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Abstract: Manufacturing of dies, molds, and their allied components requires the machining of holes
with different profiles. Electric discharge machining (EDM) die-sinking is a crucial process used in
the dies and molds manufacturing industry. By nature, EDM die-sinking is a relatively slow process
in terms of material removal rate (MRR) and there are high amounts of tool material loss in terms of
tool wear rate (TWR) which directly influence dimensional accuracies and surface roughness (SR).
Therefore, the process is continuously evolving to address these limitations. The present research is
aligned in this direction such as to bring improvements in MRR, TWR, and SR through modifications
to the conventional electrode design and its geometrical parameters. Traditional designs of EDM
electrodes have a uniform cross-section through the tool’s entire length and have only one geometrical
parameter, i.e., the tool’s cross-section. To improve the EDM performance, traditional designs are
completely modified by introducing several geometrical parameters such as relief angles, land
thickness, cross-sectional area, shank height, circular relief, and non-circular relief, etc. Electrode
designs are employed to mill non-circular profiles including triangular, square, and hexagonal shaped
holes. The EDM performance measures strongly depend on the tool’s geometrical parameters (design
type, relief angle, land thickness), machining profile (circular, square, triangle, hexagon), as well
as the height/depth of the machining feature. By selecting proper tool designs and corresponding
geometrical parameters, the EDM performance measures can be improved significantly.

Keywords: electric discharge machining; tool design; material removal rate; tool wear rate; land
thickness; relief angle

1. Introduction

AISI D2 steel is used in many applications, especially in the manufacturing of dies
and molds that require increased hardness, toughness, wear, and abrasion resistance.
D2 steel and its family materials are widely used in various types of dies and molds
such as cold stamping dies, punching dies, drawing and extrusion dies, high-pressure
die casting molds, and several types of engineering tooling such as cutting tools (tool
inserts), shear blades, cutting blades, and high-wear parts [1]. Owing to its high wear
resistance, D2 steel performs better than other materials in deep drawing dies [2]. These
applications and other industry needs often require the machining of AISI D2 steel [3].
Conventional machining of the aforesaid material is reported as difficult and challenging
due to significant wear and catastrophic tool failure, especially during the conventional
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machining processes such as turning and milling. Electric discharge machining (EDM)
is among the old non-conventional machining processes [4]. For this process, numerous
researchers have studied the material removal rate (MRR), tool wear rate (TWR), surface
roughness (SR), and dimensional correctness of the machined features [5]. By nature of
the machining mechanism, EDM is a slow machining process. The primary goal in EDM
die-sinking is to achieve a high MRR [6]. Researchers have been working to enhance the
MRR by minimizing the EDM machining time through researching different approaches
and modifications in the process parameters. Excessive erosion and loss of the electrode
material frequently directly induces dimensional inaccuracies in the machined features.
Excessive tool wear also requires the replacement of the electrode with a new one and
new electrode fabrication is a challenging and time-consuming task which leads to higher
machining costs.

However, to improve EDM performance measures, the use of different types of di-
electrics instead of using conventional kerosene oil is desirable. The addition of micro and
nano powders in the dielectric fluid is another extension. This is called powdered mixed
EDM (PMEDM) which is one of the popular methods being practiced in EDM die-sinking.
Similarly, the type of dielectric fluid results in the direct impact on EDM performance, par-
ticularly in terms of MRR, SR, and TWR. This is evident because dielectric fluid shares heat
energy from electric discharges. Researchers also adopted particles of ceramic composites
such as Al2O3 and Si3N4 mixed in the dielectric medium [7]. Others increase MRR and
decrease TWR-employed additives surfactant and aluminum powder [8], nano-powder
mixed with dielectric [9], and powder mixed EDM on tool steel [10]. Powder-mixed EDM
and standard EDM were compared for tool steel material removal [11].

Another area of research to explore the influence of tool material over the performance
metrics of EDM die-sinking is the use of diverse electrode materials. Depending on the
kind of electrode material used in EDM, the rate of material erosion varies. It is essential to
select an adequate and suitable electrode material to increase the rate of material removal.
For example, Klocke et al. [12] used the graphite electrode to investigate the MRR and TWR.
In the same way, Younis et al. [13] determined the efficiency of EDM through two distinct
graphite electrodes in terms of SR. Valaki et al. [6] claimed that engaging the graphite
electrode in EDM with the positive polarity was the suitable choice for getting a least
dimensional error compared to the negative polarity.

In-depth studies have been conducted to determine how EDM process variables im-
pact EDM performance. For example, the electrode polarity and spark voltage significantly
contribute to increasing the material removal rate [14]. It is critical to take process param-
eter variability, such as discharge peak current and pulse duration, into account when
determining the causes and effects of MRR and TWR [15]. Discharge energy during base
material cutting is influenced by EDM process variables as well. The size and radius of
craters are impacted by discharge energy changes during experiments. Surface roughness
(SR) and MRR are impacted [15]. Moreover, it is evident that discharge current and pulse
duration affect machined surface roughness [16]. It is also evident that the inter-electrode
spacing affects MRR and SR [17,18]; they monitored spark activity, MRR, and surface finish
during EDM by utilizing acoustic emission signals. In another study, Sharma et al. [19]
used nickel-based super-alloys to evaluate EDM performance by employing different types
of machining parameters and proposed the optimized combination of process parameters.
Similarly, Shyn et al. [20] used a metal matrix composite in their study to investigate MRR,
SR, and TWR, and claimed an improvement of 0.167%, 9.31%, and 2.61%, respectively.

