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Abstract

Electrical discharge machining (EDM) is a potent technique widely applied to machining
materials like EN-8M steel and composite materials. The surface quality achieved through
EDM is significantly affected by the settings of its parameters and the type of material
being processed. In this context, the focus of research has often been on heavy metals and
titanium and magnesium alloys among lighter metals. This study aims to investigate the
impact of EDM parameters, specifically on Tungsten Carbide, a material gaining traction
across various industries. Our research involved a thorough parametric analysis utilizing
a full factorial method to examine factors influencing surface roughness (SR) and material
removal rate (MRR). This paper highlights the optimization of MRR using a Rotary electrode
attachment. Experiments were conducted employing factorial design to delve deeper into the
machining characteristics of Tungsten Carbide with a 4 mm Brass-coated rod as the electrode.
Key parameters such as summit current, electrode rotation speed, and Pulse on time were
systematically adjusted. The analysis of the machining parameters revealed their significant
influence on the outcomes, with p-values falling below 0.05, underscoring their critical role
in the EDM process. The developed mathematical models demonstrated a high R-squared
value alongside minimal error percentages. The most critical parameters identified for optimal
results included an electrode rotational speed of 150 rpm, a summit current of 1.22 A, and
a Pulse on time set at 8.45 ms.
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Introduction tough, electrically conductive materials, such as ad-
vanced metals used in aerospace applications. These

materials often present challenges for conventional

An electrical discharge machine (EDM) is a cutting-
edge method used to remove metal through a rapid,
high-current electrical discharge between the tool and
the workpiece. Unlike traditional machining processes,
EDM does not require a larger cutting force. EDM
proves particularly useful for machining incredibly
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machining techniques, but EDM allows for creating
intricate shapes that standard cutting tools struggle to
achieve F (Bhaumik & Maity, 2019). This technology is
continually finding new applications within the metal-
working industry, and it is widely used in the plastics
sector to design complex cavities in metal moulds.
However, EDM is limited to electrically conductive
materials, and EDM can handle them efficiently regard-
less of their hardness or toughness (Dinesh et al., 2024).
Tungsten carbide is a crucial material for tools and
dies due to its remarkable hardness, strength, and wear
resistance over various temperatures. Its high specific
strength makes it difficult to machine using conven-
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tional methods. However, since electrical discharge
machining (EDM) has shown great adaptability when
working with tough materials, this process is expected
to be effective for tungsten carbide. This highlights
the need for detailed research into the impact of var-
ious machining parameters on EDM characteristics
of tungsten carbide. While there has been a signifi-
cant amount of study on EDM for composite materials
(Lee & Li, 2021), the optimization of EDM conditions
(Rao et al., 2014), (Khudhir et al., 2024), and the
machinability of ceramics (Naeim et al., 2023), there
remains a clear gap in exploring the machining charac-
teristics of tungsten carbide in the context of different
machining parameters.

In today’s industrial landscape, the significance of
durable materials is on the rise, particularly across
fields like biomedical, nuclear, defence, aerospace, and
automotive sectors. Electric discharge machining is
a noteworthy technique for fabricating minute compo-
nents (Chattopadhyay et al., 2008). Traditional ma-
chining processes struggle with hard materials such
as Tungsten Carbide due to its exceptional mechani-
cal strength, corrosion resistance, and wear resistance.
Consequently, modern machining strategies, including
EDM, are gaining traction for handling such tough
substances (Amorim & Weingaertner. 2007) EDM is
a nontraditional manufacturing method, utilizing elec-
trical discharge energy to erode electrically conductive
materials through a thermal process gradually.

Bharti et al. (2010) explored the machining char-
acteristics of Inconel 718 and found that the primary
factors impacting material removal rate (MRR) are
Peak current and Pulse on time — furthermore, Yan et
al. (2000) highlighted the significant effect of polarity
on MRR. Chattopadhyay et al. (2008) demonstrated
that applying an induced magnetic field to the work-
piece during rotational electrical discharge can enhance
the material removal rate. In a different study, Chen
& Lee (2010) utilized the Taguchi design method to
optimize the electrical discharge machining (EDM) pa-
rameters for milling aluminium alloy A6061-T6. They
assessed surface roughness based on four EDM fac-
tors: Pulse current (Ip), pulse-on duration (Ton), duty
cycle, and machining duration (SR). They employed
Analysis of Means (ANOM) and Analysis of Variance
(ANOVA) to determine the optimal machining config-
urations and evaluate each parameter’s influence on
surface roughness.

