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Abstract: In this study, we investigated a modified electrode with a stepped cylindrical shape
to improve machinability in the electrical discharge machining process. A stepped cylindrical
electrode with varied land heights and shank sizes was designed. A copper electrode was used
to drill holes at a machining depth of 45 mm on the tool steel. The results revealed that the
material removal rate of the shoulder and relief angle designs increased by 277.54% and 269.91%,
respectively, compared with those of a conventional electrode for a land height of 0.90 mm. The
material removal rate decreased slightly with increasing land height for both electrode designs.
The electrode wear ratio of all modified electrodes was less than 1%, and the lowest electrode
wear ratio of approximately 0.45% was observed at a land height of 2.25 mm. In addition,
the diameter of the drilled hole along the machining depth was greatest in the middle. The
concave shape on the side wall of the drilled hole for the modified electrode was lower than
that of the conventional tool. The concave shape of the drilled hole was drastically reduced
with a sufficient decrease in the land height and shank size of the modified electrode. This
was due to the lower area on the sidewall between the electrode and the drilled hole, with the
stepped cylindrical design leading to easy elimination of debris particles from the sparking area
and improved machining performance. Therefore, the machinability of the stepped cylindrical
electrode was greater than that of the conventional machining.

Keywords: Debris particles; Electrical discharge machining; Material removal rate; Stepped
cylindrical electrode

1. Introduction

Electrical discharge machining (EDM) is a contemporary method for removing work ma-
terial by means of serial discharges on an electrically conductive workpiece and tool electrode
(Mao et al., 2020; Ni et al., 2017). The EDM process removes a part of the work material
using the temperature produced by electrical discharge to erode the material with the aid of
dielectric fluid flushing (Kumar and Singh, 2018). The discharge current induces an electrical
spark through the dielectric medium, without any contact between the tool electrode and the
workpiece. The thermal energy produced removes the work material by melting and evaporat-
ing erosion within a short period and specific regions. Consequently, EDM is a widely used
method for machining workpieces because the mechanical properties of the work material are
negligible because of the cutting instrument’s noncontact nature during the machining process
(Kumar and Singh, 2019). AISI P20 tool steel contains chromium and nickel, which contribute
to the hardness of the material. This material is widely used in injection molds and casting dies
because of its superior wear resistance, consistent structure, high hardness, and reasonable high-
temperature strength. EDM is one of the most popular machining processes for manufacturing
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complex shapes in injection molding (Priyadarshini et al., 2022).
Compared with conventional machining, electrical discharge machining (EDM) inherently

yields a lower material removal rate (MRR) and longer cycle times, especially for hard materials.
This poor efficiency is due to inadequate debris and bubble flushing. In addition, accumulated
particles weaken the dielectric medium and cause short-circuiting of the discharge current, inter-
rupting the spark and slowing material removal (Mufti et al., 2020). Researchers have explored
changes in tool design, motion, and process parameters to mitigate this. For example, studies
on tool steel EDM have shown that increasing the discharge current or pulse duration increases
the MRR but at the cost of worse surface finish and accuracy (Aghdeab et al., 2021; Straka
and Hašová, 2018). Conversely, when a fresh dielectric medium is introduced between pulses,
motions that refresh the gap (electrode lifting or electrode vibration) improve stability (J. Wang
et al., 2012). Many new approaches are effective. For example, adding conductive powders
to the dielectric fluid enhances spark dispersion. Mookam et al., 2021 reported that mixing
graphite powder greatly increased the MRR, improved the surface finish, and stabilized the pro-
cess. Flushing strategies have also advanced. Ahmed et al., 2021 introduced a bottom orifice in
a tubular electrode to eject debris, similar to injection-flushing techniques, which can increase
the MRR by 80%. Electrode rotation is a simple yet powerful method. Dwivedi and Choudhury,
2017 reported that compared with a static tool, rotating a copper tool improved debris clearance
and spark quality, increasing the MRR by approximately 40%. Similarly, shaping the electrode
for self-flushing is beneficial. Rafaqat et al., 2020 designed a 10-degree relief and landed it on a
cylindrical electrode, reducing the hole-drilling time by nearly half (49% reduction) and yielding
much smaller radial overcut and smoother hole walls. In summary, optimized electrode geometry
(land/relief, helical slots, or stepped profiles) and motion (rotation or vibration) significantly in-
crease EDM productivity by continuously sweeping debris from the gap, which in turn increases
the MRR and reduces electrode wear.

