in MRR when different EDM
parameters are manipulated. To be precise:

e  Varying the Ip (Amp) led to a change in MRR. The delta value associated with Ip was
found to be 0.00297, placing it at rank 4 in terms of its significance on the MRR.

e  Altering the Vg (volt) demonstrated a clear impact on the MRR. With a delta value of
0.02615, Vg ranks third in terms of its influence on MRR.

e  Ton (us), the on-time duration of the pulse, was also instrumental. Its change led to a
delta value of 0.02652, making it the second most significant parameter affecting MRR.

e  The parameter T emerged as the most critical, with the highest delta value of 0.02945,
ranking it first in significance.

These findings emphasize the paramount importance of the parameter T in the EDM
process, with other parameters like Vg and Ton also playing significant roles [51]. In
contrast, Ip has the least influence on MRR among the considered parameters [52-54].
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The chosen parametric values were derived from thorough preliminary experiments
to ascertain optimal settings for the EDM process. Lower or higher values were initially
considered; however, they were either found inefficient or posed potential risks to the
machining process. The selected parameters ensure a balance between efficiency and safety,
providing optimal MRR while preserving the integrity of the machine and the workpiece.

In the context of the EDM machining of AISI D2 steel, the parameter Ip, representing
the current pulse, is crucial for understanding the spark’s energy. The energy of each
spark in EDM is given by the equation E = I> x R x t, where E is the energy, I is the
current, R is the resistance, and t is the time duration of the current pulse. This equation
illustrates that the energy of each spark is proportional to the square of the current (I?),
indicating a quadratic relationship between current and spark energy. As the current
pulse (Ip) increases, the energy of the spark is significantly enhanced due to this quadratic
relationship, leading to a higher material removal rate (MRR) as more material is removed
per spark. However, the influence of Ip on the overall process is relatively less profound
compared to other parameters, as indicated by its delta value of 0.00297, placing it fourth
in terms of significance. This lesser influence is attributed to the complex interplay of
various factors in EDM, where other parameters may have a more dominant impact on the
machining outcomes despite the critical role of Ip in determining spark energy.

Vg, representing the gap voltage between the tool and the workpiece in the EDM
process, exhibits a nuanced relationship with MRR. An optimal voltage is crucial for
efficient material removal. If the voltage is too low, it might not provide the requisite
energy [15]. However, if it is excessively high, it can lead to arc discharges, detrimental
to the machining process [55]. The voltage essentially determines the potential difference
across the gap. This potential difference, in turn, dictates the energy of the spark. But one
must tread cautiously, as excessively high voltages can introduce unstable discharging,
causing inconsistencies in the material removal process.

Ton, the on-time duration of the pulse, is another significant parameter. By increasing
Ton, the MRR generally witnesses an upsurge. The underlying reason is that the longer
the pulse’s duration, the more time the spark has at its disposal to erode the material.
As a consequence, MRR increases. However, there is a caveat. If pulses are excessively
prolonged, they might result in over-eroding, producing craters larger than desired [56].

In Table 4, T represents the duty cycle, a critical parameter in EDM. It refers to the
percentage of time in a machining cycle during which the current is actually applied to
the electrode. The values in Table 4 reflect the different duty cycle settings used in our
experiments, ranging from 7% to 13%. The phrase ‘duration of the machining cycle’ refers
to the total time for each experimental run, within which the duty cycle is applied as per the
settings in Table 4. This clarification emphasizes the role of the duty cycle in determining
the duration and efficiency of each machining operation. In contrast, an overly prolonged
duty cycle can induce overheating or excessive erosion [57]. The paramount importance
of T is underscored by its highest delta value of 0.02945, emphasizing the significance of
maintaining a harmonious balance between spark energy and cooling intervals. It can be
seen in Figure 4.

