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Abstract: Electrical Discharge machining (EDM) is
a nontraditional technology, adopted for machining
hard materials and geometrically complex parts that
cannot be obtained via traditional manufacturing
operations. Due to the tool wear rate (TWR),
material removal rate (MRR), and surface
roughness (SR) usually impacting EDM
performance, it is important to conduct a novel
study to reduce the (TWR), increase the (MRR), and
improve surface quality. The present study aims to
analyze the effect of different profiles of electrodes,
such as flat and convex, and select the optimal
electrode profile for making the holes for EDM
performance enhancement. The electrodes were
made of copper-nanographene material, 10 mm in
diameter, for machining AISI 1005 carbon steel as
the workpiece. The experiments were designed
using Design-Expert 13 software. Three factors were
selected: Peak current (I,), pulse on time (Ton), and
pulse off time (Toff). A comparative discussion is
provided on the specificities of the machined surface
achieved by utilizing the electrode tool. The study
results revealed that the TWR of flat profile
electrodes could be overcome by employing
electrodes with convex profiles, which were
observed to decrease by 17.37%. Also, electrodes
with convex profiles produced an SR of better
quality than flat profile electrodes, which decreased
by 23.52%. The MRR for hole drilling was higher by
19.34% than that of the flat profile electrode.
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1. INTRODUCTION

A literature survey is a comprehensive review of
previous studies that presents a description, a
brief, and an assessment of each of them. It also
offers the area for the present study. This
section will play a vital role in obtaining more
information on the EDM process and will
introduce the concept of the electrode
geometry's effect on EDM performance. Thus,
the objective of the experimental work is to
enhance the performance of the EDM process
depending on the shape of the profile electrode
for drilling AISI 1005 Carbon Steel as the
workpiece. The impact of different operating
conditions, such as I, (16, 20, and 24) A, Ton
(150, 225, and 300) ps, and T (75, 100, and
125) us, was investigated. Researchers are
focused on improving the performance of the
EDM process to make it more economical.
Various studies determined the operating
parameters and the appropriate range of
response parameters for each product,
determining the quality and efficiency of the
product, and thus determining the required
design requirements [1,2]. The material
removal rate is achieved with an increase in
current, which leads to an increase in the
strength of the electrical spark generated and
thus an increase in metal loss. The increase in
current also causes an increase in the roughness
of the machined surface [3]. Effective and vital
information can be provided about the
mechanisms of removing materials from
electrodes, electrode geometry, dielectric fluid
effect, and other process parameters by
studying and analyzing the subsurface damage
formed [4]. Surface roughness and integrity of
the machined surface are significantly affected
by current and pulse on time, while ceramic
compounds play a major role in generating
surface and subsurface damage [5]. The effect
of different machining parameters is discussed
using response surface methodology (RSM) for
peak current, pulse on time, pulse off time, and

electrode angle, where a high impact on the
surface roughness and microhardness is found
[6]. Many performance measurements are
improved through the influence of the electrode
surface profile, such as tool wear rate, material
removal rate, surface integrity, and machined
surface roughness. These improvements will
contribute to increased productivity and
product quality during the machining process
of Inconel 718 alloy [7]. Determining the ideal
conditions in the EDM process depends mainly
on the profile of the electrode. Improvements
have been observed in various performance
parameters, such as material removal rate and
electrode wear rate [8]. However, the observed
performance of the novel-designed tools was
significantly superior to that of the traditional
cylindrical tools. The novel-designed tools
achieved a decrease in the roughness of the
machined surface, machining time, and radial
overcut, valued at approximately 50%, 30.6%,
and 38.7%, respectively [9]. Studies have shown
that the material removal rate in the EDM
process can be significantly improved using
different tool designs. In addition, the
machining accuracy can be improved because
the electrode wear rate was lower than that of
the traditional tool design [10]. The new tool
design improves the tool wear ratio and
minimizes the radial overcut compared to
traditional design tools [11]. The different
angled electrode geometry and the method of
modeling parameters observed have a high
effect on parameters, such as material removal
rate (MRR), pulse shape, and surface roughness
of the EDM process [12]. The impact of
electrode shape on MRR and other
performance parameters was studied. Hollow
and solid copper electrodes with a diameter of
7.5 mm were used to drill the holes. The shape
of the electrode significantly impacts EDM
performance [13]. However, a graduated
cylindrical copper electrode for machining the
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workpiece AISI P20 significantly improved the
performance of the EDM process and enhanced
the surface quality of the workpiece machined
[14]. The response parameters were also
improved by modifying the geometric design of
the electrode shape to create triangular, square,
and hexagonal holes [15]. The extent to which
the electrode angle contributes to response
parameters, such as electrode wear rate,
material removal rate, and surface finish, was
studied [16]. The impact of operating
parameters on the performance of the EDM
process, such as electrode wear rate and
material removal rate, was studied. Electrode
wear was evaluated using laser scanning
technology [17]. The effect of electrode profiles
on EDM performance was studied and
analyzed. Three shapes were selected for
electrodes, namely, flat, convex, and concave.
The experimental results revealed the
effectiveness of convex electrodes compared to
flat and convex electrodes in terms of electrode
wear, operating time, and material removal rate
[18]. In the Electrical Discharge Machining
(EDM) process, flat profile electrodes are
generally selected for the material removal. It
has been observed that the wear on these
electrodes tends to occur in a convex shape. To
treat the wear influence observed in flat profile
electrodes of the EDM process, the idea of
utilizing electrodes with a convex profile was

