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Abstract. This study investigates the physical and microstructural properties of
EDM-machined steel under varying electrical discharge machining (EDM) conditions.
An experimental approach is adopted to evaluate the influence of pulse time (Ton), rest
time (Toff), and discharge current (I) on material removal rate (MRR) and surface
roughness (Ra). The effect of discharge energy on crater formation, debris evolution,
and microstructural transformations is analyzed. Surface integrity is assessed through
microscopic roughness analysis, crater morphology measurements, and X-ray diffraction
(XRD) to reveal phase transformations induced by electrothermal effects.
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1. INTRODUCTION

Physical properties of fabricated components, as well as the performance of
related manufacturing processes, are widely studied, highlighting their crucial role
in the engineering industry. This includes forming processes, which involve shaping
materials through plastic deformation, enabling the production of complex geometries
with enhanced mechanical properties [1, 2]. Welding techniques involve the application
of heat to join materials, leading to the formation of a heat-affected zone (HAZ),
which effects thermo-mechanical properties and causes complex microstructural
transformations [3]. Additive manufacturing, has revolutionized prototyping and small-
scale production by allowing layer-by-layer fabrication of complex structures with
minimal material waste [4, 5]. Cutting processes work by fracturing the workpiece,
with a primary focus on analyzing ductile damage mechanisms and enhancing cutting
efficiency [6, 7], especially in machining operations. To enhance the understanding
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and prediction of the physical and damage-related properties of machined components,
significant research efforts have been directed toward advanced material characterization
and mechanical property improvement. These efforts are mainly categorized into two
approaches: numerical modeling, which enables predictive analysis and process
optimization, and experimental studies, which provide valuable insights into real-
world machining behavior [8-9]. In machining, two categories of processes exist,
which are conventional and non-conventional methods. In fact, the conventional
machining includes traditional techniques such as turning and milling, which rely on
direct contact between the tool and the material. Non-conventional machining, in
contrast, employs alternative energy sources, such as electrical, thermal, or chemical
energy, to remove material without direct mechanical contact [10-12].

Our focus is on the electrical discharge machining (EDM) process, which is
extensively used for machining rigid and hard-to-cut materials. EDM is particularly
valued for its ability to machine materials with varying hardness levels while minimizing
tool wear, making it as a highly efficient manufacturing technology for precisely
processing all electrically conductive materials [13]. Nitu et al. [14] fabricated precise
slits by EDM process for fracture mechanics testing in pin load tension. A cycling
pre-crack in the slit is then introduced to ensure accurate fracture mechanics evaluation.
The slit dimensions are measured using an optical microscope, and metallographic
analyses are conducted. Experimental investigations further reveal that electrode
wear is highly dependent on process parameters, affecting the accuracy and surface
quality of the machined parts [15, 16]. Marrocco et al. [17] conducted an experimental
study to evaluate the influence of various EDM process parameters on the material
removal rate and tool wear rate. Ramachandra [18] used the Response Surface
Methodology (RSM) technique to optimize the EDM machining parameters for AlSI
316 stainless steel. He developed a robust model that determined the optimal settings
for achieving the EDM machining performance.

The main objective of our study is to predict the physical and microstructural
properties of parts obtained through EDM under different machining conditions.
An experimental investigation is conducted to analyze the effect of three key EDM
machining parameters, which are the pulse time (Ton), the rest time (Toff), and the
discharge current (1) on the material removal rate (MRR) and the surface roughness
(Ra) of the machined parts.

2. METHODS AND MATERIALS

2.1. PHYSICAL PROPERTIES OF MATERIAL PARTS

Non-alloy steel C45 was selected as the workpiece material, while a copper
electrode was used for EDM machining. Table 1 presents the chemical properties of
the workpiece.
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Table 1
Mechanical and chemical composition of C45
. Yield stress Density
Tensile strength (N/mmg2) (N/mm?) Hardness (HB) (glem?d)
560 — 620 275340 170 7.85
C(%) S(%); P(%) Mn(%) Si(%)
0.50 — 0.52 <0.035 0.50 - 0.80 0.40 max

Copper is widely used as an electrode in EDM thanks to its high electrical and
thermal conductivity, enabling efficient energy transfer and rapid heat dissipation.
It also offers good machinability and wear resistance, ensuring greater precision for
various applications. The physical properties of the electrode material are shown in
Table 2.