Based on a review of the literature in the past decade, many researchers have focused on
the optimal machining parameters because machine adjustments have essentially improved the
machining performance. In addition, mixed powder and rotating electrode techniques have been
employed to improve the machining efficiency. However, these techniques require the attach-
ment of accessories to the machine structure. The machining performance can be improved by
increasing the escape area to eliminate debris particles and bubbles moving from the machin-
ing area (Wei et al., 2025; Kumar and Singh, 2019). The concentration of debris particle flow
throughout the machining area reduces the dielectric fluid’s insulating strength, leading to a
high density of secondary sparks between the drilled hole’s sidewall and tool electrode (Firat
and Bozdana, 2025; Dhakar et al., 2022). These factors may affect the machining performance
and integrity of the drilled holes. The assumption of a modified electrode based on an increase
in the escape area and a limited region of secondary spark is expected to improve the machine
performance and integrity of the machined surface. A few studies have used simple geometric
electrode modification for deep holes. The modification of tool electrodes to improve machining
performance is an interesting recent area of study because of the low machining cost. Therefore,
the current study focused on the innovative design of a stepped cylindrical electrode for deep
drilling holes with different land heights to evaluate the secondary spark and shank sizes to
increase the debris and bubble movement escape area. The novelty of this work is based on the
use of an electrode for flushing improvement without extra machine modifications. This study
aimed to examine how the modified electrode land height and shank size for deep hole drilling
affect the improvement in machinability, along with the machining time along the drilled hole
depth, material removal rate, electrode wear ratio, drilled hole dimension, and machined surface
roughness.
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2. Materials and methods used

2.1 Experimental material

Experimental tests were conducted on an Aristech 430 CNC die sinking electrical discharge
machine (Aristech, Taichung City, Taiwan) to investigate the effects of electrode design on
machining. Figure 1(a) shows a schematic diagram of the experimental setup. A cylindrical
copper electrode was used to machine the steel-grade AISI P20 tool. The dimensions of the
workpiece with the grinding surface were 10 mm × 50 mm × 65 mm. Several plates were
clamped to the fixture, which was mounted onto the working tank using a machine vise. The
hole drilled by electrical discharge machining was located on the parting line of the coupled
plate, as shown in Figure 1(b). The machining depth was 45 mm. The side flushing of the oil
dielectric fluid (DIEL MS 7000, TOTAL) was supplied to the machining area through a nozzle
and continuously recirculated to the dielectric filler tank of the electrical discharge machine.
The finished machined workpiece was separated to investigate the integrity of the drilled holes,
as shown in Figure 1(c).

Figure 1 Experimental setup: (a) schematic of the experimental setup; (b) assembled coupled
plate with screw clamps; (c) drilled holes in the steel plate

2.2 Electrode design

Electrode designs are in accordance with the flow difference through the narrow flushing
channel, which affects the velocities and pressure. Dielectric flushing creates a difference in
pressure at the drilled position (Chen et al., 2025). The hole depth influences the drop in
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dielectric flushing pressure for conventional electrodes (Kliuev et al., 2018). The concave shape
of the electrode reduces debris accumulation with the dielectric fluid’s flushing effect (Mao et al.,
2020). The shape of the rotating electrode design can improve the machining performance by
promoting self-pumping dielectric flushing (Goiogana and Elkaseer, 2019). A cylindrical shape
with a uniform cross-sectional area is the conventional electrode design, which is typically used
to produce a circular hole in the electrical discharge machining process, as shown in Figure
2. In this study, the cylindrical electrode was modified into different design types through the
land height (LH) and shank size (SZ) to evaluate the effects on machining performance. The
effects of the land height and shank size on the improvement in machining performance of the
shoulder electrode design (stepped 90 degrees, SE) and the relief angle electrode design (stepped
45 degrees, RE) were investigated and compared with those of the conventional electrode. The
electrode design was further characterized by the LH into five subdesign parameters of 0.90, 2.25,
4.50, 6.75, and 9.00 mm for the shoulder electrode (SE) and relief angle electrode (RE) with a
specified shank size of 4.5 mm, as shown in Figures 2(a) and 2(b), respectively. The selection of
the land height was expected to increase the percentage of electrode diameter by 10%, 25%, 50%,
75%, and 100%, respectively, because the side gap strongly affects the accumulation of debris at
the bottom of the hole in the gap and sparking region between the electrode and workpiece (Firat
and Bozdana, 2025; Mao et al., 2020). The shank size (SZ) of the electrode was further varied
into four subdesign diameters of 8.10, 7.20, 6.30, and 5.40 mm for the shoulder electrode (SE)
and relief angle electrode (RE), as shown in Figures 2 (c) and 2 (d), respectively. A total of 19
electrode designs, including conventional electrodes, were used to perform the machining tests.
All electrode designs were manufactured using an automatic turning machine (EMCOTRONIC
TM02). The electrode diameter was controlled to a body size of 9.00 ± 0.002 mm.