Manikandan & Venkatesan (2012) explored the po-
tential of creating micron-sized holes through Micro
Electro Discharge Machining (MEDM). Their study
focused on how various machining parameters — Ip,
Ton, and Toff — affected the optimization of key ma-
chining characteristics, including Radial Overcut (OC),

Material Removal Rate (MRR), and Tool Wear Rate
(TWR). Specifically, they examined the machining
of Inconel 718 with a brass electrode, employing the
Taguchi method for the analysis. The investigation
also included a look at the resolidified material sur-
rounding the entrance of the holes and the geometry of
the machined micro-holes, with detailed photographs
from a scanning electron microscope (SEM) provided
to enhance the understanding of their findings.

In a separate study, Chen & Lee (2010) delved into
optimizing EDM settings for machining ZrO5 ceramics.
They addressed the challenge of achieving electrical
conductivity for the EDM process by applying conduc-
tive coatings of adhesive copper and aluminium foils to
the non-conductive ceramic surfaces. Using an 1.27 Or-
thogonal Array based on the Taguchi design approach,
they investigated machining characteristics such as
MRR, TWR, and surface roughness (SR). Their re-
sults indicated that factors like Ip and pulse length
significantly affected MRR and SR, while the adhesive
conductive material emerged as the key factor influ-
encing TWR. They also proposed an effective method
for moulding electrically non-conductive ceramics that
demonstrated excellent efficiency, precision, and sur-
face integrity.

Amini et al. (2011) explored how various EDM pa-
rameters, including Ip, V, Ton, and Toff, influence the
surface roughness in the finishing stage when using
a copper electrode on hot work steel DIN 1.2344. They
employed a complete factorial design of experiments
(DOE) for their analysis. After a thorough statistical
evaluation, artificial neural networks (ANN) were ap-
plied to determine the optimal machining settings for
achieving surface roughness. A hybrid model was also
created to address any inaccuracies from the ANN.
The results indicated that this approach effectively
optimized complex and nonlinear challenges. Further-
more, the tool’s geometry emerged as a crucial factor
affecting both material flow during machining and the
traverse rate of the process. Essentially, the tool serves
two main functions: minimizing heat generation and
facilitating material flow (El-Taweel et al., 2010).

Taguchi plays a vital role in the experimental de-
sign of Electric Discharge Machining (EDM) and laser
EDM (u-EDM), as well as in tackling both single and
multi-objective optimization challenges in this field
(Shivakoti et al., 2013). The outcomes show a notable
improvement in productivity, surface finish, and wear
of the electrodes (Ponappa et al., 2010). However,
the complexity involved in Taguchi’s multi-objective
decision-making can lead to inefficiencies in its appli-
cation. For instance, the overcut (OC) and taper angle
(TA) in I-EDM for Gr304 were evaluated simultane-
ously using this method (Tamang et al., 2017). The
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mathematical processes associated with it are quite
intricate, and the determination of quality indicator
weights relies purely on experimental data, which lim-
its its practical effectiveness.

In EDM, various technological parameters are opti-
mized for multiple objectives through Response Sur-
face Methodology (RSM), focusing on metrics such as
Material Removal Rate (MRR), Electrode Wear Rate
(EWR), and OC (Ramaswamy & Perumal, 2020) (El-
Taweel, 2009). Findings suggest that these parameters
significantly impact quality, particularly when the Tog
is at its lowest. This method proves suitable for ad-
dressing multi-objective challenges in EDM, revealing
a maximum error margin of 8% between theoreti-
cal predictions and experimental results. Furthermore,
RSM, combined with Genetic Algorithms (GA), is
utilized for multi-objective optimization in I-EDM for
AISI SS304 (El-Taweel, 2009). The accuracy of the
optimal results is quite satisfactory, with a maximum
error of just 3.73%.