Table 2
Physical properties of the electrode material
Electrical resistivity Temp. melting Hardness Density
(10 - 8 Qm) (°C) (HB) (g/cm?)
1.72 1083 70 8.89

The dielectric fluid used in the experiments is mineral oil, chosen for its essential
properties suited to this machining process.

2.2. EXPERIMENTAL SET UP OF EDM PROCESS

To ensure consistency, the machining depth is maintained constant across all
tests, while the machining time is recorded in real time using a digital stopwatch with
an accuracy of £1 ms.

In addition, the masses of both the workpieces and electrodes are measured
before and after machining using a digital scale with a precision of + 0.01 g. This
study focuses on investigating the effect of three EDM machining parameters, which
are pulse time (Ton), rest time (Toff), and discharge current (I) on the material
removal rate (MRR) and the surface roughness (Ra) of workpiece.

¢ Ton is the length of time during which the voltage is applied.

o Toff is the period during which discharges are not allowed, providing time
for electrode cooling, debris removal, and renewal of the dielectric fluid.

o | is the magnitude of the current flowing through the plasma.

¢ MRR refers to how quickly material is eroded from the workpiece due to
electrical discharges. In the present study, MRR is measured by weighing the
workpiece before and after machining, then using the weight difference to
calculate how much material has been removed.
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¢ Ra is the surface roughness, the key indicator of a workpiece surface quality
after machining. It is typically measured in micrometers (um) and its value
is commonly determined through a topographical analysis.
The EDM parameters are selected in three levels for each parameter as shown
in Table 3. The selected plan is the full factorial 33 = 27 tests.

Table 3

Input parameters levels

Parameters Level 1 Level 2 Level 3

I (A) 8 24 64
Ton (us) 8 100 1600
Toff (us) 4 25 200

2.3. MICROSTRUCTURAL AND TOPOGRAPHICAL METHODS

Surface quality of the machined samples was determined by using digital
roughness tester and profilometer. Surface roughness measurements are conducted in
the central region of the machined surfaces to minimize potential effects from thermal
gradients or debris accumulation near the surface edges. The measurements by the
profilometer are taken over a (1x1 mm?) section with a fixed sampling interval of 20 pm.
Multiple scans are made at different locations on each surface. The surface finish of
the machined samples was characterized by the arithmetic average roughness (Ra).

The discharge crater size is measured using an optical microscope with 50x and
25x% objective lenses. For phase structure analysis, X-ray diffraction (XRD) is conducted
using a D8 Advance X-ray diffractometer, with a 20 range from 40° to 85° and a
scanning step size of 0.02°. Copper Ka radiation was used for the XRD measurements.

3. RESULTS AND DISCUSSION

3.1. MEASURED MATERIAL REMOVAL RATE AND SURFACE ROUGHNESS

Based on the measured values of MRR and Ra, the effects of the machining
parameters on these two factors will be analyzed. The average value of an outcome
is determined using Equation (1):

"X
y =&l (L)

where Y is the mean outcome value, X represents the individual response values for
the outcome from the EDM tests, and N is the total number of experimental
measurements at a specific parameter level.
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Figure 1 illustrates the correlation between the applied current | and the
outcomes, which are MRR and Ra. As the current | rises from 8 A to 64 A, MRR
demonstrates a pronounced linear increase. This phenomenon is attributed to the
heightened energy density at the spark interface with increasing current, thereby
growing the erosion process on the workpiece surface. Consequently, a higher MRR
indicates increased material removal per discharge. Moreover, this elevated energy
input also influences surface quality.

=0=Ra =0—=MRR

0.25

Ra (um)
MRR (cm3/min)

25 0
{A)

Fig. 1 — Effect of | on MRR and Ra.

Higher current intensities result in more aggressive material removal, leading
to deeper surface features and, consequently, higher Ra. This effect was observed on
the machined surface of the Ti-6Al-4V alloy using a molybdenum electrode, where
an increase in | caused more pronounced material ejection, resulting in a rougher
surface [19]. The dependence of MRR and Ra on Ton is showed in Fig. 2. As Ton
increases from 8 ps to 1600 ps, both MRR and Ra show a significant rise,
approximately from 0.05 to 0.30 cm3/min and 2.4 um to 3.2 um, respectively.
The increase is particularly pronounced at lower Ton values (8 ps to 100 ps) with a
tendency to plateau at higher Ton values, indicating a saturation effect in material
removal efficiency. The initial sharp increase in MRR and Ra with increasing Ton is
attributed to the higher energy input per discharge, which enhances material melting
and vaporization. However, as Ton continues to rise, material removal efficiency
declines due to factors such as plasma channel expansion and increased debris
accumulation, which can obstruct the erosion process [20, 21].