Another strategy to overcome the EDM’s restrictions is to provide rotation to the tool
electrode. For example, Phang et al. [21] engaged the electric discharge turning (EDT) to
evaluate the SR of a workpiece during the machining process by utilizing the jump down
time, electrode shape and rotational speed of the workpiece as process parameters. They
claimed that the electrode’s shape and the rotational speed of the workpiece are the most
effected parameters to improve SR; however, the remaining parameter had a least influence
on the SR. Another one of the main drawbacks of EDM is the re-sticking of melt debris.
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The provision of tool rotation can reduce the amount of debris sticking to the work surface
as reported by Chou et al. [22]. Yadav et al. [23] assessed the effectiveness of EDM by
including oxygen into the dielectric and by utilizing the rotary electrode. They found an
improvement in MRR; however, the issue with the recast layer thickness and hole overcut
increased enormously. They observed sticking of melt debris is more severe in the event if
deep holes are being machined through EDM. They noted inefficient flushing during deep
hole EDM is the major cause of re-deposition of melt debris. On other hand, according to
Cui and Chu’s [24] investigation the melt debris builds up in the partially drilled hole and
solidifies with the inside walls of the hole. One of the methods that is frequently utilized to
enhance the machining process as well as the accuracy of the features is an optimization
of the process parameters [25,26]. For instance, Kumar et al. [27] optimized the EDM’s
parameters for aluminum boride composite, and Singh et al. [28] conducted multi-response
optimization in order to negotiate with tungsten carbide samples. Both studies dealt with
the optimization of machining processes. In a similar manner, multi-objective optimization
of EDM process parameters was attempted in another study to mill titanium alloy [29].
This work followed a similar line of thought to the previous one.

Thus, the literature studied reveals that researchers working on various aspects of
EDM die-sinking gives most importance to MRR improvements and keeps objectives to
minimize tool wear and surface roughness using conventional electrode shapes such as
circular or rectangular electrodes. It is suggested to have a new method of improving the
EDM performance measures, and this needs the modifications in EDM electrode designs
and its allied parameters. For example, Ahmad Mufti et al. [30] used various types of shapes
of electrodes in EDM by giving the relief angles, and concluded that modified shapes of
electrodes with relief angles enhanced the EDM’s performance and reduced the machining
time while producing circular holes in tungsten carbide. This method of EDM process
improvement has been introduced in very recent years and is being explored further. The
present research falls along a similar line of direction but for machining non-circular holes
profiles.

As a research gap, there is potential to significantly contribute to the EDM knowledge
base. Particularly in the tool and die industry, relief-angled-based tools are used to generate
square, triangular, and hexagonal forms for enhanced machining. These tools are used to
create various intricate shapes (through-holes) on the workpiece surface. Their performance
is on par with that of traditional tools, which have a cross-section that is constant over
their whole length. Therefore, here in the presented study, different process parameters
such as two electrode designs, i.e., conventional design without any relief angle (C0) and
circular relief angled design with land (CRL), two relief angles (20◦ and 40◦), three-hole
shapes (square, triangular, and hexagonal), varying workpiece thickness (4 mm, 6 mm, and
8 mm), and varying land height (2 mm, 3 mm, and 4 mm) were utilized to measure the
MRR, TWR, and SR. The use of varying magnitudes of process parameters have proven
significant improvement in the EDM performance measures. Surface topographic in-
depth analysis of the tool surface and workpiece machined surface has been performed to
investigate the effects of tool design parameters on the surface characteristics of the tool
and workpiece. Subsequently, multi-objective optimization has been performed and an
appropriate setting suggested to improve performance measures. The industrial sector,
particularly the dies and mold producing industry, directly benefits from the experimental
findings and investigation presented herewith.

2. Materials and Methods

There is a vast use of die steels, such as AISI D2, in the die and tool production
sectors [1]. For example, stamping dies are made up of several materials; however, D2
steel is one of the preferred choices since D2 offers high impact toughness [31]. Therefore,
considering the wide range of applications of D2 steel, it was taken as the workpiece
material. Red copper is among the most common electrode materials used in die sinking
EDM. The suitable combination of tool electrode and workpiece electrode material is very
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important in EDM. Copper was selected as the material of tool electrode in this research
since it has proven better machining results while machining D2 steel [32,33]. Material
removal rate (MRR), tool wear rate (TWR), surface roughness (SR), and dimensional
correctness of machined features are considered as important performance measures in
EDM die-sinking [5,34]. Therefore, material removal rate (MRR), tool wear rate (TWR), and
surface roughness (SR) were opted as the response measures in the present study. EDM
die-sinking is a type of electrical energy-based process where the influence of many electric
sparks erodes the substrate and the electrode. A dielectric fluid made of kerosene oil was
utilized, and the substrate was entirely submerged in it, so tha t the machining process
and the flushing of vaporized material could be completed. Table 1 provides the chemical
composition and some physical and mechanical properties of the work material.

Table 1. Elemental composition, physical, and mechanical properties of D2 steel [35–37].