In another study, MRR, Tool Wear Rate (TWR),
OC, and TA were concurrently analyzed for Ti-6A1-4V
using the RSM-TOPSIS approach (Tiwary et al., 2014).
The quality metrics achieved significant improvements
under the best settings. Nonetheless, it has been ob-
served that using RSM often requires a substantial
number of tests with limited levels of specific techno-
logical parameters, and these levels are not selected
randomly. This situation complicates the selection pro-
cess for parameter levels in EDM. To improve efficiency
in multi-objective optimization, Taguchi has been in-
tegrated with various multi-objective decision-making
methodologies, including Artificial Neural Networks
(ANN), Grey Relational Analysis (GRA), and Multi-
Objective Genetic Algorithm IT (MOGA-II), among
others (Kumar et al., 2020; Nayim et al., 2019).

The MOGA-II method was utilized for multi-
objective optimization in -EDM focusing on the Ni-Ti
alloy, with a selection of seven quality parameters:
MRR, TWR, Ra, OC, TA, and circularity, as outlined
in the study (Abidi et al., 2018). The results show
a significant enhancement in the quality and character-
istics of the machined surface under optimal conditions.
Notably, the Tungsten electrode exhibits a lower TWR
than the Cu electrode in I-EDM, improving machining
precision. When evaluating the performance of differ-
ent methods, MOGA offers a simultaneous assessment
of RTL and SR in EDM for 316L steel, though the
combined Taguchi — NSGA-II approach proves to be
more efficient overall (Al-Amin eta 1., 2021). The opti-
mal results were achieved with an error margin below
10%. Despite the intricate nature of the computational
method, multi-objective optimization using Taguchi
methods has shown effectiveness, providing optimal
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and straightforward results (Kumar et al., 2020). The
empirical establishment of quality criterion weights
notably reduces the practical applicability of the ideal
results. Additionally, Taguchi~ANN has been applied
to enhance both the Material Removal Rate (MRR)
and Surface Roughness (SR) in Electrical Discharge
Machining (EDM) (Porwal et al., 2012; Bharti et al.,
2012; El-Zathry et al., 2024).

The research findings suggest that Artificial Neu-
ral Networks (ANN) are a highly effective computa-
tional approach, achieving impressive accuracy. The
maximum errors recorded for Material Removal Rate
(MRR) and Surface Roughness (SR) were 4% and
4.67%, respectively. Similar procedures utilizing l-EDM
with a WC electrode on Invar-36 demonstrated excep-
tional results; under optimal conditions, the MRR
increased by 111%, while both the Tool Wear Rate
(TWR) and Tool Life (TA) saw reductions of 38% and
45% (Manivannan & Kumar, 2017; Manivannan &
Kumar, 2016). Moreover, seven quality criteria within
u-EDM were concurrently evaluated using the Taguchi-
TOPSIS methodology, highlighting its efficiency in
determining the set of technological parameters for
pu-EDM (Manivannan & Kumar, 2017).

Compared to the TOPSIS method, the computa-
tional processes involving Genetic Algorithm (GA),
Particle Swarm Optimization (PSO), and Grey Re-
lational Analysis (GRA) for multi-objective decision-
making are notably more intricate. The findings indi-
cate that altering weights can lead to different results
in multi-objective optimization challenges, showing
a decrease in ideal efficiency within the application
range. Principal Component Analysis (PCA) is em-
ployed to gauge the significance of the quality criteria
in the multi-objective EDM scenario (Padhi et al.,
2016; Chandrashekarappa et al., 2021; Meel et al.,
2022). While the optimal outcomes are promising, the
computation involved is quite complex.