In the same context, the dependence of MRR and Ra on Toff is presented in
Fig. 3. The curves indicate an inverse correlation between Toff and MRR as Toff
increases from 25 s to 200 ps.

This reduction in MRR, approximately 30%, follows a sharp increase of 243%
when Toff rises from 4 ps to 25 us. The decrease in MRR can be attributed to longer
Toff, which increases the interval between successive discharges, reduces the
frequency of electrical pulses, and consequently lowers the energy delivered to the
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material [22]. In contrast, Toff exhibits a direct correlation with Ra, as higher Toff
values lead to increased surface roughness. Longer pauses allow for more intense
discharges, resulting in deeper and more irregular craters. However, excessive Toff
can negatively affect the machining process by prolonging plasma removal, reducing
energy transmission, and further diminishing MRR.
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Fig. 2 — Effect of Ton on (a) MRR and (b) Ra.
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Fig. 3 — Effect of Toff on (a) MRR and (b) Ra.

Optimizing Toff is therefore strongly recommended to achieve a balance
between MRR and Ra.

Experimental results have confirmed that current intensity I is the most
influential parameter affecting both MRR and Ra in the EDM process. As the current
increases, the energy of each discharge grows, leading to larger and deeper craters
on the machined surface, which directly affects surface quality. To advance deeper
insight into this effect, we focus on analyzing crater dimensions, surface roughness
at a microscopic level, and X-ray diffraction (XRD) patterns while varying only the
current intensity.
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3.2. MEASURED SIZE AND DEPTH OF CRATERS

In order to analyze the influence of the current | on surface quality in terms of
Ra, crater size, and crater depth, Ton and Toff are fixed at 8 ps and 4 ps, respectively.
Microscopic images of the surface roughness as well as the 3d topography of the
three examined surfaces (Fig. 4), as measured with the optical profilometer.

I=8A I1=24A I=64A

Fig. 4 — Examined surfaces according to the selected tests.

The assessment of surface texture quality is conducted in accordance with
ASME B46.1-1995 standards, utilizing a comprehensive set of roughness parameters
to ensure an accurate and detailed evaluation. The average roughness (Ra), which
represents the arithmetic mean of profile height deviations from the mean line, provides
a general indication of surface smoothness but does not account for extreme peaks
and valleys. To complement this, the root mean square roughness (Rq) is also measured,
offering a more sensitive representation of surface irregularities by giving greater
weight to larger deviations. Additionally, the maximum profile peak height (Rp) is
considered, as it highlights the highest peak within the measured profile. The five-
point average maximum height (Rz) is used to capture the average height difference
between the highest peaks and lowest valleys across multiple sampling lengths,
providing a more robust characterization of surface irregularities. The combination of
these parameters ensures a comprehensive analysis the surface texture. The different
measures are summarized in Table 4.

The required surface roughness of a component depends on the nature of the
desired application. In some cases, EDM is therefore utilized as a surface texturing
technique rather than merely a material removal process. Consequently, investigating
the surface texture is crucial for selecting the appropriate machining parameters.
As shown in Fig. 5, the surface quality analysis demonstrates that Ra is primarily
influenced by the variations in I, confirming the evolution curves of Fig. 1.
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Table 4
Surface roughness results of machined parts
I(A) Ra (A) Rq (A) Rp (A) Rz (A)
8 13164.74 18169.76 106645.87 225663.32
24 1414411 20309.03 159229.87 286692.4
64 28433.84 40998.45 231953 485864.96
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Fig. 5 — Surface roughness microscopic images and 3d surface topography for: a) I = 8 A,
b) =24 A;c) =64 A.
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The variation in roughness as a function of | results from variations of crater
diameter and depth. Crater size is defined as the average diameter (Dav) of five
craters, while crater depth (Cd) is estimated as the maximum profile peak depth.
The 50x magnification of the formed craters, along with the evolution of (Dav) and
Cd as a function of I, are presented in Figs. 6 and 7.

Fig. 6 — EDM craters with: a) | =8 A; b) | =24 A; ¢) | =64 A, Dav = average of five
crater diameters.