Figure 2 Stepped cylindrical electrode designs: (a) shoulder electrodes with varied land
heights (SE LH); (b) relief angle electrodes with varied land heights (RE LH); (c) shoulder

electrodes with varied shank sizes (SE SZ); (d) relief angle electrodes with varied shank sizes
(RE SZ)

2.3 Experimental procedure

In this experiment, the head of the machine was equipped with a copper electrode with a
body diameter of 9 ± 0.002 mm. AISI P20 grade tool steel was used for the 45 mm drilling hole.
The top surface of the workpiece served as the zero position for the machining setup. Table 1
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summarizes the machining conditions investigated. The electrode polarity was set as an anode
(+), and the workpiece material was set as the cathode (-). In accordance with the optimized
machining conditions with regard to the highest material removal rate, the discharge current,
pulse-on time, and pulse-off time for any experimental testing were fixed at 16 Amp, 150 µs, and
2 µs, respectively (Jamkamon and Janmanee, 2021; Tapadar et al., 2017). The experimental
tests were repeated 3 times for each tool design with the new electrode.

Table 1 Experimental conditions used

No. Machining condition Value
1 Electrode diameter (mm) 9.00 + 0.002
2 Electrode polarity + (anode)
3 Discharge current (Amp) 16.00
4 Pulse-on time (µs) 150
5 Pulse-off time (µs) 2
6 Voltage (V) 150
7 Gap spark (µm) 10
8 Jump height (mm) 2
9 Jump down (s) 2
10 Side flushing flow (Lmin) 1
11 Machining depth (mm) 45

The drilling depth and machining time (MT) were monitored and recorded from the dis-
play of the machine by a video camera. The material loss of the workpiece and electrode was
determined using a digital balance. Therefore, the MRR can be derived from the volume of
work material lost per unit of machining time, as shown in Equation (1). The electrode wear
ratio (EWR) can be calculated as the percentage volume of worn electrode per work material
loss, as derived by Equation (2) (Barenji et al., 2016). The dimensions of the drilled hole along
the machining depth were determined using an optical measuring microscope (Olympus, STM6,
Japan), and the quality of the machined surface in terms of arithmetic mean roughness (Ra) was
measured using a roughness tester (Mahr, Marsurf PS1, Germany). The evaluation of weight
and surface roughness was replicated 3 times for each measurement.

MRR = Mw1 − Mw2
ρw × MT

× 103 (1)

where MRR is the material removal rate (mm3/min) and Mw1 and Mw2 are the weights
(g) of the workpiece material before and after machining, respectively. ρw is the density of the
workpiece material (AISI P20 tool steel, 7.78 g/cm3), and MT is the machining time (min).

EWR = (Mt1 − Mt2)ρt

(Mw1 − Mw2)ρw
× 100 (2)

where EWR is the electrode wear ratio (%), Mt1 and Mt2 are the weights (g) of the tool
electrode before and after machining, respectively, and ρt is the density of the copper electrode
(8.96 g/cm3).