The Analytic Hierarchy Process (AHP) provides
a simpler method for evaluating the importance of
quality indicators in electrical discharge machining
(EDM). The results hold significant practical value,
determining the ideal outcomes for MRR, TWR, and
SR through ranking in the Topsis approach (Nadda
et al., 2018). Signal-to-Noise (S/N) analysis in Topsis
helps identify the best quality index in EDM, result-
ing in superior findings, which are crucial for p-EDM
research (Huo et al., 2019). There is a remarkable di-
versity of methodologies that derive optimal results
across various studies, leading to outcomes that can
be hard to apply. Furthermore, comparing MRR and
Overcut (OC) in p-EDM using a W electrode with
workpieces made of copper, nickel, and copper-nickel
revealed that copper exhibited the highest MRR, OC,
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and surface quality, while nickel performed the poor-
est (Li et al., 2012; Padhi et al, 2016). The choice
of workpiece material significantly affects optimiza-
tion outcomes in pu-EDM, especially when considering
its effectiveness in creating small apertures in tita-
nium alloy workpieces (Apostolopoulou & Al-Juboori,
2019). In addressing complex objective problems, sev-
eral methodologies such as Grey Relational Analysis
(GRA) and the Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) are available
(Sabry et al., 2024c; Sabry & Hewidy, 2023; Sabry et
al., 2022a; Sabry et al., 2020). Additional methods
like hybrid GRA-TOPSIS, GRA based on the Taguchi
method, and hybrid TOPSIS utilizing the Taguchi
method offer versatile solutions to these multi-faceted
challenges (Sabry et al., 2024; Sabry et al., 2024; Sabry
et al., 2022; Sabry et al., 2021).

This work aims to study and improve the machin-
ing parameters in EDM of tungsten carbide on the
machining characteristics. The characteristics of EDM
refer essentially to output machining parameters such
as material removal rate (MRR) and surface rough-
ness (SR). The machining parameters are the input
parameters of the EDM process, electrode rotational
speed, peak current, and Pulse on time, to get a greater
material removal rate.

Experimental work

The experiments used an electrical discharge ma-
chine, specifically the ELEKTRA 5535-EZNC EDM.
We employed a custom rotary electrode attachment
secured to the machine head for the rotary machin-
ing process. The project involved the creation of
a Tungsten Carbide workpiece measuring 10 mm X
10 mm x 8 mm, intended for various applications such
as pollution-control stack liners, ducts, dampers, scrub-
bers, and stack gas reheaters. Additionally, these com-
ponents are useful in chemical processing setups like
heat exchangers, reaction vessels, evaporators, transfer
pipework, pharmaceuticals, food processing machinery,
and marine engineering.

The rotating electrode was made from a brass-coated
rod with a diameter of 4 mm. In Figure 1(a), you
can see the machine setup used, where experiments
were conducted on tungsten carbide flat samples with
a thickness of 8 mm. The tool electrode utilized for
these experiments was a brass-coated rod measuring 4
mm in diameter. Figure 1(b) illustrates the workpieces
produced via the rotary EDM process and Figure 1(c)
should be cited in the text.

The properties and composition of the Tungsten
Carbide workpiece material are summarized in Table 1

Fig. 1. Electronica Elektra Plus (a) EDM with rotary
tool setup, (b) electrode rotary tool, (c) tungsten carbide
workpieces after machining

and Table 2. To enhance the material removal rate
(MRR), optimal settings for parameters such as elec-
trode rotational speed, peak current, and Pulse on
time were established. The effects of these four process
factors on MRR and surface roughness (SR) during
the EDM process are detailed in Tables 3 and 4.

Table 1
Tungsten Carbide chemical composition
(weight percentage)

Element | W | C | Co | Ni | Cr | Ti | Ta
Weig.(%) | 70 | 3 | 10 | 10 | 2 2 1 2

Table 2
Mechanical characteristics of the material used for the
workpiece
. . . L Young
Melting Point | Density Poison’s

(°C) (kg/m®) ratio v modulus
(Mpa)

2870 15.7 g/cm? 0.31 650
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Table 3
Various control parameter levels
L
Parameter Unit evel
-1 0 1
Speed of rotational (V) rpm 50 | 100 | 150
The current of Peak (I) A05 | 15 2
pulse on time (Ton) ms 3 6 9
Table 4