From the plot in Figure 5, it is evident that there are pronounced interactions among
all the parameters. For instance, at high Vg levels, the material experiences increased
energy, and when combined with different levels of Ip, there is a discernible change in the
MRR. Similarly, low levels of Ton indicate shorter pulse durations which, when paired
with varying T values, results in notable variations in the MRR. Such interactions suggest
that individual parameter settings do not operate in isolation; instead, their combined
effect influences the material removal rate. At elevated Vg levels, the potential difference
across the EDM gap increases, resulting in a higher discharge energy that intensifies the
erosion process. When the Ip parameter varies, it modulates the energy per discharge,
directly influencing the MRR. The pulse-on time, Ton, correlates to the duration of energy
application; shorter Ton leads to less energy transfer per cycle but may increase the number
of discharges over time when T, the duty cycle, is varied. These parameters synergistically
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affect the thermal and kinetic energies imparted to the workpiece, which are crucial in
determining the MRR [58].

Main Effects Plot for Means
Data Means
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Figure 4. MRR influenced by EDM equipment configurations.
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Figure 5. Interactions on MRR influenced by EDM equipment configurations.

3.3. Effects of the EDM Parameters on EWR

The electrode wear rate (EWR) is another critical performance metric in the electrical
discharge machining (EDM) process. It quantifies the rate at which the tool electrode wears
out during the machining process. An optimal EWR ensures the precision and longevity of
the tool electrode, resulting in consistent machining performance [59,60]. In the realm of
this research, the EDM parameters, namely, Ip (Amp), Vg (volt), Ton (us), and T, have been
investigated for their influence on EWR.

A systematic study of the provided data tables and the interaction plot (as illustrated
in Figure 6) reveals insightful patterns pertaining to the effects of these parameters on EWR.
The highlights of these findings are detailed below:

e Ip (Amp): Representing the current pulse, this parameter has a prominent influence on
EWR. Based on the provided response table, Ip exhibits a delta value of 0.001534. The
rank associated with Ip is 2, signifying that it is the second most influential parameter
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Mean of Means

on EWR. When EDM is employed on AISI D2 steel, an increase in Ip generally leads
to an accelerated wear rate of the electrode [61], attributed to the enhanced energy of
each spark due to the heightened current.

Vg (volt): This parameter, symbolizing the gap voltage between the tool and workpiece,
has the most profound impact on EWR. With a delta value of 0.004705, Vg is ranked
first in its influence on EWR. The relationship between Vg and EWR is intricate; a
precise voltage is pivotal for maintaining tool wear at an optimal level. Elevated
voltages can lead to intense spark energies, causing faster wear, whereas too low
voltages might not facilitate the desired material removal, causing longer machine
running times and subsequently more tool wear.

Ton (us): Denoting the on-time duration of the pulse, this parameter also showcases
an influence on EWR. A delta value of 0.000537 places Ton in the third rank. When
Ton is increased, there is an extended duration of spark activity, which might result in
a higher wear rate. This is due to the extended time the spark interacts with both the
workpiece and the tool electrode, enhancing material and tool wear, respectively [62].
T: The duty cycle parameter, T, exhibits the least influence on EWR among the con-
sidered parameters. Its delta value stands at 0.000140, ranking it fourth. While T
significantly impacts MRR, its influence on EWR is subdued. This underscores the fact
that while longer duty cycles can result in enhanced material removal, they do not
necessarily correlate to a proportionate increase in electrode wear [63].

Main Effects Plot for Means

Data Means
Ip (Amp) Vg (volt) Ton (us) T
0.006 ?
0.005
L ]
0.004 o é - —o SR —
L]
0.003 b4

0.002

0.001
10 14 18 55 60 65 80 120 160 7 10 13

Figure 6. Interactions on EWR influenced by EDM equipment configurations.

From the plot presented in Figure 7, it is evident that there are pronounced inter-

actions among the parameters, primarily between Ip, Vg, Ton, and T. Here is a detailed
interpretation of the interactions:

Ip (Amp) vs. Vg (volt): As Vg increases, the removal rate (EWR) for different levels of
Ip shows varying behavior. Specifically, at an Ip of 10 Amps, there is a slight increase
in EWR as Vg increases. However, at higher Ip levels (14 and 18 Amps), there is a
decline in EWR with increasing Vg.

Ip (Amp) vs. Ton (us): The interaction between Ip and Ton indicates that for a constant
Ip of 10 Amps, EWR slightly decreases as Ton increases. However, at Ip levels of 14
and 18 Amps, the EWR experiences a noticeable increase initially and then drops as
Ton continues to increase.