Controlled

g panel
Dielectric fluid

container

suggested. The goal is to optimize the EDM
process by investigating the effect of a convex
profile on different operating aspects. The study
analyzed the effect of process conditions and
the impact of two different profiles of electrodes
on the machined workpiece surface. This
analysis covered different aspects, such as
material removal rate (MRR), tool wear rate
(TWR), surface quality, morphology of
electrodes, and recast layer thickness
formation.

2.DETAILS OF EXPERIMENTAL
2.1.0ptimal Operating Conditions

The present work utilized a Chemer EDM
machine (CM 323+50N) to conduct all runs of
the experimental work, as shown in Fig. 1. The
EDM depends not only on a machine's
capacities but also on machining parameters.
To identify suitable machining parameters that
will result in the required product quality, one
must be knowledgeable of the process
parameters. All these machining parameters
play an important role in deciding machining
properties. Various parameters were selected to
be investigated from the literature, influencing
the performance of the EDM process. The
fundamental steps in this work involve
parameter selection for the runs and selecting
their different levels. Consequently, the process
parameters are I, Ton, and Tog.

\ Workpiece

Electrode
fixture

l fixture

“ Electrode

Fig. 1 EDM Machine (CM 323+50N).

The response parameters selected for
evaluating the process performance are tool
wear rate (TWR), material removal rate (MRR),
recast layer thickness, machined surface
roughness (SR), and surface morphology of
electrodes. Optimal operating conditions values
were obtained through performing runs on AISI
1005 carbon steel using copper-nanographene

as an electrode by Design Expert 13. Table 1
shows the parameters with three levels that
were selected in this experimental work. Other
process parameters that remained constant
were not changed throughout the experimental
work such as voltage, polarity, dielectric fluid,
depth of cut, and gap.
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Table 1 Machining Parameters and Their Values.
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Machining parameters Range and levels
Level 1 Level 2 Level 3
IP (A) 16 20 24
Ton (us) 150 205 300
Tott (HS) 75 100 125

2.2 Material of Workpiece

The material of the workpiece selected in the
present work was AISI 1005 Carbon Steel, in
the form of a square plate (30 x 30 mm) with a
thickness of 2mm to make a diameter hole of
1omm. Figure 2 shows the workpiece with a
sketch before machining. The workpiece was
linked to the negative polarity terminal of the
EDM machine. The chemical composition of
the workpiece was evaluated by utilizing the
Master Xpert machine for analysis of materials,

as depicted in Table 2. The Mechanical
properties of the workpiece are listed in Table

3.

2.3.Electrode Tool

The  electrodes used were  copper-
nanographene cylindrical solid shapes of 1omm
diameter. Electrodes with flat and convex
profiles were selected for the experimental
work for machining holes in AISI 1005 Carbon
Steel, as indicated in Table 4.

30mm

AISI 1005 1S
<
o
Carbon Steel )
—¥ E
[ | | €
(o]
Fig. 2 Workpiece Before Machining.
Table 2 Chemical Composition of (AISI 1005 Carbon Steel).
Materials C% Si% Cu% Mn% P% S% Cr% Mo% Ni% Ti% Fe%
Weight % 0.049 0.003 0.028 0.231 0.008 0.01 0.014 0.004 0.011 0.0005 Balance
Table 3 Mechanical Properties of (AISI 1005 Carbon Steel).
Mechanical properties Values
Tensile strength (MPa) 310
Upper yield strength (MPa) 260
Lower yield strength (MPa) 240
Percentage elongation at max load (%) 26.5

Table 4 Profile of the Electrode Tool.