Experiments and a design matrix for full factorial analysis

Factors Performance parameter
Test Run
N | Ip | Ton | MRR g/min | SR (Ra) pm
1 -1] 1| -1 0.04420 14
2 -1|-1] -1 0.14610 2.8
3 1]-1 1 0.28810 3.9
4 -1]1 0.05130 1.2
5 00 0 0.15710 2.8
6 1] 1 0.31340 3.8
7 1]11] -1 0.06410 1.7
8 -1|-1 1 0.24740 3.0
9 111 1 0.19850 3.1
10 -1]-1| -1 0.07911 2.3
11 1 ]-1] -1 0.12030 2.7
12 -11]-1 1 0.24490 3.6
13 1|-1] -1 0.06020 1.8
14 1]-1] -1 0.22990 3.1
15 -11]-1 1 0.18880 3.2
16 -1] 1| -1 0.09089 1.9
17 1 0.13120 2.6
18 00 0 0.25060 3.5
19 1|-1 0.23810 3.2
20 1]11] -1 0.05750 2.0
21 1] 1| -1 0.16990 3.4
22 -1]-1| -1 0.08222 2.1
23 -1]1 0.26770 3.6
24 0 0 0.12220 2.6
25 1]-1 0.05990 1.0
26 1111 -1 0.16910 2.7
27 -1]1 1 0.34490 3.7

Complete factorial Design of Experiments is a well-
accepted approach for experimental design and is an
effective strategy for enhancing process designs and
solving production difficulties (Sabry, 2021). This ap-
proach efficiently demonstrates the link between the
machining and performance parameters. Electrode Ro-
tational Speed, Peak Current, and Pulse on Time are
the machining parameters used for this experiment.
Table 3 shows the machining condition and the number
of levels of the specified parameters. Based on litera-
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ture and prior research, the parameters with the most
significant impact on the mechanical characteristics of
comparable EDM were chosen, with their notations
and units described in Table 3 (Wrzecionek et al., 2021;
Titu et al., 2023; Szalek et al., 2021; Pekarcikova et
al., 2023). The entire factorial experiment was con-
ducted using a central composite design matrix centred
on the surface response methodology, incorporating
three factorial design variables selected throughout
three phases and 27 experimental coded conditions, as
detailed in Table 4.

Mathematical models have been created to deter-
mine the EDM MRR and R.S. as a function of elec-
trode rotating speed, peak current, and Pulse on time.
Y = f(I,N,T), where Y electrode rotational speed
(N), peak current (), and Pulse on time (7') are the
variables. The selected polynomial may be written as

Y = b0 + bIN+b37 + b3T + b12N*I + bI3N*T + b23I*T (1)

The coefficients for the linear terms b1, b2, and b3
and the interaction terms b12, b13, and b23 are for
the three variables, where b0 is a constant. Regression
analysis was used to ascertain the values of the poly-
nomial equation. For statistical analysis, the Minitab
program was utilized. The final mathematical models
were produced and coded following the investigation.

The surface of a microrod can be defined by many
factors, including arithmetical mean roughness (Ra).
Arithmetical mean roughness, or Ra, is the predomi-
nant parameter, representing the arithmetic average
of departures from the mean line. Maximum Peak
refers to the distance between the highest and lowest
valleys within a sampling length. To assess surface
roughness, employ ImageJ, an image processing and
analysis software with plugins for Measurement. The
plugin Roughness calculation.java calculates surface
roughness statistics from a picture of the surface topol-
ogy. Input an image or stack containing pixel values
that denote the distance, z, to the surface. The plugin
computes roughness metrics, including Ra. Utilize the
Facet Orientation plugin (Sabry et al., 2019; Mani-
vannan & Kumar, 2016; Padhi et al., 2016) to assess
surface topography comprehensively.

Results and Discussion

The entire factorial analysis was conducted using
the experimental data, considering SR and MRR. The
Pareto chart obtained following the whole factorial
analysis is shown in Figure 2.

Three factors — N, Ip, and Ton — were discovered
to be important in calculating the MRR. According to
the main effect graphs in Figure 3, MRR dramatically
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Fig. 2. Pareto chart Pareto chart and standard plot - MRR

increased as N and Ton rose from low to high. On the
other hand, MRR increased when EDM was used at
a slow travel speed. N, Ip and Ton had p-values of
0.005, 0.003, and 0.0050, respectively. The key factors
were significant in a 95% confidence interval since their
p-values were less than 0.05.