3. Results and Discussion

The main focus of this study was the impact of the stepped cylindrical electrode design
on enhancing the machinability of the electrical discharge machining procedure for deep hole
drilling. The effects of the land height and shank size of the electrode design on the machining
performance were assessed in terms of the machining time, material removal rate, and electrode
wear ratio. Furthermore, the integrity of the machined hole was analyzed and linked to the
drilled hole’s diameter and surface roughness (Ra).
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3.1 Machining time

Figure 3 shows the experimental results of the machining time with varied land heights
for the shoulder and relief angle electrodes. The machining time increased proportionally with
the depth of the drilled hole for all electrode designs. The shoulders electrode (SE) design
with varied land heights of 0.90, 2.25, 4.50, 6.75, and 9.00 mm for a drilling depth of 45 mm
influenced the machining time by approximately 115.13, 128.47, 226.40, 360.15, and 418.88 min,
respectively, as shown in Figure 3(a). The machining time of the relief angle electrode design
(RE) increased by approximately 118.53, 131.67, 198.72, 316.55, and 376.80 min with increasing
land height, as shown in Figure 3(b).

Figure 3 Machining time of the cylindrical electrode design with various land heights: (a)
shoulder electrode (SE LH); (b) relief angle electrode (RE LH)

When the land height was increased, the machining time of the relief angle electrode was
slightly lower than that of the shoulder electrode. The smaller land height of the electrode
resulted in a shorter machining time to finish the drilled hole. Larger land heights resulted
in longer machining times and approximately 466.73 min than the results of holes drilled with
conventional electrodes. The machining time increased with increasing land height for both
electrode designs because the large electrode area easily induced a secondary spark on the
drilled hole’s sidewall. This resulted from the build-up of debris particles, which decreased the
dielectric fluid’s resistance (Lo et al., 2019). When the work material in the machining zone
was eliminated, the large area of the secondary spark resulted in a low energy density, which
required more machining time (Liao et al., 2020; Giridharan and Samuel, 2015). An image of the
effects of the secondary spark on the electrode sidewall, which is displayed in Figure 4, supports
this hypothesis. The secondary spark area of the electrode sidewall is shown in a darker shade.
Thus, the design land height of the electrode body can be adapted to reduce the machining
time. The lowest drilling time was related to the highest machining speed of 0.39 mm/min (45
mm/115.13 min). These results are better than those of Rafaqat et al., 2020 (0.35 mm/min (4
mm/11.27 min)) by approximately 11.43%.

Figures 5(a) and (b) show the results of the machining time with various shank sizes (SZ)
for the shoulder and relief angle electrode designs. For both electrode designs, the machining
time increased with increasing depth of the drilled hole. However, for both the shoulder and
relief angle electrode designs, the slope of the machining time against the drilled hole depth for
a shank size of 8.1 mm significantly increased when the machining depth exceeded 30 mm. The
machining time required to finish the drilled hole for both electrode designs was approximately
125 ± 5 minutes with various shank sizes ranging from 5.4 to 7.2 mm. The modified shank size of
the electrode resulted in the greatest decrease in the machining time, which was approximately
73.22%, compared with the conventional shape. In addition, a machining time of approximately
170 ± 5 minutes was required for both electrodes with a shank size of 8.1 mm. This was
possibly due to the larger shank size, which resulted in lower clearance between the electrode
wall and the drilled hole, leading to the small escape area and the effect of gravity preventing
the removal of bubbles and debris particles from the machining zone (Mao et al., 2024; Tanjilul
et al., 2017). Differences in electrode body and shank sizes led to debris particles and gas
bubbles easily moving out from the machining region because of the large escape area (Figure
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6). These results are similar to those of Kumar and Singh, 2019 in that they improved the
process performance of electrical discharge drilling with fabricated pathways on the electrode to
eliminate debris particles and gas bubbles from the machining area.

Figure 4 Photographs after secondary sparks occurred on the sidewalls of electrodes with
various land heights: (a) varied land height of the shoulder electrode (SE LH); (b) varied land

height of the relief angle electrode (RE LH)

EDM systems require low production costs and short machining times (Hasan et al.,
2023). The machining times for the stepped cylindrical electrode with a land height of
2.25 mm for both the shoulder and relief angle electrode designs were approximately 72.47%
((100)(466.73–128.47)/466.73)) and 71.78% ((100)(466.73–131.67)/466.73%), respectively, lower
than that of the conventional electrode. Therefore, modified electrode designs can improve ma-
chining performance without the need for special attachments on machines. This is beneficial
for reducing production costs related to a decrease in machining time.