Ip (Amp) vs. T: The EWR displays a complex interaction pattern between Ip and T.
For the lowest Ip of 10 Amps, the EWR initially increases and then dips as T rises. For
the higher Ip levels (14 and 18 Amps), the EWR shows contrasting trends, increasing
for Ip of 14 Amps and decreasing for Ip of 18 Amps with rising T.
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e Vg (volt) vs. Ton (us): For a constant Vg of 55 volts, the EWR increases as Ton rises.
However, at Vg levels of 60 and 65 volts, the EWR decreases with increasing Ton.

e Vg (volt) vs. T: The interaction between Vg and T demonstrates varying behavior for
different Vg levels. Notably, for a Vg of 55 volts, the EWR shows a minor decline as T
increases, but at Vg levels of 60 and 65 volts, the EWR increases with rising T.

e Ton (us) vs. T: For a constant Ton of 80 s, there is a slight increase in EWR as T
increases. At higher Ton values (120 and 160 us), the EWR showcases opposing trends:
a decrease for Ton of 120 us and an increase for Ton of 160 ps with rising T.

In conclusion, the interactions depicted in the plot suggest that the parameter settings
do not operate in isolation. Their combined effect considerably influences the EWR, and
careful consideration is required when choosing parameter values to optimize the material
removal process. Increased Ton times allow for more prolonged spark activity, potentially
leading to greater electrode wear due to thermal loading. The interaction between Ton
and T further elucidates this effect, with varying duty cycles affecting the frequency and
duration of thermal exposure. The physical interpretation involves the consideration of
thermal fatigue on the electrode material, where extended periods of high thermal stress
may lead to increased wear rates, while shorter, more frequent cycles may mitigate this
effect [64].
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Figure 7. Interactions on EWR influenced by EDM equipment configurations.

3.4. Effects of the EDM Parameters on ROC

The radial overcut (ROC) is yet another essential performance metric in the electrical
discharge machining (EDM) process. The ROC specifies the rate at which material is
removed from the workpiece. For efficient and precise machining, achieving an optimal
ROC is paramount. The EDM parameters under scrutiny in this research; i.e., Ip (Amp), Vg
(volt), Ton (us), and T have been analyzed for their implications on ROC.

A comprehensive examination of the interaction plot (depicted in the Figure 7) unveils
discerning patterns associated with the effects of these parameters on ROC. The main
insights from these observations are enumerated below:

e Ip (Amp): The current pulse, symbolized by this parameter, exhibits a paramount
effect on ROC. As per the data table, the delta value of Ip is 0.0425. With a ranking of
1, Ip stands out as the most influential parameter on ROC. Increasing Ip, particularly
for materials like D2 steel, enhances the rate of cut, likely due to the amplified energy
of each spark ensuing from an elevated current [65].
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Vg (volt): Indicating the gap voltage between the electrode and the workpiece, this
parameter is of significant importance to ROC. With its delta value recorded at 0.0342,
Vg holds the second rank in terms of influence on ROC. Elevated Vg levels can bolster
the spark energies, potentially leading to a more rapid material removal rate.

Ton (us): Representing the on-time of each pulse, Ton too influences ROC. The delta
value for Ton stands at 0.0154, placing it at the third rank. A lengthened Ton can
augment spark interaction duration, possibly resulting in a heightened ROC, due to
the extended interaction between the spark and the workpiece.

T: This duty cycle parameter appears to have the least direct influence on ROC amongst
the parameters considered. With a delta value of 0.0104, T is ranked fourth. A longer
duty cycle might facilitate enhanced material removal without necessarily having a
direct proportionate effect on the ROC.

From the interaction plot presented in Figure 8 (pertaining to ROC), there are evident

interactions among the parameters, specifically between Ip, Vg, Ton, and T. The interactions
can be interpreted as:

Mean of Means

Ip (Amp) vs. Vg (volt): With increasing Vg, the ROC for various levels of Ip demon-
strates distinct behavior. At an Ip level of 10 Amps, a rise in Vg corresponds to an
incremental ROC. However, at elevated Ip levels (14 and 18 Amps), an increase in Vg
results in a decline in ROC.

Ip (Amp) vs. Ton (us): The interplay between Ip and Ton suggests that for an Ip of
10 Amps, ROC slightly dips with increasing Ton. In contrast, at Ip levels of 14 and 18
Amps, ROC initially escalates and subsequently reduces as Ton continues to rise.