However, N*Ip*, N* Ton, and N* Ton interactions had
p-values of 0.0984, 0.4521, and 0.0001, respectively. In-
teractions with p-values higher than 0.05 were insignifi-
cant in a 95 % confidence range. The interaction plot in
Figure 4 showed parallel lines, suggesting that the two-
way interactions were insignificant. Equation 1 provides
a model to forecast the MRR. The model’s R-sq value was
98.78%, meaning that factors and interactions accounted
for 98.78% of the variance in the MRR.

MRR g/min = 0.1636 — 0.009370N _50
-+ 0.000031N 100

+ 0.009339N 150
—-0.098127p_ 0.5

+ 0.009873Ip 1.5

+ 0.08825Ip 2.0
—0.04292Ton_ 3
—0.006138Ton__ 6

-+ 0.04905Ton_ 9

+ 0.004149N*Ip 500.5
+ 0.004048N*Ip 501.5
—0.008197N*Ip 50 2.0
— 0.000949N*Ip 100 0.5
—0.003787N*Ip 100 1.5
+ 0.004736 N*Ip 100 2.0
— 0.003200N*Ip 1500.5
—0.000261N*Ip 150 1.5
+ 0.003461N*Ip 150 2.0
+ 0.000137N*Ton_50 3
+ 0.001392N*Ton_ 50 6
— 0.001529N* Ton_50 9
-+ 0.000036 N*Ton_ 100 3
+ 0.004158N* Ton_ 100 6
—0.004193N*Ton_1009

—0.000172N* Ton_150 3

— 0.005550N* Ton_ 150 6

-+ 0.005722N* Ton 1509

+ 0.02922Ip* Ton_0.5 3

+ 0.001247Ip*Ton_0.56
—0.03047Ip*Ton_0.59
—0.006007Ip* Ton_1.53

- 0.009918Ip* Ton_1.56

-+ 0.01592Ip*Ton 1.59
—0.02322Ip* Ton_2.0 3

+ 0.008671Ip* Ton_2.0 6

+ 0.01455Ip* Ton_2.09
—0.002516N*Ip*Ton 500.53
-+ 0.000729N*Ip*Ton 50 0.5 6
+ 0.001787N*Ip*Ton 500.59
+ 0.000919N*Ip* Ton 50 1.5 3
—0.007403N*Ip*Ton 501.56
+ 0.006484N*Ip*Ton 501.59
-+ 0.001597N*Ip*Ton 50 2.0 3
+ 0.006674N*Ip* Ton 502.0 6
—0.008271N*Ip*Ton 502.09
-+ 0.000382N*Ip*Ton 100 0.5 3
—0.003640N*Ip*Ton 100 0.5 6
-+ 0.003258 N*Ip*Ton 1000.59
+ 0.001353N*Ip*Ton 100 1.5 3
—0.000736N*Ip*Ton 100 1.5 6
— 0.000618 N*Ip*Ton 1001.59
—0.001736 N*Ip*Ton 100 2.0 3
-+ 0.004376N*Ip*Ton 100 2.0 6
— 0.002640N*Ip* Ton 1002.09
-+ 0.002133N*Ip*Ton 150 0.5 3
+ 0.002911N*Ip*Ton 150 0.5 6
—0.005044N*Ip*Ton 1500.59
—0.002272N*Ip* Ton 150 1.5 3
-+ 0.008139N*Ip*Ton 1501.56
—0.005867N*Ip*Ton 1501.59
+ 0.000139N*Ip* Ton 150 2.0 3
—0.01105N*Ip*Ton 150 2.0 6

+ 0.01091N*Ip*Ton 150 (2)
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Fig. 3. Plot of main effects - MRR
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Fig. 4. Plotting the interaction effect - MRR

The chart for the SR is given in Figure 5. N, Ip,
and Ton all had p-values of 0.000. Therefore, the SR
considered three discrete parameters to be necessary.
The primary effect plot in Figure 6 verified the con-
clusion. The findings agreed with those of the S.R.
N*Ip*, N*Ton, and N*Ton had two-way interactions,
and their p-values were 0.3679, 0.0035, and 0.0039, re-
spectively. Therefore, no interactions had any bearing
on SR, as shown in Figure 7. When N and Ton shifted
from their corresponding low to high levels, the SR
increased, whereas travel speed changed from high to
low (Figure 9) — interaction effects of the parameters
on the SR (2). The model’s R-sq is 98.81%.