Elemental Composition (Content %) Physical Properties Mechanical Properties

C 1.5 Properties Value (Units) Properties Value (Units)

Si 0.3 Density 7.7 × 1000 kg/m3 Hardness 55–62 HRC

Mo 1 Melting point 1421 ◦C Hardness 748 HV

Cr 12 Poisson’s ratio 0.27–0.30

Ni 0.3 Elastic modulus 210 GPa

V 0.8

Co 1

Fe Balance

As a workpiece, the selection of three different sized blocks of AISI D2 steel with
thicknesses of 4 mm, 6 mm, and 8 mm, respectively, have been prepared through cutting
and grinding. Regarding the workpiece’s preparation, numerous blocks were cut using
WEDM to the length, width, and thicknesses of a rectangular plate with the aforementioned
thicknesses and dimensions of 152.4 mm and 76.2 mm, respectively. The machined profiles
consist of three cross-sectional types of through-holes which include square, triangular,
and hexagonal cross-sections. The traditional way to create non-circular holes is to use an
electrode that has a constant cross-section over its whole length. This method has been
around for quite some time. For instance, as can be seen in Figure 1, the cross-section of a
square, triangular, or hexagonal tool is constant all the way down its length; however, land
height is varied to 2 mm, 3 mm, and 4 mm. During this investigation, two electrode designs
of tools (conventional design (C0) and circular relief design (CRL)) have been altered by
the incorporation of the relief angles 0◦ (conventional design), 20◦ (square and triangle),
and 40◦ (hexagonal shape), as seen in Figure 1. The selection of these relief angles is based
on an extensive preliminary experimentation and the previous study presented in [38].
Table 2 highlighted the design parameters used in this research. However, the EDM’s
constant parameters are presented in Table 3. The tools required to perform operations
need a tremendous amount of precision and focus at every stage. To ensure uniformity in
production and to eliminate any impact of tool material on machining performance, all tools
were manufactured using the same copper rod. Table 3, below, presents the characteristics
of the tool design.
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Figure 1. Experimental graphical flow illustrations; (a,b) non-conventional electrode designs, (c) vari-
ous workpiece thickness schematic, (d) machined workpiece after EDM, (e) weight balancer for MRR,
(f) weight balancer for TWR, and (g) surface roughness meter.

Table 2. Design parameters for EDM of D2 steel.

Design Parameters
Levels

1 2 3

Electrode design Conventional (C0) Circular relief (CRL) -

Relief angle (deg) 0 20 40

Hole shape Square Triangular Hexagonal

Land height (mm) 2 3 4

Work thickness (mm) 4 6 8

Table 3. Tool’s physical characteristics, and EDM’s parameters.

Tool Parameters EDM Parameters

Tool material Copper Discharge current 20 A

Tool height 50 mm Spark voltage 5 V

Shank cross-section Circular Pulse on-time 100 µs

Shank diameter 6 mm Pulse off-time 50 µs

Face length 12 mm Spark time 5 s

Face cross-section
Square

Flush time 5 sTriangular
Hexagonal

Adopted MRR, TWR, and SR as the performance characteristics of EDM. Data gather-
ing and measurements pertaining to the aforementioned measures were performed with
great care. The weighing technique of measurement was used to compute the MRR and
TWR. The workpiece and the tools’ pre-cut and post-cut weights were recorded using a
digital weighing scale with a 1 g weighing resolution. D2 steel’s density and machining
time were divided by the weight difference to obtain MRR. The density was determined
using the g/cm3 unit. Similar calculations were made for TWR. The density of copper
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(8.96 g/cm3) was used in the calculations for tool wear rate. The MRR computation is
shown below in the form of Equation (1). SR measurements were performed using a
Surtronic Taylor Hobson surface roughness meter. A 3 mm evaluation length was em-
ployed to gauge roughness. The minimal work thickness was 4 mm and three different
plates of various size (4 mm, 6 mm, and 8 mm) were employed as the workpiece. In
order to have a through-hole of 4 mm thickness and measuring its surface roughness, the
available surface length was 4 mm. Therefore, a 3 mm evaluation length was selected to
record the surface roughness values. To keep the workpiece firmly in place and guarantee
the accuracy of each measurement, a fixture was created. Average Ra values are reported
based on three-point readings. Microscopic analysis of the machined surface and electrode
surface was carried out using USB Digital Microscope (50×–1500×).

MRR =
∆WD2

(ρD2 × Tm)
Or MRR =

Vm

Tm
(1)

where
∆WD2 = Wbefore machining − Wafter machining

ρD2 = Density of D2 steel

Vm = volume of material removed
(
µm3

)
Vm =

∆WD2

ρD2

Tm = Machining time

Equation (2) represents the formula for TWR.

TWR =
∆WCu

(ρCu × Tm)
Or TWR =

Vm

Tm
(2)

where
∆WCu = Wbefore machining − Wafter machining

ρCu = Density of Copper

Vm = volume of material removed
(
µm3

)
Vm =

∆WCu

ρCu

Tm = Machining time

3. Results and Discussion

The MRR, TWR, and SR have been investigated utilizing the separate process parame-
ters of workpiece thickness and land thickness to assess machining supremacy. In Table 4,
the findings of the response measures are presented. Microscopic images have been used
to describe the process physics, and in order to obtain the best process parameter setting,
multi-objective optimization is preferred.
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Table 4. Experimental design matrix with response measures for various hole shapes; square,
triangular, and hexagonal.