Figure 5 Machining times of the cylindrical electrode designs: (a) shoulder electrode with
various shank sizes (SE SZ) and (b) relief angle electrode with various shank sizes (RE SZ)

3.2 Material removal rate (MRR)

The MRR with various land heights for a machining depth of 45 mm is shown in Figure
7(a). The land height of the shoulder and the relief angle of the electrode designs affected the
material removal rate. The material removal rate drastically decreased when the land height of
the electrode increased for both electrode designs. The greatest improvement in the material
removal rate of the shoulder and relief angle electrodes occurred at approximately 277.54% and
269.91%, respectively, for a land height of 0.9 mm compared with conventional machining. The
highest material removal rate occurred at the lowest land height because the dielectric fluid
was easily transported to the sparking area (Kolli and Kumar, 2015). The dielectric fluid flow
through the machining area induced a stable discharge current and eliminated debris particles
from the sparking region (Machno et al., 2020; Takezawa et al., 2020). The increase in the
clearance between the wall of the drilled hole and the electrode with the reduced shank size
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also affected the material removal rate, as shown in Figure 7(b). The largest shank size (8.1
mm) resulted in the lowest material removal rates 17.95 and 17.53 mm3/min for the shoulder
and relief angle electrode designs, respectively. The material removal rate increased when the
electrode shank size decreased. The highest material removal rates of approximately 25.06 and
25.20 mm3/min for the shoulder and relief angle designs, respectively, occurred for the electrode
shank size of 7.2 mm. The material removal rate fluctuated slightly when the shank size of the
electrode decreased. This was possibly due to the sufficient escape area for debris particle and
gas bubble removal from the machining region, leading to reduced short circuits with successful
sparking (Ekmekci and Sayar, 2012).

Figure 6 Photographs of the machined electrodes: (a) shoulder electrode with various shank
sizes (SE SZ); (b) relief angle electrode with various shank sizes (RE SZ)

Figure 7 Material removal rates of the shoulder and relief angle electrode designs: (a) material
removal rate with varied land heights; (b) material removal rate with varied shank sizes

Regressions of the material removal rate (MRR) as a function of the land height (LH) for the
shoulder electrode (SE) and relief angle electrode (RE) are presented in Equations (3) and (4),
respectively. The regression model revealed that the material removal rate decreased linearly
as the land height increased. The coefficients of determination (R-squared) of the shoulder and
relief angle electrodes were 92.75 and 95.85, respectively.

MRRSE (mm3/min) = 27.08 − 2.441(LH), (3)

MRRRE (mm3/min) = 26.63 − 2.228(LH), (4)

where MRRSE (mm3/min) and MRRRE (mm3/min) are the predicted volume of the
material removal rate (mm3/min) for the shoulder and relief angle electrodes, respectively, and
LH is the land height (mm).

The experimental results of the material removal rate for the shoulder and relief angle
electrodes present the regression model as a quadratic function with the shank size, as shown
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in Equations (5) and (6). The coefficients of determination of the regression model of both the
shoulder and relief angle electrodes were 94.14 and 91.66, respectively.

MRRSE (mm3/min) = −81.42 + 33.48(SZ2), (5)

MRRRE (mm3/min) = −80.42 + 33.39(SZ2), (6)

where MRRSE (mm3/min) and MRRRE (mm3/min) are the predicted volume of the
material removal rate (mm3/min) for the shoulder and relief angle electrodes, respectively, and
SZ is the shank diameter (mm).

3.3 Electrode wear ratio (EWR)

Figure 8(a) shows the results of the electrode wear ratio with various land heights. The
highest electrode wear ratios of 0.63% and 0.57% were observed at a land height of 0.90 mm
for the shoulder and relief angle electrodes, respectively. These values are slightly lower than
those of the conventional electrodes (0.66%). An increase in the land height of 2.25 mm led to
the lowest electrode wear ratio of 0.45%, which slightly increased for both tool designs. This
was possibly due to the shortest land height inducing high energy density in the machining
area, leading to more erosion on the sidewall and electrode surface because of the small sparking
area. In other words, increased land height led to low energy density in the machining region
because of a greater area of the secondary spark, resulting in weak electrode tool wear (X. Wang
et al., 2020). This can be confirmed by the worn electrode images shown in Figures 4 and 6.
The greatest change in the dimension of the worn electrode occurred at the lowest land height.
Debris particles and gas bubbles readily escaped from the sparking area because of the increased
clearance caused by the smaller shank size of the electrode. As shown in Figure 8(b), this led
to a reduced electrode wear ratio with minor volatility and a quicker machining time.