SR (Ra) pm = 2.693 +0.1185N 50
—0.003704N 100

—0.1148N 150

- 0.9815Ip_ 0.5

+ 0.1407Ip_1.5

+ 0.8407Ip_ 2.0

- 0.3370Ton_3

+ 0.02963 Ton_ 6

+ 0.3074Ton_9
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+ 0.07037N*Ip_ 50 0.5
—0.05185N*Ip 50 1.5

- 0.01852N*Ip 50 2.0
—0.007407N*Ip 100 0.5

+ 0.003704N*Ip 100 1.5

-+ 0.003704N*Ip 100 2.0

- 0.06296 N*Ip 150 0.5

+ 0.04815N*Ip _1501.5

+ 0.01481N*Ip 150 2.0

+ 0.02593N*Ton_50 3
—0.04074N*Ton_50 6

+ 0.01481N*Ton_509

— 0.01852N*Ton_ 100 3

+ 0.01481N*Ton_100 6

+ 0.003704N*Ton_100 9
—0.007407N* Ton_ 150 3

+ 0.02593N*Ton_150 6

— 0.01852N*Ton_150 9

- 0.1741Ip*Ton_0.53

+ 0.09259Ip* Ton_0.56

-+ 0.08148Ip*Ton_0.59
+0.1370Ip* Ton_1.53
—0.09630Ip* Ton_1.56
—0.04074Ip*Ton_1.59

+ 0.03704Ip*Ton_2.03

+ 0.003704Ip* Ton_2.0 6
—0.04074Ip*Ton_2.09

— 0.01481N*Ip*Ton_50 0.5 3
+ 0.01852N*Ip*Ton 50 0.5 6
— 0.003704N*Ip*Ton 500.59
—0.02593N*Ip*Ton 50 1.5 3
+ 0.007407N*Ip*Ton 501.56
+ 0.01852N*Ip*Ton 501.59
+ 0.04074N*Ip*Ton 502.03
—0.02593N*Ip*Ton_502.0 6
— 0.01481N*Ip*Ton 50 2.09
+ 0.02963N*Ip* Ton 1000.5 3
—0.03704N*Ip*Ton 1000.56
+ 0.007407N*Ip*Ton 100 0.59
— 0.01481N*Ip*Ton 100 1.5 3
+ 0.01852N*Ip*Ton 1001.56
—0.003704N*Ip*Ton 1001.59
—0.01481N*Ip*Ton 1002.03
+ 0.01852N*Ip*Ton 100 2.0 6
—0.003704N*Ip*Ton 100 2.0 9
— 0.01481N*Ip*Ton 150 0.5 3
+ 0.01852N*Ip*Ton 1500.56
—0.003704N*Ip*Ton 1500.59
+ 0.04074N*Ip*Ton 150 1.5 3
- 0.02593N*Ip*Ton 150 1.5 6
— 0.01481N*Ip*Ton_1501.59
- 0.02593N*Ip*Ton 1502.0 3
+ 0.007407N*Ip*Ton 150 2.0 6
+ 0.01852N*Ip*Ton 1502.0 9
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This means that the increasing trend of MRR is
higher at higher Ip and Ton than at lower N speed.
The surface plot for MRR due to the interaction effect
of the N and Ip is shown in Fig. 8(a,b,c). The surface
plot for SR due to the N and Ton interaction effect is

shown in Fig. 9(a,b,c). The decrease in SR is significant

at larger N, while an insignificant decrease in SR at
more minor Ip and Ton is observed.

MRR

MRR

MRR

30 03

Fig. 8. Surface map showing how N, Ip, and Ton interact

to affect MRR
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SR (Ra)

00 2O

Fig. 9. Surface map showing how N, Ip, and Ton interact
to affect SR

Figure 10 displays the optimized N, Ip, and Ton
parameters and the matching MRR and SR response
values from the ANOVA response optimizer. The ideal
set of parameters for a single response or a collection
of responses can be found using response optimizers.
In this instance, various replies for the three input
variables were optimized, and the result was an opti-
mization plot. N, Ip, and Ton were each optimized at
150 rpm, 1.22 A, and 8.4 ms, respectively.