Parameters
Response Measures

Square Holes Triangular Holes Hexagonal Holes

Tool
design

Land
thickness;
LT (mm)

Workpiece
thickness;
WT (mm)

MRR_SH
(×106

µm3/s)

TWR_SH
(×106

µm3/s)

Ra_SH
(µm)

MRR_TH
(×106

µm3/s)

TWR_TH
(×106

µm3/s)

Ra_TH
(µm)

MRR_HH
(×106

µm3/s)

TWR_HH
(×106

µm3/s)

Ra_HH
(µm)

C0

0 4 288.38 26.10 8.35 221.70 48.77 9.31 286.24 17.07 10.13

0 6 265.62 21.99 9.47 134.30 31.62 10.87 248.76 8.90 12.40

0 8 162.51 10.84 11.10 140.57 27.90 9.43 223.99 8.63 13.00

CRLL2

2 4 247.53 15.63 8.30 251.61 48.82 8.83 317.24 18.02 8.25

2 6 242.69 3.87 12.63 207.48 40.21 10.83 223.52 15.73 9.30

2 8 307.21 15.76 10.00 212.36 38.36 12.80 192.45 9.14 10.02

CRLL3

3 4 262.62 13.96 10.27 164.13 38.62 12.67 260.29 10.33 12.33

3 6 236.49 16.55 10.73 177.24 35.59 11.67 137.06 10.98 11.33

3 8 244.66 13.64 9.60 185.22 34.30 9.17 188.89 10.25 8.73

CRLL4

4 4 207.36 14.27 7.80 192.81 36.22 8.03 274.00 11.90 9.47

4 6 238.02 13.24 10.40 184.72 35.59 8.20 261.50 10.97 12.87

4 8 214.77 12.72 10.67 202.88 33.60 8.90 243.86 11.06 11.50

3.1. Parametric Effects on Material Removal Rate

The machining performance of EDM has been investigated in terms of MRR by
engaging the variable workpiece thickness against the C0 and CRL electrodes. From
Figure 2, it is found that the conventional electrode gave the highest MRR when the
workpiece thickness of 4 mm was used to produce a square hole. It was mentioned earlier
that the through-holes were produced in the workpiece material instead of blind holes.
Therefore, to make a through-hole in workpiece material the conventional Cu electrode
encounter with minimum thickness and high conductivity of a Cu electrode produced a
greater spark and erodes higher material from the workpiece material. However, when
CRL20 and a land thickness of 2 mm were used for the machining of D2-grade, then
a workpiece thickness of 8 mm gave the highest value of MRR compared to the other
combinations of tool designs and workpiece thicknesses. The primary reason is that no
irregular sparking was noticed during the machining process which leads to the uniform
cutting process and hence high MRR was achieved. The schematic of the sparking processes
during EDM with typical and unconventional electrode configurations is shown in Figure 3.
It is clear that the C0 design generates a plasma area that is both broader and deeper
than the CRL design. In the case of the typical C0 design, the tool increasingly tended to
penetrate lengthwise inside the machined depth as the machined hole’s profile proceeded
and a certain depth was reached. At this point, there was a bigger surface area that could
produce sparks. The side surface around the tool’s perimeter produced electric sparks with
the side walls of the machined hole in addition to the tool’s footing face. Side sparking
or peripheral sparking are terms used to describe the phenomena. The tool’s bottom
surface area stayed consistent throughout the machining process. Nevertheless, because
of the homogenous cross-section of the tool, as the cutting depth was increased, the tool’s
surface area increased around the perimeter. As a result, there was more side sparking,
which caused the plasma zone in Figure 3 to be larger and deeper. At the beginning of
the machining, the CRL electrode design’s sparking behavior was the same as that of
conventional designs. The sparking behavior changed as the machining depth was raised.
Starting with the uppermost layer of the work surface (bottom surface and peripheral
surface), the surface area for dazzling increased up to a machining depth of 1 mm. The
increase in total surface area (bottom and perimeter) peaked once a machining depth of
1 mm was attained. The tool’s sidewalls were straight for 1 mm and subsequently tapered
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due to the presence of the relief angle, so the sparking surface area remained constant as the
depth climbed. Additionally, it was noted that while side sparking increased progressively
when the C0 tool design was used, it remained constant when relief angles were added to
the tool design. As a result, a plasma region formed along the land’s surface. As the land
thickness varies, the plasma region alters due to the spark’s intensity. At low land thickness,
the high intensity sparks generate due to less hindrance for the flow of electrons which
cause a high material removal rate and reverse behavior occurred at high land thickness
as depicted in Figure 3. Further, a land thickness of 3 mm and 4 mm gave the minimum
erosion of material from the workpiece material compared to 2 mm land thickness. The
reason is that at 2 mm land thickness, there was less resistance for the flow of electrons and
hence produced greater spark density to erode the material. However, in the case of 3 mm
or 4 mm, land thickness hindrance for the flow of electrons was much more which impedes
the MRR.
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The machining proficiency of EDM has been investigated by engaging a triangular
Cu electrode with varying land and workpiece thicknesses for the machining of D2-grade.
From Figure 4, it is clear that when a workpiece thickness of 4 mm and conventional Cu
electrode are engaged for the EDM of D2-grade, it gave a high MRR. The high thermal
conductivity of the Cu electrode did not allow the heat to become trapped and let it go
immediately. Therefore, the greater amount of material is eroded from the least workpiece
thickness, and results in the high MRR compared to the other two workpiece thicknesses
where a larger amount of material is encountered with the Cu electrode. When a land
thickness of 2 mm is employed, again due to the least thickness of the workpiece, a high
MRR was achieved compared to other combinations of land and workpiece thicknesses. The
basic reason for the high MRR is associated with the triangular geometry of Cu electrodes
due to the area of sparking increasing and a high erosion of material taking place. However,
when a land thickness of 3 mm and 4 mm were engaged against the workpiece thickness
of 6 mm and 8 mm then MRR was reduced. The depreciation in MRR is due to a high
workpiece thickness where the electrode took greater time to make a through-hole and
results in the reduction of MRR.
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Figure 3. Schematic illustration of sparking phenomena and machined holes with different conven-
tional C0 and non-conventional CRL EDM electrode designs at various land thickness; (a) conven-
tional electrode (C0) with no land, (b) circular relief angled electrode (CRL) with land thickness of
2 mm and (c) circular relief angled electrode (CRL) with land thickness of 4 mm.
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Figure 4. MRR against land thickness (L2, L3, and L4) and workpiece thickness (WT4, WT6, and
WT8) using triangular electrode designs.
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The MRR was also determined by engaging the conventional and hexagonal Cu
electrode for the EDM of D2-grade (refer Figure 5). From Figure 5, it is evident that when a
workpiece thickness of 4 mm was used against the conventional and hexagonal electrode
with various land thicknesses, it gave high MRR in all combinations. The hexagonal Cu
electrode with a 2 mm land thickness gave high MRR compared to the conventional Cu
electrode. This is because the hexagonal shape has six corners and due to this an extensive
spark was produced which melts and vaporizes the larger material and results in high
MRR. If a land thickness of 3 mm is engaged with 6 mm thickness of workpiece, then it
is favored in reduction of MRR. All of this arose as a result of the workpiece’s thickness
increasing, which made drilling a through-hole time-consuming and decreased MRR.
However, compared to the prior scenario, the MRR increased with a workpiece thickness
of 8 mm and a land thickness of 4 mm. This occurs as a result of the high intensity heat
generated, which melts and erodes the material of the workpiece.