Ip (Amp) vs. T: ROC showcases an intricate interaction pattern between Ip and T. At
the lowest Ip level of 10 Amps, ROC first ascends and then recedes as T augments. At
more elevated Ip levels (14 and 18 Amps), ROC presents diverging tendencies—rising
for an Ip of 14 Amps and dwindling for an Ip of 18 Amps as T surges.

Vg (volt) vs. Ton (us): For a consistent Vg of 55 volts, ROC surges as Ton swells.
Nonetheless, at Vg values of 60 and 65 volts, ROC declines with increasing Ton.

Vg (volt) vs. T: The interrelation between Vg and T displays variable dynamics
for different Vg values. Notably, at a Vg of 55 volts, ROC marginally reduces as T
augments, but at Vg measurements of 60 and 65 volts, ROC advances with an upswing
inT.

Ton (us) vs. T: At a stable Ton of 80 s, there is a subtle elevation in ROC as T rises.
At more considerable Ton measurements (120 and 160 ps), ROC reveals contradictory
trends: a decline for Ton of 120 pus and an upturn for Ton of 160 us with an escalation
inT.

Main Effects Plot for Means
Data Means

58 Ip (Amp) Vg (volt) Ton (ps) T

0.24 ; . .

Figure 8. ROC influenced by EDM equipment configurations.
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To encapsulate, the interactions outlined in the plots in Figure 9 accentuate that the
parameter settings are interdependent. Their synergistic impact significantly determines
ROC, necessitating meticulous consideration when calibrating parameter values to fine-
tune the material removal process. As Ip increases, so does the thermal penetration, leading
to a wider ROC. The Vg parameter’s effect on ROC can be interpreted as the control over
the spark gap distance, which affects discharge stability and energy concentration. A
stable and appropriate Vg is essential for achieving a controlled ROC, providing a balance
between cutting efficiency and precision [66].
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Figure 9. Interactions on ROC influenced by EDM equipment configurations.

3.5. Optimal Parameters for MRR, EWR, and ROC Selection

Tables A1-A3 shows parametric S/N responses. Given the graphical representation
(provided in Figure 10) of the main effects plot for signal-to-noise (S/N) ratios pertaining
to the EDM machine parameters, it is evident that the parameters under examination are
Ip (Amp), Vg (volt), Ton (us), and T. As the provided graph reveals, specific trends and
patterns can be discerned which can inform optimal parameter settings for attaining desired
results.

Main effects plot for SN ratios

Data Means
IP (Amp) Vg(volt) Ton (um) i

|
53

|
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[

|
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(%]

Mean of SN ratios
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N &)

10 14 18 55 60 65 8 120 160 7 10 13

Figure 10. Mean S/N values for MRR of AISI D2 steel.

Upon examination of the plot and juxtaposing it with the textual information provided,
the following insights can be deduced:
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1.  Ip (Amp): The signal-to-noise ratio for this parameter shows a moderate change
across the levels. The highest mean S/N ratio appears at the 18 Amp setting.

2. Vg (volt): The mean S/N ratio demonstrates a substantial increase as the Vg (volt)
value rises, indicating its importance in the EDM process.

3. Ton (us): This parameter exhibits a prominent dip around 120 ps before rising sharply
again, suggesting that there might be specific optimal regions around 80 ps and
160 ps.

4. T:The trend for T is upward, indicating that a higher setting for T results in a superior
S/N ratio.

Referring to the provided response table for signal-to-noise ratios, it can be discerned
that among all the parameters, T demonstrates the highest delta value of 3.16, subsequently
ranked as 1. This suggests that T has the most significant impact on the process. Following
T, the parameters Ton (us) and Vg (volt) have delta values of 2.83 and 2.64, respectively,
indicating their significance in descending order. Ip (Amp), with a delta value of 0.60, is
ranked 4, suggesting its lesser impact compared to the other parameters.