Discussion

In Electrical Discharge Machining (EDM), key pro-
cess parameters such as peak current, Pulse on time,
and rotational speed significantly impact surface rough-

Volume 15 @ Number 1 e March 2025
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d = 0.50063

Fig. 10. Optimize the variables and responses in ANOVA
by using the response optimizer

ness (SR) and material removal rate (MRR). Here’s
a detailed discussion of these effects:

Peak Current (Ip): Surface Roughness: Increasing
the peak current often results in higher surface rough-
ness. With a higher peak current, the discharge energy
increases, leading to a more aggressive erosion process.
This can cause larger craters on the workpiece surface,
increasing roughness. Higher peak currents generally
improve MRR by enhancing the energy per discharge,
leading to faster material erosion. However, a current
that is too high can also lead to a rougher finish and
potentially reduce tool life due to excessive wear.

Pulse On-Time (Ton): Surface Roughness: Increas-
ing the Pulse at 9 mm on time extends the duration
each spark is in contact with the material, which can
increase surface roughness as it causes deeper craters.
However, a carefully optimized on-time can balance
the roughness by controlling crater formation.

Material Removal Rate (MRR): A longer pulse on time
improves MRR by allowing each discharge to remove
more material. However, excessively long pulse durations
may cause secondary discharges, potentially affecting
surface quality and stability in material removal.

Rotational Speed (for Rotary EDM): Surface Rough-
ness: In rotary EDM, where the electrode rotates dur-
ing machining, higher rotational speeds at 150 rpm
can improve surface finish. Rotation helps remove de-
bris from the gap, providing better spark distribution
and a finer surface. Material Removal Rate (MRR):
Rotational speed enhances MRR by aiding debris evac-
uation and ensuring a consistent gap between the tool
and workpiece. This consistent gap helps maintain
steady discharges, improving machining efficiency.
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In summary, optimizing these parameters — such as
selecting a moderate peak current, controlling Pulse
on time at 1.22 A, pulse Ton at 8.454 mms and using
adequate rotational speed at 150 rpm — allows for
a balance between achieving a smoother surface finish
and maximizing MRR. The specific values, however,
depend on the material properties and the desired
machining outcome.

An analysis of variance was conducted to determine
which factor significantly influenced the surface rough-
ness and metal removal rate of micro rods produced via
EDM. The ANOVA results for the surface roughness
experimental data are presented in Fig. 2. and Fig. 5.
The P-values are utilized to assess the statistical signif-
icance of each component. P-values below 0.05 signify
that, at the 95% confidence level, capacitance, N*, Ip,
and Ton exert a statistically significant influence on
surface roughness.

Conclusions

The EDM method worked well for tungsten carbide.
It was discovered that the process parameters consider-
ably impacted MRR and SR. Consequently, parameter
optimization is crucial to achieving a strengthened
EDM process. Below are the findings of the analysis
using ANOVA.

1. In the 95 % confidence interval, the p values for the
ANOVA’s N*Ip* N*Ton, and N* Ton interactions
are less than 0.05. Thus, it has been established
that the MRR is significantly influenced by the N,
Ip, Ton, and the interplay of the current and N.

2. The relative p values for the N*Ip* N* Ton, and
N*Ton interactions, as well as the N-Ton interac-
tion and the Ip- Ton interaction, are 0.3679, 0.0035,
and 0.0039, 0.1036, 0.684, and 0.0664. In a 95 % con-
fidence interval, every p-value is higher than 0.05.

3. Therefore, neither the principal effects of the pa-
rameters nor their interactions have any impact on
the SR. The ANOVA-optimized values are 150 rpm,
1.22 A, and 8.4 ms. Regardless of the statistical
analysis looked at, the outcomes based on these
two analyses came to a single set of ideal values.

4. A mathematical model for surface roughness
and metal removal rate employing dimensional
analysis has been formulated by examining the
process variables and the material characteristics
that influence the surface roughness of micro rods
produced by the EDM method.

5. The influence of input parameters on the surface
roughness and metal removal rate of rods produced
using EDM was examined using ANOVA.
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