Processes 2023, 11, x FOR PEER REVIEW 11 of 24 
 

 

 
Figure 5. MRR against land thickness (L2, L3, and L4) and workpiece thickness (WT4, WT6, and 
WT8) using hexagonal electrode designs. 

If a comparison is performed among the different situations given above, then it is 
found that maximum MRR (317.24 × 106 µm3/s) was achieved by engaging the hexagonal 
copper electrode with minimum land and workpiece thicknesses. The percent increase in 
MRR achieved owing to square and triangular Cu electrodes, respectively, is 3.2% and 
26.08% better than the magnitude of MRR due to the hexagonal Cu electrode. 

3.2. Parametric Effects on Tool Wear Rate 
The effect of tool wear rate has also been evaluated by employing the different elec-

trode designs and various workpiece thickness. The least thickness of the workpiece gave 
the highest TWR as shown in Figure 6. The reason is that the discharge heat produced 
during the plasma generation also erodes the electrode material which results in high 
TWR. When the thickness of workpiece increased, the conventional square Cu electrode 
tends to give the least TWR. The microscopic image shown in Figure 7a illustrates the high 
TWR while the 3D profilometry also indicates the peaks which is the indication of deep 
craters. However, when a Cu electrode with a land thickness 2 mm was employed to ma-
chine the D2-grade, then it is clear that the workpiece thickness of 6 mm is in favor of the 
small TWR compared to other options. Moreover, the TWR obtained by the utilization of 
a Cu electrode with a land thickness of 4 mm is comparatively small as compared to a 
conventional Cu electrode. Figure 7b indicates the lesser erosion of the Cu electrode; in 
addition to that, 3D profilometry also depicts the shallow craters. The TWR obtained by 
the square Cu electrode with a land thickness of 4 mm is the least and presented in the 
form of a micrograph as shown in Figure 7c. The 3D profilometry indicates shallow craters 
which is the illustration of less erosion of the Cu electrode. 

0

50

100

150

200

250

300

350

C 0 C R L 4 0 _ L 2 C R L 4 0 _ L 3 C R L 4 0 _ L 4

M
R

R
 (x

10
6

µm
3 /s

ec
)

Electrode design

Material removal rate (MRR)_ Hexagonal hole (HH)

MRR_HH_WT4 MRR_HH_WT6 MRR_HH_WT8

Figure 5. MRR against land thickness (L2, L3, and L4) and workpiece thickness (WT4, WT6, and
WT8) using hexagonal electrode designs.

If a comparison is performed among the different situations given above, then it is
found that maximum MRR (317.24 × 106 µm3/s) was achieved by engaging the hexagonal
copper electrode with minimum land and workpiece thicknesses. The percent increase
in MRR achieved owing to square and triangular Cu electrodes, respectively, is 3.2% and
26.08% better than the magnitude of MRR due to the hexagonal Cu electrode.