Figure 8 Electrode wear ratio of the shoulder and relief angle electrode designs: (a) electrode
wear ratio with varied land heights and (b) electrode wear ratio with varied shank sizes

The volume of the electrode wear ratio was predicted by regression of the cubic and
quadratic models when the land height and shank size were controlled for the shoulder and
relief angle designs, as presented in Equations (7), (8), (9), and (10), respectively. The cubic
regression model’s coefficient of determination for varied land heights of the shoulder and relief
angle electrodes were 94.29 and 99.24, respectively. The coefficients of determination of the
quadratic regression model for the electrode designs with various shank sizes of the shoulder
and the relief angle electrodes were 99.76 and 99.56, respectively.

EWRSE(%) = 0.8041 − 0.2440(LH) + 0.04880(LH2) − 0.002818(LH3), (7)

EWRRE(%) = 0.7094 − 0.1914(LH) − 0.04021(LH2) − 0.002393(LH3), (8)

EWRSE(%) = 1.585 − 0.3789(SZ) + 0.03086(SZ2), (9)
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EWRRE(%) = 1.375 − 0.3067(SZ) + 0.02469(SZ2), (10)
where EWRSE (%) and EWRRE (%) are the predicted electrode wear ratios (%) for the

shoulder and relief angle electrodes, respectively. LH and SZ are the land height (mm) and
shank size, respectively.

Figure 9 shows the characteristics of tool wear in the bottom face of the electrode. Images
were captured using a 3D measuring laser microscope (Olympus, model LEXT OLS 5000). The
surface profile of the electrode is represented by the shaded color. Most tool wear occurred on
the electrode’s bottom surface and edge region. The depth of tool wear on the bottom surface of
the tool slightly increased with increasing land height for the shoulder and relief angle electrodes,
as shown in Figure 9(a). This occurred because the area against the electrode sidewall and the
drilled hole, where the dielectric fluid barely passed through the sparking area, increased as the
land height increased. As a result, debris particles accumulate in the dielectric fluid, causing
turbulent flushing of the dielectric fluid to produce secondary sparks at the bottom section of the
machining area (Voigt and Peuker, 2022). The irregular wear on the surface increased slightly
with increasing shank size. However, the shoulder and relief angle designs had little effect on
the tool wear characteristics with varying shank sizes, as shown in Figure 9(b).

Figures 10 and 11 show the contour plots of land height (LH) versus material removal rate
(MRR) and electrode wear ratio (EWR) for the shoulder electrode (SE) and relief angle electrode
(RE), respectively. Electrode wear increased when the land height was less than 2.0 mm. The
material removal rate decreased with increasing land height. However, both the shoulder and
relief angle electrodes promoted the highest material rate with the lowest electrode wear ratio
when the land height ranged from 2 - 4 mm.

Figures 12 and 13 present contour plots of the shank size (SZ) versus the material removal
rate (MRR) and electrode wear ratio (EWR) for the shoulder electrode (SE) and relief angle
electrode (RE), respectively. Large shank size decreased the material removal rate and increased
the electrode wear ratio. However, high machining performance occurred when the shank size
was controlled in the range of 6.0 - 6.5 mm, as indicated by the high material removal rate
and low electrode wear ratio. Therefore, the design of a sufficient area for debris particle and
bubble escape from the machining region can improve the machinability of electrical discharge
machining (Chen et al., 2025; Wei et al., 2025).