Tool Electrode Electrode
geometry

Electrode end
profile

Machining of AISI 1005 Carbon Steel

&

Flat electrode
(Copper-Nanographene)

Convex electrode
(Copper-Nanographene)

B A=A igi B 1

3.RESULTS AND DISCUSSION
Experimental works were conducted using the
Design Expert 13 software experiments and the
response parameters of TWR and MRR for flat
and convex types of electrodes, as listed in
Table 5. The TWR and MRR were measured
using the following mathematical formulas:

TWR = “ll)it_x‘:f (mm3/min) (1)

where Wi:- is the tool initial weight (mg), Wf:-
is the tool final weight (mg), T:- is the
machining time (min), and Dt:- is the density of
the tool (g/mms3).
MRR = Wi-Wf

DwXT

(mms3/min) (2)
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where Wi:- is the workpiece initial weight (gm),
WI:- is the workpiece final weight (gm), T:- is

the machining time (min), and Dw:- is the
density of the Workpiece (g/mma3).

Table 5 Experiments of Flat and Convex Profile Electrodes.

No Flat profile Electrodes Convex Profile Electrodes
TWR MRR TWR MRR
(mms3/min) (mms3/min) (mms3/min) (mms3/min)

1 0.044 13.131 0.017 16.451

2 0.322 14.604 0.271 17.889

3 0.028 13.106 0.012 16.334

4 0.216 15.307 0.135 18.903

5 0.123 13.330 0.081 17.197

6 0.131 13.662 0.104 17.482

7 0.038 14.336 0.031 16.098

8 0.235 14.801 0.177 17.942

9 0.013 14.123 0.042 16.663

10 0.121 14.751 0.107 16.813

11 0.142 13.420 0.116 16.979

12 0.275 14.958 0.203 18.829

3.1.Tool Wear Rate (TWR) 3.2.Material Removal Rate (MRR)

The convex electrodes in the EDM process for
machining AISI 1005 carbon steel significantly
improved the TWR of the electrode tool. When
comparing the TWR mean of the flat and
convex electrodes, the observed TWR of the
electrodes decreased by 26.66%, as shown in
Fig. 3. The possible decrease in TWR reason for
this result could be that the convex profile
electrodes had a lesser surface area of the
electric contact with the workpiece than the flat
profile electrodes and for the same operation
condition. Also, the thermal energy for each
spark with the convex profile electrodes was
smaller. Moreover, the amount of the electrode
material to be melted and evaporated was also
less.

0.3

0.25

0.2

0.15

0.1

TWR Mean (mm3/min)

0-05 0.03 025

, Hm

16 A

M Flat Profile Electrodes

0.129

Figure 4 shows that the mean MRR of the
electrodes with a convex profile was much
higher than that of the electrodes with a flat
profile. The MRR of the convex profile electrode
was greater than that of the flat profile
electrode. The reason could be that the convex
profile electrode had a larger area in the spread
of the electric sparks in contact with the surface
of the workpiece than the flat profile electrode
and for the same operation condition, where the
surface area of the flat electrode was a less than
the convex electrode ( 58.64 mm2 for flat vs
74.25 mm? for convex). Hence, the energy and
sparks numbers were high in the operation
area, increasing the melting and evaporation of
the workpiece material, as shown in Fig. 5.

0.262

0.199

0.102

20A 24 A

W Convex Profile Electrodes

Fig. 3 TWR Mean of Flat and Convex Profile Electrodes.
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20

18 16.386

MRR Mean (mm3/min)

M Flat Profile Electrodes

18.39
17.117

16 1379 14.467 14.917
14
12
10
8
6
4
2
0

20A 24 A

B Convex Profile Electrodes

Fig. 4 MRR Mean of Flat and Convex Profile Electrodes.
Copper-nanographene

'\‘4

Temperatwe l

4

electrode
Spark
\

N
i

A
P

(b)

Fig. 5 Performance Measures of EDM Using Electrode Profile (a) Convex (b) Flat.