3.2. Parametric Effects on Tool Wear Rate

The effect of tool wear rate has also been evaluated by employing the different elec-
trode designs and various workpiece thickness. The least thickness of the workpiece gave
the highest TWR as shown in Figure 6. The reason is that the discharge heat produced
during the plasma generation also erodes the electrode material which results in high TWR.
When the thickness of workpiece increased, the conventional square Cu electrode tends to
give the least TWR. The microscopic image shown in Figure 7a illustrates the high TWR
while the 3D profilometry also indicates the peaks which is the indication of deep craters.
However, when a Cu electrode with a land thickness 2 mm was employed to machine the
D2-grade, then it is clear that the workpiece thickness of 6 mm is in favor of the small TWR
compared to other options. Moreover, the TWR obtained by the utilization of a Cu electrode
with a land thickness of 4 mm is comparatively small as compared to a conventional Cu
electrode. Figure 7b indicates the lesser erosion of the Cu electrode; in addition to that, 3D
profilometry also depicts the shallow craters. The TWR obtained by the square Cu electrode
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with a land thickness of 4 mm is the least and presented in the form of a micrograph as
shown in Figure 7c. The 3D profilometry indicates shallow craters which is the illustration
of less erosion of the Cu electrode.
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The TWR was also investigated by employing the different designs of a triangular Cu
electrode against the D2-grade in the EDM (refer to Figure 8). Figure 8 shows that maximum
TWR was obtained when a workpiece with a thickness of 4 mm was used in conjunction
with various designs of a triangular Cu electrode. The reason for this is associated with
plasma channel generation which also melts and vaporizes the Cu electrode and results in
high TWR. The micrograph shown in Figure 9a indicates the smallest TWR obtained when
an 8 mm workpiece thickness was engaged for the EDM of D2. When a workpiece thickness
of 6 mm was used against the triangular Cu electrode, it ranked second in giving the least
TWR throughout the possible combinations of electrode designs. The TWR obtained by
engaging the workpiece thickness of 8 mm was the least for a triangular Cu electrode in all
combinations of electrode designs. The microscopic image shown in Figure 9b,c depicts the
better surface profilometry which is the indication of improved machined surfaces.
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Figure 8. TWR land thickness (L2, L3, and L4) and workpiece thickness (WT4, WT6, and WT8) using
triangular electrode designs.

The EDM of D2 has also been determined in terms of the TWR of a hexagonal Cu
electrode using various electrode designs as shown in Figure 10. When a conventional Cu
electrode is used against the workpiece thickness of 4 mm, then it gave the highest TWR.
The high TWR was due to discharge heat produced during the spark on time, and some
part of the discharge heat also transferred to the electrode material and results in the erosion
of the Cu electrode. However, when the workpiece thickness of 6 mm or 8 mm engaged
with a conventional electrode then depreciation in TWR was found. Figure 11a depicts
the microscopic and 3D profilometry images of a machined electrode where irregular
asperities were formed and indicates the high TWR. When a land thickness of 2 mm was
employed with a Cu electrode then, again, a high TWR was found with the 4 mm thickness
of workpiece, and an 8 mm workpiece thickness gave the least TWR. However, when a
land thickness of 3 mm and 4 mm were used against the workpiece thickness of 6 mm and
8 mm, then increments in TWR were found compared to the 2 mm land thickness. The
microscopic image shown in Figure 11b,c tends to depict the poorer surface finish.

The least TWR was found to be 3.87 × 106 m3/s when a square Cu electrode with
2 mm land thickness was utilized against the 6 mm workpiece thickness, according to
a study of the various TWRs achieved by various electrode designs for the EDM of D2.
The maximum magnitude of TWR recorded in triangular and hexagonal Cu electrodes,
respectively, was 62.93% and 122.99%.
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Figure 10. TWR against land thickness (L2, L3, and L4) and workpiece thickness (WT4, WT6, and
WT8) using hexagonal electrode designs.
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3.3. Parametric Effects on Surface Roughness