3.4 Integrity of the machined surface

In this work, the diameter of the electrode design was 9.00 ± 0.002 mm. The integrity
of the machined surface was investigated in terms of the diameter and roughness of the drilled
hole. The experimental results for the diameter of the drilled hole were usually larger than
the diameter of the electrode because of the clearance of the spark gap, as shown in Figure
14. The results show that a short land height of 0.9 mm led to a decrease in the dimensions
of the drilled hole with increasing machining depth for both the shoulder and the relief angle
electrode designs, as shown in Figure 14(a) and 14(b), respectively. This occurred because
the concentrated secondary spark in the small area accelerated tool wear and resulted in a
dimensional change with increasing depth of drilling (Zhu et al., 2025). Compared with the
relief angle electrode design, the shoulder electrode design’s reduced material volume caused
a more significant change in dimension. The drilled hole diameter increased as a larger land
height of electrode. This occurred because a larger secondary spark was produced by more
debris particles merging in the space between the electrode sidewall and the drilled hole, which
decreased the dielectric fluid resistance and increased the sparking gap.

This can be confirmed by the results of the dimensional concavity of the drilled hole, which
increased with the land height of the electrode for both the shoulder and the relief angle designs,
as shown in Figure 14. However, the concave shape of the drilled hole for all the modified
electrodes was lower than that for conventional machining. The highest quality of the drilled
holes in terms of the average gap clearance was 0.188 mm ((9.359-8.984)/2) and 0.180 mm
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((9.347-8.986)/2), which increased with a controlled land height of 2.25 mm for both the shoulder
and the relief angle electrode designs, respectively. A quantitative comparison revealed that the
gap clearance with the relief angle electrode was lower than the optimal condition of previous
research by approximately 8.16% ((100)(0.196-0.180)/0.196)). Notably, the gap clearance under
optimal conditions for multi-aperture inner flushing was reported to be 0.196 mm (Chuvaree
and Kanlayasiri, 2021).

Figure 15 shows the diameter of the drilled hole with respect to the machining depth for
various electrode shanks. The diameter of the drilled hole decreased slightly with the shank size
for the shoulder electrode design, as shown in Figure 15(a). However, the diameter of the hole
drilled using the relief angle electrode changed slightly less with decreasing electrode shank size,
as shown in Figure 15(b). This is possibly due to the erosion effect of material debris particles
flowing out from the machining area via dielectric flushing and gas bubbles during the sparking
cycle (Ablyaz et al., 2023). The discharge current was stopped during the jump height cycle,
leading to the reversal of the dielectric fluid flow to the machining area through the gap between
the electrode’s sidewall and the workpiece. The debris particles blending in the dielectric fluid
accumulate on the electrode shoulder, which can be moved back to produce a secondary spark
on the sidewall of the drilled hole. On the other hand, the slope surface of the electrode in the
relief angle design induced a stable flow of debris particles and bubbles from the sparking region
(Cetin et al., 2004). Therefore, the design of the relief angle electrode was more appropriate
than that of the shoulder electrode because the dimensions of the drilled hole were close to the
electrode’s negligible shank size.

Figure 16 shows the surface roughness results for the sidewall of the drilled hole. The
roughness of the machined surface was measured. The shortest land height of 0.90 mm for both
the shoulder and relief angle electrodes represented the highest arithmetic mean roughness (Ra
≈ 11.50 µm), as shown in Figure 16(a). At a land height of 2.25 mm, the roughness of the
machined surface significantly decreased. The roughness levels of the machined surface were
higher at lower land heights (2.25-9.00 mm), with little variation between 4.10 and 5.50 µm.
The lowest roughness level of the machined surface, 3.54 µm, occurred for the conventional
electrode. This phenomenon was possibly due to the small area on the side surface of the
electrode affecting high-energy sparking in the machining area, causing more damage to the
workpiece. The distribution of spark energy over a wide area decreased the roughness of the
machined surface, which was caused by the secondary spark on the sidewall when the surface area
of the electrode increased with increasing land height. The secondary spark on the side surface
of the electrode reduced the workpiece recasting peak region and debris particle accumulation
in the valley area. This can be confirmed by the photograph and profile of the machined surface
shown in Figure 16(b).

The number of cutoffs and the measuring length of the sample were 5 periods and 0.8 mm.
The photographs represent the workpiece recasting of metal and debris particle accumulation on
the machined surface as brightness and dark shading. However, the bright area was present only
in the SE LH (9.00 mm), RE LH (9.00 mm), and conventional electrode images. Additionally,
the increased land height reduced the peaks and valleys of surface profile on the sidewall of the
drilled hole. Thus, it can be concluded that the adequate land height of electrode design resulted
in a better quality of the machined surface, which was similar to that of conventional cutting.