From Figure 11, the main effects plot for signal-to-noise (S/N) ratios depicts the
response of the EDM process parameters: Ip (Amp), Vg (volt), Ton (us), and T. A discernible
trend suggests that Vg (volt) has the most significant impact, with its S/N ratio decreasing
markedly as the voltage increases. This is supported by the response table, which ranks Vg
(volt) as the most influential parameter with the highest delta value of 14.91. Following Vg
(volt), the parameters are ranked in descending order of impact as Ip (Amp) with a delta of
6.96, Ton (us) with a delta of 4.92, and T with a delta of 3.87. The trends and data reveal
that adjustments in these parameters, particularly Vg (volt), can considerably influence the
S/N ratio, and thus the performance, of the EDM process.

Main Effects Plot for SN ratios
Data Means

Ip (Amp) Vg (volt) Ton (us) T
*

60.0

575

525

50.0 p, ‘ e

Mean of SN ratios

175 o

45.0
L ]

10 14 18 55 60 65 8 120 160 7 10 13

Signal-to-noise: Smaller is better

Figure 11. Mean S/N values for EWR of D2 steel.

From Figure 12, The graph distinctly shows the response of each parameter in relation
to the mean of S/N ratios. Upon detailed analysis of the graph and table:

1.  The parameter Ip (Amp) shows a decreasing trend in the S/N ratio as the current
increases. From the response table, the delta value for Ip (Amp) is given as 1.56,
making it the most influential parameter. Thus, it is ranked first in terms of its impact
on the S/N ratio.

2. The next parameter, Vg (volt), also exhibits a decreasing trend in its S/N ratio as the
voltage increases. The response table corroborates this by providing a delta value of
1.21 for Vg (volt), ranking it as the second most influential parameter.
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3. Ton (us) shows an initially decreasing S/N ratio, but there is an increase observed

at the third data point. With a delta value of 0.55 from the response table, it is
ranked third.

4. Lastly, T maintains a relatively stable S/N ratio across the range. It has the smallest

delta value of 0.33, ranking it fourth in terms of impact on the S/N ratio.

Main Effects Plot for SN ratios
Data Means

Ip (Amp) Vg (volt) Ton (us) T

Mean of SN ratios
I
[ ]

.
10 14 18 55 60 65 80 120 160 7 10 13

Signal-to-noise: Smaller is better

Figure 12. Mean S/N values for ROC of D2 steel.

3.6. Validation Test

It is essential to conduct confirmation experiments to verify the projected ideal condi-
tions through Taguchi’s method. Equation (4) [67] was employed to determine the projected
S/N ratio (¢ regictes) and to gauge and evaluate the responses under the predicted optimal
conditions for the response parameters: MRR, EWR, and ROC.

x
Epredicted = €1 + Z €0 —&n 4)
i=0

e, = total S/N ratio;
g9 = mean S/N ratio (at optimum point);
x = input number of EDM parameters.

Table A4 for MRR, Table A5 for EWR, and Table A6 for ROC detail the results of the
confirmation experiments conducted at the optimal EDM parameters projected by Taguchi.
When optimal conditions for the EDM process are applied, performance attributes of MRR,
EWR, and ROC demonstrate improvement. As can be seen in Table A6, the predicted and
optimal conditions for each parameter have closely matching S/N ratios. Specifically:

1.  MRR (g/min): At the optimal EDM conditions, the S/N ratio improved by 4.02 dB
when compared to initial parameter values. The verification experiments demonstrate
that MRR reduced by 29.13% under Taguchi’s predicted optimal conditions compared
to the baseline parameters.

2. EWR (g/min): The S/N ratio showed an improvement of 10.35 dB under optimal
EDM conditions. Furthermore, the EWR was reduced by 33.33% under the optimal
conditions in comparison to the preliminary settings.

3. ROC (mm): The improvement in the S/N ratio for ROC was 2.20 dB under the optimal
EDM conditions. ROC increased by 28.57% when comparing the baseline parameters
to Taguchi’s predicted ideal conditions.
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3.7. Comparison of Current Findings with the Published Work

Table 4 lists the studies that have been conducted on micro- and macro-hole drilling
in CFRP EDM. Few studies have been performed on hole making that goes deeper than
5 mm. For validation purposes, a distinction was made between the current study and the
existing literature. In comparison to the findings of the literature currently in publication,
the current study yields the highest penetration limit of 7 mm with a machining diameter
of 9.89 mm in EDM macro-hole drilling.

Table 4. Comparison with the published literature.