100
EDav (um) BCd (um)
80 62.8
60
39
40
25.37
20 11.89 12.72
0
8 24 64
I (A)

Fig. 7 — Dav and Cd as function of I.
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The EDM surfaces with higher Ra exhibit larger and deeper craters compared
to those with lower Ra. As the current | increases from 8 A to 64 A, the value of Dav
more than doubles, rising from 39 um to 88 um. The crater diameter proves to be a
reliable indicator of the spark action during EDM process. Regarding Cd, the change
in depth is particularly significant when the current | varies from 24 A to 64 A,
increasing from 12.72 um to 25.37 um. The progressive growth in the size of craters
corresponds to the variation in roughness, suggesting that a high EDM current of 64
A produces the roughest surface, in the case of our study.

Debris are also observed on the EDM surfaces. Debris formation occurs when
molten material is ejected, falls back onto the surface, and subsequently solidifies
taking a spherical shape. In Fig. 6, it is well observed that the size of the formed
debris is significantly affected by the increase of I. This phenomenon can be attributed
to the changes in the material removal mechanism with respect to discharge energy.
At lower energy levels, material removal is predominantly governed by vaporization.
As discharge energy increases, however, there is a transition from vaporization to
melting, leading to an increase in the size of the debris [23].

3.3. MEASURED XRD PATTERNS

The microstructural behavior of machined C45 steel was investigated through
XRD analysis as a function of the applied I. Diffractograms for both the as received
alloy and the machined samples are shown in Fig. 8. The XRD pattern of the base
material reveals that the initial structure of C45 is entirely austenitic (A). On the
other side, the XRD patterns of the machined C45 samples exhibit an attenuation in
the intensity of the main austenitic peaks, accompanied by the emergence of new
peaks, which indicates the formation of a cementite phase (C).

A As received C45

—— EDM machined C45, |=8A
EDM machined C45, [=24A
EDM machined C45, 1=64A

=
8
>
£ A N Lo
§ I MMWNWWNWWWMM’VWW )
= cccc
A A
cC
A: Austenite, C: Cementite
40 45 50 55 60 65 70 75 80 85

20 (°)

Fig. 8 — XRD patterns of as received and machined C45 for various I.
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During the EDM process, the temperature of the spark ranges from approximately
10000 to 20000°C [24, 25], leading to material removal from both the tool and
workpiece through melting and vaporization. This electrothermal process also results
in the formation of a heat-affected zone leading to the formation of new phases,
mainly the cementite phase (FesC), due to the phase transformation mechanism [26].
The high carbon content in the machined surface is associated with dielectric
cracking, rather than diffusion from the base material [27]. It can also result from the
carburization phenomenon. Moreover, it was reported that machining in an oil
dielectric promotes the increase of the carbon content [28].

To gain a deeper understanding of the microstructural changes in the
examined C45 structure, key parameters such as crystallite size (D) and dislocation
density (Dis) were calculated from the XRD data using the Debye-Sherrer equations
(Equations 2 and 3):

b = f cos@ (2)
§ = — @)

where / represents the wavelength of CuK, radiation (1.5418 A), 4 is the full width
at half-maximum (in radians) of the diffraction peak, and 6 is the diffraction angle at
the peak position (in radians). D, is the average crystallite size.

Cementite is well known as the hardest phase in the iron-carbon alloys, and
its presence on EDM machined surfaces contributes to an increase in hardness. This
effect is evidenced by a 27% reduction in the average crystallite size D, as | increases
from 8A to 64A. Concurrently, Dis increases by approximatively 84%, indicating
that higher | leads to a higher dislocation density in the C45 structure (Fig. 9).

4 30
.3
& E 20 ]
: : —
2 "
& (]
—i
= 10
— 1
2
o L I I - 0 -
g 24 64 8 24 64
I (A) 1 (A)

Fig. 9 — Dis and Da of the machined C45 structure as function of I.
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This result can be explained by the increase of the residual stress, which results
from the combined effects of thermal stress and phase transformation stress [29].

4. CONCLUSIONS

The experimental results demonstrate that | is the most influential parameter
affecting MRR and Ra in the EDM process. Higher current levels lead to increased
discharge energy, resulting in larger and deeper craters, higher roughness, and
greater debris formation. The transition from vaporization-dominated material
removal at low | to melting-induced erosion at high | further amplifies these effects.
XRD analysis confirms significant microstructural modifications, including the
formation of a cementite phase (FesC), increased dislocation density, and higher
residual stresses, which collectively enhance surface hardness.
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