4. Conclusions

The machining time increased with the depth of the drilled hole for all electrode designs.
The lower land height and smaller shank size of the electrode resulted in shorter machining times
for both the shoulder and relief angle electrode designs. The improvement in machining time
for the relief angle design compared with that of a conventional electrode was approximately
74.60%, 71.78%, 57.42%, 32.17%, and 19.26% for varied land heights of 0.90, 2.25, 4.50, 6.75,
and 9.00 mm, respectively. The material removal rate decreased when the land height of the
electrode increased because a greater area induced a secondary spark on the sidewall of the
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electrode and workpiece. The greatest improvements in the material removal rate compared
with conventional machining were 269.91, 243.41, 130.68, 45.95, and 23.20%, which occurred
with varied land heights for the relief angle designs of 0.90, 2.25, 4.50, 6.75, and 9.00 mm,
respectively. The contour plots presented the highest material removal rate and lowest electrode
wear ratio with the land height and sank size of approximately 2 - 4 mm and 6.0 - 6.5 mm,
respectively. In addition, the relief angle design of the electrode is more appropriate than that of
a shoulder electrode because the diameter of the drilled hole is close to negligible for the shank
size of the electrode, leading to an increase in machining precision.
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Kliuev, M., Baumgart, C., Büttner, H., & Wegener, K. (2018). Flushing velocity observations
and analysis during edm drilling. Procedia CIRP, 77, 590–593. https://doi.org/10.1016/
j.procir.2018.08.210

Kolli, M., & Kumar, A. (2015). Effect of dielectric fluid with surfactant and graphite powder
on electrical discharge machining of titanium alloy using taguchi method. Engineering
Science and Technology, an International Journal, 18 (4), 524–535. https://doi.org/10.
1016/j.jestch.2015.03.009

Kumar, R., & Singh, I. (2018). Productivity improvement of micro edm process by improvised
tool. Precision Engineering, 51, 529–535. https://doi.org/10.1016/j.precisioneng.2017.
10.008

Kumar, R., & Singh, I. (2019). A modified electrode design for improving process performance
of electric discharge drilling. Journal of Materials Processing Technology, 264, 211–219.
https://doi.org/10.1016/j.jmatprotec.2018.09.014

Liao, Z., La Monaca, A., Murray, J., Speidel, A., Ushmaev, D., Clare, A., Axinte, D., & M’Saoubi,
R. (2020). Surface integrity in metal machining - part i: Fundamentals of surface charac-
teristics and formation mechanisms. International Journal of Machine Tools and Manu-
facture, 162, 103687. https://doi.org/10.1016/j.ijmachtools.2020.103687

Lo, J. S., Deng, C. S., Jiang, C. T., & Lu, C. H. (2019). Slotted electrodes for the improvement of
machining performances in edm drilling. Journal of the Chinese Institute of Engineers,
42 (5), 401–410. https://doi.org/10.1080/02533839.2019.1599300

https://doi.org/10.1007/s12541-024-01152-y
https://doi.org/10.3390/met11010148
https://doi.org/10.1007/s40430-022-03778-3
https://doi.org/10.1007/s40430-022-03778-3
https://doi.org/10.1016/j.matpr.2017.08.033
https://doi.org/10.1016/j.ijmachtools.2012.10.003
https://doi.org/10.1088/1402-4896/ade2a1
https://doi.org/10.1177/0954405415615732
https://doi.org/10.3390/ma12060989
https://doi.org/10.1007/s00170-023-11603-x
https://doi.org/10.3390/app11052084
https://doi.org/10.1016/j.procir.2018.08.210
https://doi.org/10.1016/j.procir.2018.08.210
https://doi.org/10.1016/j.jestch.2015.03.009
https://doi.org/10.1016/j.jestch.2015.03.009
https://doi.org/10.1016/j.precisioneng.2017.10.008
https://doi.org/10.1016/j.precisioneng.2017.10.008
https://doi.org/10.1016/j.jmatprotec.2018.09.014
https://doi.org/10.1016/j.ijmachtools.2020.103687
https://doi.org/10.1080/02533839.2019.1599300


International Journal of Technology 17(2) 498-512 (2026) 511
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