Machining Type: Hole Type: Blind

Electrode Type: Copper (Cu),
Graphite (C), Tungsten Machining Penetration

Citation . Micro (HDb) or Carbide (WC), Aluminum (Al), Diameter (mm) Limit (mm)
(mic)/Macro (mac) Through (Ht)
and Brass (Br)
[68] Mac Hb Cuand C 9.95 1.0
[69] Mac Hb Cu 4.40 1.0
[70] Mac Hb Cu 7.79 1.0
[71] Mac Hb Cu 1.99 1.0
[72] Mac Ht Cu 5.86 5.0
[73] Mac Ht C 597 1.80
[74] Mac Ht Cuand C 5.55 1.80
[75] Mic Hb WC 0.49 0.20
[76] Mic Hb WC 0.10 1.20
[77] Mac Ht Cu 7.89 6.0
Copper (Cu), Aluminum (Al),
(78] Mac Hb Glgghite (C), and Brass (Br), 15 1
[79] Mic Hb Cu 0.49 0.250
Current work Mac Ht Cu 9.89 7.0
4. ANOVA for MRR, EWR, and ROC
The ANOVA identifies the most important FFF tuning knob to optimize performance.
ANOVA analysis played a crucial role in identifying the hierarchy of influential factors on
machining attributes. Notably, duty cycle emerged as the most influential parameter on
material removal rate, followed by pulse duration, gap voltage, and peak current. These
insights are now clearly presented in Tables 5-7. Tables 5-7 display the results of the
ANOVA tests conducted on Ra, Rq and PT, PE, and T. Table 5 demonstrates that amongst
the EDM machine parameters, T exerts the most significant influence on MRR, followed by
Ton (us), Vg (volt), and Ip (Amp). In descending order, the effects of T, Ton (us), Vg (volt),
and Ip (Amp) on MRR are 37.31%, 30.25%, 29.42%, and 0.00%, respectively.
Table 5. ANOVA for MRR of AISI D2 steel.

Scheme DF Seq SS Contribution Adj SS Adj MS F-Value p-Value  Residuals SD
Regression 4 0.003382 96.98% 0.003382 0.000846 32.13 0.003 —0.0013423 —0.55508
Ip (Amp) 1 0.000000 0.00% 0.000000 0.000000 0.00 0.950 0.0055127 1.26450
Vg (volt) 1 0.001026 29.42% 0.001026 0.001026 38.99 0.003 —0.0013423 —0.55508
Ton (us) 1 0.001055 30.25% 0.001055 0.001055 40.08 0.003 0.0003797 0.09930

T 1 0.001301 37.31% 0.001301 0.001301 49.45 0.002 —0.0062793 —1.64226
Error 4 0.000105 3.02% 0.000105 0.000026 0.0002437 0.06373
Total 8 0.003488 100.00% 0.0030717 0.96018
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Table 6. ANOVA table for the EWR of D2 steel.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value  Residuals SD
Regression 4 0.000037 99.34% 0.000037 0.000009 150.78 0.000 —0.0001908 —1.63239
Ip (Amp) 1 0.000004 9.46% 0.000004 0.000004 57.42 0.002 0.0003737 1.77286
Vg (volt) 1 0.000033 88.92% 0.000033 0.000033 539.88 0.000 —0.0001908 —1.63239

Ton (ps) 1 0.000000 0.96% 0.000000 0.000000 5.80 0.074 0.0001105 0.59789

T 1 0.000000 0.00% 0.000000 0.000000 0.02 0.903 —0.0000389 —0.21032
Error 4 0.000000 0.66% 0.000000 0.000000 —0.0000556 —0.30066
Total 8 0.000037 100.00% —0.0000636 —0.41130

Table 7. ANOVA table for the ROC of D2 Steel.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value  Residuals SD
Regression 4 0.004986 93.82% 0.004986 0.001246 15.18 0.011 0.0042667 0.99877
Ip (Amp) 1 0.002714 51.07% 0.002714 0.002714 33.04 0.005 —0.0077333 —1.00415
Vg (volt) 1 0.001754 33.02% 0.001754 0.001754 21.36 0.010 0.0042667 0.99877