3.3.-Recast Layer Thickness (RCL)

Figure 6 shows the contrast in the recast layer
(RCL) thickness of the surface machined based
on the shape of the electrode profile used by
scanning electron microscopy SEM
TESCAN/VEGA device. The outcomes showed
that when using a convex profile electrode, the
RCL was smaller than that of an electrode with
a flat profile. This variation can be due to
several factors. First, when utilizing convex
profile electrodes, the effective surface area

decreased, generating low thermal energy. As
the electrode moved toward the workpiece, the
active surface area gradually increased,
resulting in significant thermal energy and
great material removal. Further, convex profile
electrodes easily reached the electrolyte,
especially when compared to flat profile
electrodes, enhancing access and cleaning the
molten metal, therefore, minimizing the
formation of the RCL thickness.
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Recast layer

SEM MAG: 500 x SEM HV: 20.00 kV

SEM HV: 20,00 kV ety
Name: 1 WD: 16.64 mm 100 pm MName: 1 WD 16.33 mm 100 pym
Date(m/dfy): 03/04/24 View field: 433.2 pm Date(m/iddy): 03/04/24 View fleld: 433.4 pm

(a) (b)

SEM MAG: 500 x

Fig. 6 SEM Micrograph of the Machined Surface (a) Flat Profile Electrode (b) Convex Profile
Electrode. I, (24 A), Ton (300 ps), and Toff (100 ps).

3.4.Quality of Machined Surface

Scanning electron microscopy (SEM) of the
surface machined using the EDM process, using
flat and convex profile electrodes, is illustrated
in Fig. 7. The surface quality of the workpiece
when using a convex profile was optimized
because the surface area of contact with the
workpiece was smaller than that of the flat
profile electrodes when using the same
machining parameters. This behavior is due to

Globule

SEM MAG: 500 x SEM HV: 20.00 kV
Name: 1 WD: 9.960 mm 100 pm
Date(m/dAy): 03/19/24  View field: 433.4 ym

(a)

i
SEM MAG: 500 x SEM HV: 20.00 kV

Name: 1 WD: 8.610 mm 100 pm
Date(m/dAy): 03/19/24 View field: 433.4 ym

VEGAW TESCAN

NAMRC/UoT n

the high electric discharge density, which
accelerates the separation of the metal from the
workpiece. It is more effective in cleaning the
molten metal, resulting in a better surface
finish. In addition, the roughness of the
machined surface (SR) was measured using the
Marsurf Ps1. The SR was observed to be 5.1 um
using a flat electrode, while it decreased to 3.9
pm using a convex electrode for the same
machining parameters.

VEGAW TESCAN
r

NAMRC/UoT n

(b)

Fig. 7 SEM micrograph of the surface roughness (a) Flat profile electrode, (b) Convex profile
electrode. I, (24 A), Ton (300 ps), and Tor (100 ps).

3.5.Morphologies Comparison of
Electrodes

The term morphology of the operated electrode
surface is clearly illustrated by the images of the
3D laser scan technique using an LMT mag 3D
Scanner device. It refers to the surface
geometry of the electrode utilized in the EDM

process. Figure 8 shows both flat and convex

electrode surfaces before and after machining.
It is evident from Fig. 8 that the geometry and
surface defects of the electrodes observed on
the electrode surface formed more easily when
using flat profile electrodes than with the
surface morphology observed at the convex
profile electrodes for the same machining
parameters. It showed a few small deformities
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because the spark formation of the electrodes
with a convex profile was better than that of
electrodes with a flat profile, resulting in a
smaller thermal energy. Therefore, the overcut

Above Front

Top View
Before After

Flat Profile Electrode

amount in the EDM process with the convex
profile electrodes was smaller. Consequently,
the machining accuracy was better than that
with the flat profile electrodes.

®

Above Front

pr View
Before After

Convex Profile Electrode

Fig. 8 Comparing Morphologies of Electrodes. I, (24 A), Ton (300 pus), and Tost (100 ps).

4.CONCLUSION

The present study demonstrated the
effectiveness of convex electrodes for making
holes in the EDM process. The present study
objective is to select the optimal electrode
profile for making the holes for EDM
performance enhancement, considering the
effect of the practical input and output
parameters. The following is a summary of the
key conclusions derived from the work:

e The convex profile electrodes decreased the
wear of the electrode tool by 17.37%
compared with the flat profile electrodes.

e The convex profile electrodes increased the
metal removal from the workpiece by
19.34% due to the increased electric spark
generated in the machining region.

e Convex profile electrodes performed better
than flat profile electrodes in terms of the
recast layer thickness decreased (RCL).

e The convex profile radius of electrodes
performed better surface roughness, i.e.,
decreased by 23.52%, and gave good
machinability.

e The replacement of a flat profile electrode
with a convex profile electrode for the hole
machining experimentally overcame the
harmful impacts of erosion in the EDM
process.

e Convex profile electrodes contributed to
the optimization of many quality indicators
in the hole drilling in the EDM process.
Electrodes of convex profile were
considered more economically efficient
than electrodes of flat profile and directly
impacted their practical implementations
in this domain.
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