The surface roughness (SR) of the machined workpiece has also been evaluated during
the EDM of D2 material and has been presented in the form of a line graph as shown in
Figure 12. It is clear from Figure 12 that when a conventional square Cu electrode was
engaged to machine the D2-grade, then the least workpiece thickness (4 mm) gave the better
surface finish compared to the other two workpiece thicknesses. The reason for the high
SR is that it is associated with the production of irregular and side sparking which results
in the poor surface finish. Figure 3 illustrates that the conventional Cu electrode gave a
poor surface finish due to side sparking. The 3D profilometry shown in Figure 13a of a
machined specimen illustrates the large, heightened peaks and valleys which are in favor of
a poorer surface finish. However, when a land thickness of 2 mm was attached with the Cu
electrode then again, the SR obtained was also small as shown in Figure 12, when a 4 mm
workpiece thickness is employed. The poor SR in the case of a 6 mm and 8 mm workpiece
thickness was due to the high electrical conductivity of a Cu electrode which produced
high discharge heat and melts and vaporizes the base material as presented in Figure 13b.
Moreover, when the land thickness of 4 mm was utilized against the 8 mm thickness of
the workpiece, then least SR was achieved. The reason for the least SR magnitude was
due to the improvements made in the electrode (land thickness) and explained in previous
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sections as reference to Figure 3. The 3D profilometry shown in Figure 13c depicts the
better results of SR in terms of short, heightened peaks and valleys.
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Figure 12. Surface roughness (Ra) against land thickness (L2, L3, and L4) and workpiece thickness
(WT4, WT6, and WT8) using square electrode designs.
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Figure 13. Surface roughness using different electrode design parameters on different workpiece
thicknesses: (a) Conventional design employed on 4 mm work thickness; C0_WT4 (Ra = 8.35 µm);
(b) circular relief design with 20 degree relief and 2 mm land thickness employed on 6 mm workpiece
thickness; CRL20_L2_WT6 (Ra = 8.30 µm); (c) circular relief design with 20 degree relief and 4 mm
land thickness employed on 8 mm workpiece thickness; CRL20_L4_WT8 (Ra = 7.8 µm).
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The SR of machined specimens of a D2 base material has also been investigated by
engaging the triangular Cu electrode with distinct designs as shown Figure 14. From
Figure 14, the least SR was obtained by the conventional Cu electrode with the 4 mm
workpiece thickness. However, the SR gained by the other two workpiece thicknesses was
higher than that described above. The microscopic image shown in Figure 15a highlights
the short, heightened peaks and valleys on the workpiece surface which are in favor of
a greater surface finish. When the land thickness of 2 mm is employed, then a 4 mm
workpiece thickness again presents the least SR compared to other combinations. The basic
reason for this is associated with the reduction of irregular sparking which happened in a
conventional Cu electrode. The 3D surface profilometry shown in Figure 15b illustrates
a little higher peaks and valleys compared to the previous case. Moreover, when the
land thickness of 4 mm along with a triangular Cu electrode were used against the 8
mm workpiece thickness, then minimum SR was obtained. This least SR was due to the
impeding of irregular sparking of the Cu electrode. The surface profilometry depicts the
better surface finish as compared to Figure 15c.
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(WT4, WT6, and WT8) using triangular electrode designs.

The surface roughness (Ra) has also been determined by utilizing the hexagonal
electrode against the D2 base material with different types of electrode designs. The
graphical presentation of results is shown in Figure 16 whereas the surface profilometry is
provided in Figure 17.

The minimum Ra was obtained by employing the conventional Cu electrode with
a 4 mm workpiece thickness. The other two combinations of workpiece thickness gave
higher SR, which was due to irregular sparking and a high surface area of the hexagonal
Cu electrode. The surface profilometry shown in Figure 17a represents the heightened
peaks and valleys which is due to irregular sparking. The land thickness of 2 mm with
the Cu electrode and 4 mm workpiece thickness results in the smaller Ra compared to the
other two combinations of workpiece thickness (6 mm and 8 mm). The reason is associated
with the rapid heat transfer generated by the Cu electrode to the workpiece surface and
results in the lesser SR. The surface profilometry shown in Figure 17b provides a better
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understanding of less SR. When the land thickness of 3 mm and 4 mm were used against
the workpiece thicknesses (4 mm, 6 mm, and 8 mm) then high SR was obtained as shown
in Figure 16. The 3D surface profilometry depicts the poorer surface finish which is due
to irregular sparking. If a comparison is developed among the different SRs obtained by
square, triangular, and hexagonal Cu electrodes, then a square Cu electrode gave the better
surface finish or less SR (7.8 µm) compared to other combinations of land thickness and
workpiece thickness. The above magnitude of SR is 62.43%, and 66.66% better than the
highest SR magnitude obtained by triangular Cu electrode with land thickness 3 mm, and
conventional hexagonal Cu electrode with no land thickness, respectively.
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Figure 15. Surface roughness using different electrode design parameters on different workpiece
thicknesses: (a) conventional design employed on 4 mm workpiece thickness; C0_WT4 (Ra = 7.43 µm);
(b) circular relief design with 20 degree relief and 2 mm land thickness employed on 4 mm workpiece
thickness; CRL20_L2_WT4 (Ra = 8.83 µm); (c) circular relief design with 20 degree relief and 4 mm
land thickness employed on 8 mm workpiece thickness; CRL20_L4_WT8 (Ra = 8.03 µm).
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Figure 17. Surface roughness using different electrode design parameters on different workpiece thick-
nesses: (a) conventional design employed on 4 mm workpiece thickness; C0_WT4 (Ra = 10.13 µm);
(b) circular relief design with 40 degree relief and 2 mm land thickness employed on 4 mm workpiece
thickness; CRL40_L2_WT4 (Ra = 8.25 µm); (c) circular relief design with 40 degree relief and 2 mm
land thickness employed on 8 mm workpiece thickness CRL40_L2_WT8 (Ra = 13.00 µm).
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3.4. Composite Desirability Based Multi-Response Optimization