Ton (us) 1 0.000354 6.67% 0.000354 0.000354 4.31 0.106 0.0074167 1.09803

T 1 0.000163 3.07% 0.000163 0.000163 1.99 0.231 —0.0077333 —1.14491
Error 4 0.000328 6.18% 0.000328 0.000082 - - —0.0012833 —0.19000
Total 8 0.005314 100.00% - - - - —0.0004833 —0.08553

Table 6 demonstrates that amongst the EDM machine parameters, Vg (volt) exerts the
most significant influence on MRR, followed by Ip (Amp), Ton (us), and T. In descending
order, the effects of Vg (volt), Ip (Amp), Ton (ps), and T on EWR are 88.92%, 9.46%, 0.96%,
and 0.00%, respectively.

Table 7 demonstrates that amongst the EDM machine parameters, Ip (Amp) exerts the
most significant influence on MRR, followed by Vg (volt), Ton (us), and T. In descending
order, the effects of Ip (Amp), Vg (volt), Ton (us), and T on MRR are 51.07%, 33.02%, 6.67%,
and 3.07%, respectively.

5. Mathematical Modeling

Utilizing Minitab 21.3, a regression evaluation was performed, facilitating the creation
of predictive models for the MRR, EWR, and ROC variables based on parameters like Ip
(Amp), Vg (volt), Ton (us), and T. All response variables remained unaltered. The coefficient
of determination, R? [80], is an essential metric to evaluate the performance of established
models [81]. A value nearing one signifies a strong correlation between the dependent and
independent variables [82,83]. The models were evaluated with the provided summaries:

For the MRR model (Figure 13), an R? value of 96.98% implies that the model accounts
for approximately 96.98% of the variability in the data.

To assess the significance of a model’s coefficients, one should inspect the residual
plots [84]. A prominent coefficient, complemented by a linear trajectory in the residual plot,
suggests that the errors of the model are distributed in a regular manner [85].

For EWR (Figure 14), the R? value is even more impressive at 99.34%, suggesting
almost complete congruence between the dependent and independent variables. Lastly,
the ROC model (Figure 15) has an R? value of 93.82%, showecasing its substantial efficiency
in predicting the data variability.

The constructed frameworks underwent a sequence of compliance assessments de-
picted in Table 8 The evaluations’ results were selected randomly from the structure of
L9. The validation findings indicated that, within the stipulated parameter boundaries,
the anticipated values from the framework and the empirical information were in tight
concordance. This analysis was instrumental in developing predictive models for MRR,
EWR, and ROC. We have elucidated the coefficients of determination (RZ) for each model,
affirming their robustness in predicting optimal machining conditions.
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Figure 13. Graphs delineating the standard probability distribution for MRR.
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Figure 14. Graphs delineating the standard probability distribution for EWR.
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Figure 15. Graphs delineating the standard probability distribution for ROC.
Table 8. Confirmation model for verification.

Run Experimented Predicted Percentage Difference
- MRR EWR ROC MRR EWR ROC MRR EWR ROC
6 0.113906 0.00634 0.2567 0.114 0.0064 0.258 0.08 0.95 0.51
9 0.089022 0.0055 0.285 0.086 0.00540 0.277 3.39 1.82 2.81
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6. Conclusions and Future Directions

The following are the key findings of the investigation into the electrical discharge
machining (EDM) of AISI D2 steel:

e A meticulous examination of the effects of various EDM parameters on material
removal rate (MRR), electrode wear rate (EWR), and radial overcut (ROC) was con-
ducted. Notably, the duty cycle (T) was identified as the most critical parameter,
significantly influencing MRR, as indicated by the highest delta value of 0.02945.

e  The pulse duration (Ton) emerged as the second most significant factor, with a delta
value of 0.02652, affecting MRR. This highlights the importance of the on-time duration
of the pulse in the EDM process.

o  Gap voltage (Vg) also showed a considerable impact on MRR, evidenced by a delta
value of 0.02615, ranking third in terms of its influence.

e  Peak current (Ip), with a delta value of 0.00297, demonstrated a notable but lesser
influence on MRR, placing it fourth in significance.

e Based on these findings, predictive models have been developed to determine the ideal
EDM conditions. These models are instrumental in forecasting optimal machining
scenarios, thereby reducing the necessity for extensive preliminary testing.

e  The insights from this study provide a solid foundation for future academic research
and practical implementation in the field of EDM. They offer valuable guidance for
refining EDM operations, particularly in terms of efficiency, reduced electrode wear,
and improved accuracy. Such advancements could translate into economic efficiencies
and elevated manufacturing standards.

e  The statistical treatment of our findings not only substantiates the influence of param-
eters like duty cycle and pulse duration on machining attributes but also aids in the
development of predictive models. These models are vital for forecasting optimal
machining conditions, thereby reducing the need for extensive preliminary testing.

Future Recommendations

e It was discovered that the output responses are contradictory. Thus, it is suggested
that future work focus on mathematical modeling using optimization and neural
network-based numerical models. Furthermore, more thorough research is needed to
fully understand the microstructural analysis of AISI D2 steel in EDM.

e  Further exploration of variables related to AISI D2 steel in the EDM operation is
recommended, culminating in the formulation of comprehensive industrial blueprints.
Scrutinize the physical attributes of D2 metal under diverse EDM configurations.
Delve deeper into enhancement techniques to amplify machining efficacy, potentially
amalgamating approaches like the response surface methodology.
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Appendix A

Table A1. Mean response table of S/N ratio for MRR of AISI D2 steel.

Level Ip (Amp) Vg (volt) Ton (us) T
1 —21.19 —22.59 —20.27 —23.15
2 —21.78 —21.73 —20.88 —21.13
3 —21.29 —19.95 —23.11 —19.99
Delta 0.60 2.64 2.83 3.16
Rank 4 3 2 1

Table A2. Mean response table of S/N ratio for EWR of AISI D2 steel.

Level Ip (Amp) Vg (volt) Ton (us) T
1 47.58 59.22 48.88 49.03
2 49.74 48.34 49.18 52.89
3 54.55 44.31 53.81 49.95
Delta 6.96 14.91 4.92 3.87
Rank 2 1 3 4

Table A3. Mean response table of S/N ratio for ROC of AISI D2 steel.

Level Ip (Amp) Vg (volt) Ton (pus) T
1 13.47 13.16 12.44 12.47
2 12.69 12.96 12.64 12.80
3 11.91 11.95 12.99 12.80
Delta 1.56 1.21 0.55 0.33
Rank 1 2 3 4

Table A4. The validation test outcomes for MRR of AISI D2 steel.

Preliminary Parameters Optimum Parameters
Predicted Experimental Predicted Experimental
Level Ip-52 Vg-S2 Ton-52 Ip-52 Vg-S2 Ton-52 Ip-S1 Vg-S3 Ton-S1 Ip-S1 Vg-S3 Ton-S1
eve T-52 T-52 T-53 T-53
MRR (g/min) 0.09 0.127
S/N ratio (dB) MRR (g/min) —21.25 —21.26 —17.22 —17.24
S/N ratio (dB) improvement for 402
MRR (g/min) ’
% increment in MRR (g/min) 29.13
Table A5. The validation test outcomes for EWR of AISI D2 steel.
Preliminary Parameters Optimum Parameters
Predicted Experimental Predicted Experimental
Level Ip-S2 Vg-S2 Ton-52 Ip-S2 Vg-S2 Ton-52 Ip-S1 Vg-S3 Ton-S1 Ip-S1 Vg-S3 Ton-S1
eve T-52 T-52 T-51 T-51
EWR (g/min) 0.004 0.006
S/N ratio (dB) for EWR (g/min) 48.273 48.29 37.92 37.94
S/N ratio (dB) improvement for 10.35
EWR (g/min) '

% Reduction in EWR (g/min) 33.33
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Table A6. The validation test outcomes for ROC of AISI D2 steel.

Preliminary Parameters Optimum Parameters
Predicted Experimented Predicted Experiment
Level Ip-52 Vg-52 Ton-52 Ip-52 Vg-52 Ton-S52 Ip-S3 Vg-53 Ton-S1 Ip-S3 Vg-S3 Ton-S1

T-S2 T-S2 T-S1 T-S1

ROC (mm) 0.224 0.288

S/N ratio (dB) for ROC (mm) 13.01 13.03 10.78 10.83
S/N ratio (dB) improvement for 220

ROC (mm) ’

% reduction in ROC (mm) 28.57
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