Based on the results and their analysis for each type of non-circular hole, it is clear that
determining the most appropriate electrode design for dealing with all three machining
reactions (material removal rate, tool wear rate, and surface roughness) is difficult. These
are contradictory responses, as a high rate of material removal will result in increased
surface roughness of the machined hole and TWR on the electrode. A trade-off among these
reactions is required. Therefore, the electrode design resulting in multi-response optimized
values of each response has been determined using the composite desirability function
approach (CDFA). The composite desirability value runs from 0 to 1, and its number
around 0.70–0.80 indicates good desirability [39,40]. In Figure 18, the optimization results
are displayed. The optimal values of the three replies and the composite desirability rating
are shown in the left-side columns of Figure 18. The level and ideal value of the variables,
which in this case are the land thickness and the workpiece thickness, are shown by the top
rows in Figure 18. In each of the three examples (square, triangular, and hexagonal holes),
the composite desirability has been determined to be close to 0.70. Figure 18a indicates that
the land thickness of 2 mm and workpiece thickness of 4 mm are the optimal combination
for achieving the lowest surface roughness (9.0467 µm), lowest TWR (14.3625 × 106 µm3/s),
and highest MRR (274.1275 × 106 µm3/s) while cutting square cross-sectional holes with a
composite desirability of 0.6710. While, in the case of triangular holes EDM machining, the
appropriate optimal electrode design parameters are land thickness = 4 mm and workpiece
thickness = 8 mm, which results in low surface roughness (8.3925 µm), compromised MRR
(189.1425 × 106 µm3/s), and TWR (31.210 × 106 µm3/s) with a composite desirability of
0.7138 as depicted in Figure 18b. In the case of machining hexagonal shaped holes, the
optimized values for surface roughness, tool wear rate, and material removal rate are
9.2250 µm, 12.1517 × 106 µm3/s, and 218.5508 × 106 µm3/s, respectively, at the optimal
combination of land thickness = 2 mm and workpiece thickness = 8 mm as demonstrated
in Figure 18c.
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If a comparison is made among the TWR of the current study with the previous published
work, then it is found that TWR obtained by the square hole electrode (3.87 × 106 µm3/s) of
this study is significantly improved/less than the lowest TWR (13.65 × 106 µm3/s) pre-



Processes 2023, 11, 2661 20 of 22

sented in [41]. The MRR of the current study by using a square hole electrode (307.21 µm3/s
is prominently better than the maximum MRR (294.33 µm3/s) as presented in [38].

4. Conclusions

Different non-conventional electrode designs have been used in the electric discharge
machining of D2 steel to create square, triangular, and hexagonal holes. Material removal
rate (MRR), tool wear rate (TWR), and surface roughness (SR) are used as performance indi-
cators to select the most appropriate electrode design and its associated design parameters,
resulting in improved machining performance. To measure the response indicators, dif-
ferent process parameters have been used including two electrode designs—conventional
design (C0) and circular relief design (CRL)—three relief angles (0, 20◦, and 40◦), three-hole
shapes (square, triangular, and hexagonal), varying workpiece thicknesses (4, 6, and 8 mm),
and land heights (2, 3, and 4 mm). For the comparison purpose, the electrode with the
standard electrode design (a uniform cross-section along its whole length) is utilized for
each shape. Inferences that can be made based on the experimental data, results, analysis,
and discussion include the following:

i. The circular relief angled tool designs (CRL) offer better MRR than the traditional
tools for machining or cutting square, triangular, and hexagonal non-circular hole
profiles.

ii. Among those three non-circular hole profiles (i.e., square, triangular, and hexago-
nal profiles), the highest MRR (317.24 × 106 µm3/s) is resulted while machining
hexagonal holes.

iii. While machining hexagonal and triangular holes, more tool erosion occurred com-
pared to machining square holes. In the case of square holes, there is evidence of the
lowest TWR of 3.87 × 106 m3/s, which is 62.93% and 122.99% less than the reported
TWR rate for the triangular and hexagonal tools, respectively. The lowest surface
roughness Ra = 7.8 µm has been obtained when a square Cu electrode is used with
a 4 mm land and 4 mm workpiece thickness. The magnitude of surface roughness
is 62.43%, and 66.66% better than the obtained surface roughness by a triangular
Cu electrode with a land thickness 3 mm, and conventional hexagonal Cu electrode
with no land thickness, respectively.

iv. Taking into consideration the desired outcomes of achieving a high material removal
rate, low tool wear rate, and surface roughness simultaneously, the optimal tool
design parameters are determined for three distinct types of non-circular through-
holes (specifically square, triangular, and hexagonal) in D2 steel. These parameters
have been identified through a comprehensive composite desirability analysis,
ensuring an ideal combination of performance factors.

n For the square cross-sectional through-holes, the optimal tool design param-
eters recommended are: tool design = circular relief angled design (CRL), re-
lief angle = 20 deg, land thickness = 2 mm, and workpiece thickness = 4 mm.

n Similarly, for the triangular through-holes, the most suitable tool design pa-
rameters recommended are: tool design = circular relief angled design (CRL),
relief angle = 20 deg, land thickness = 4 mm, and workpiece thickness = 8 mm.

n Lastly, for the hexagonal through-holes, the recommended tool design
parameters are: tool design = circular relief angled design (CRL), relief
angle = 40 deg, land thickness = 2 mm, and workpiece thickness = 8 mm.

These tool design parameters have been determined to optimize the manufacturing
process and achieve the desired outcomes of high MRR, low TWR, and low SR for three
non-circular through-hole shapes in AISI D2 steel. These insights will empower the man-
ufacturing industry practitioners to fabricate complex shapes with better surface quality
(SR), improved productivity (MRR), and cost-effectiveness (TWR). The future research di-
rections include investigations of the effects of researched electrode designs on dimensional
accuracies of the machined holes. The authors are already working on this future area of
investigation.
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