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Abstract
In this study, it was aimed to analyze the effects of machining parameters on the process quality by drilling holes
in heat treated cold work tool steel with a hardness of 60-62 HRC using the electrical discharge machining (EDM)
method and Ø2 mm diameter brass electrodes. In this context, drilling was performed using three different current
values   (5, 6, 7 A), three different voltage values   (1, 2, 3 V), three different discharge pulse frequency Ton (23, 26,
29 µs) as well as Toff (3, 5 µs) respectively, and the effects of these machining parameters on the machining
time, material removal rate (MRR), electrode wear rate (EWR), surface roughness (SR) and hardness of around the
white layer were analyzed using micro, macro and analytical measurements, especially with Scanning Electron
Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDX). As a result of the analysis, ıt was observed that
current, voltage, Ton and Toff had an effect on machining time, MRR, EWR, SR and hardness, but current was the
most effective parameter, and also worn electrode as well as workpiece residues affected the process quality.
Increasing the machining current increased sparking between the workpiece and the electrode, resulting in
increased point melting and evaporation, resulting in increased average surface roughness, metal removal rate,
and electrode wear rate. As a result of the high metal removal rate, the machining time was greatly reduced and
the thermal effect time was reduced, which led to a decrease in the hardness variation on the machined surfaces.

1 Introduction
Electrical discharge machining (EDM) is an unconventional manufacturing method based on the chip removal by
melting and evaporation of the workpiece as a result of rapidly repetitive electrical discharges between the
electrode (cathode) and the workpiece (anode) under dielectric liquid [1-3]. The biggest advantage of this method
is It can process conductive materials with high hardness without any mechanical contact with them, regardless
of their hardness [4-6].

Due to these features, hard parts used in aerospace and automotive sectors as well as  dies and molds materials
made from these parts can be easily processed by EDM method [7-8]. The Cold work steel 1.2379 (X153CrMoV12;
C: 1.50–1.60%;Si: 0.2–0.6%; Mn: 0.15–0.45%; Cr: 11–12%; Mo 0.7–0.8%; V:0.8–1.1%) one of the hard steels
commonly used in the industry, especially in cold forming sheet-metal molds, deep drawing molds as well as in
machinery and equipment such as bolt rolling rollers and combs, plastic crushing blades, cold rolling rollers [9-
13]. It is very suitable for cutting, crushing and deep drawing applications due to its high abrasion resistance and
high toughness [14]. In addition, its hardness up to 62 ± 2HRC makes it attractive to use [15]. However, machining
hard materials with conventional methods is not easy in terms of tool wear, energy consumption and obtaining a
good surface [16-18]. Although there are studies in the literature on the high processing quality and low cost
machinability of such materials, their development continues. There are valuable studies on milling and drilling
of hard materials used in automotive, aircraft and aerospace, dies/molds, home appliance, medical and
electronic equipment, as well as increasing the process quality of these applications [19-22]. Gao et al. examined
the effect of EDM process on thermal barrier coating (TBC) layer in a two-step drilling of electron beam physical
vapor deposition (EB-PVD) coated nickel-based superalloy. They investigated the effect of pulse-on time, peak
current and servo speed on coating material through drilling vertical holes and inclined holes. According to their
research, relatively larger pulse duration and larger peak current can cause greater thermal stress, they
emphasized that it can lead to a gradient at the interface and subsequent cracking or disintegration of the
coating layer. For these reasons, short pulse duration, longer pulse-off time and small peak current are
recommended for EB-PVD coated EDM drilling of the EB-PVD coated nickel-based superalloy [23]. Kuppan et al.
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conducted an experimental research on the small deep hole drilling process of Inconel 718 (a high-strength,
temperature-resistant nickel-based super alloy) using Ø 3 mm diameter copper electrode in the EDM process.
Response surface methodology (RSM) was used for analysis by choosing peak current, pulse on-time, duty factor
and electrode speed as input parameters; material removal rate (MRR) and depth averaged surface roughness
(DASR) as output parameters. As a result of the analyzes made, It was determined that MRR was mostly affected
by peak current, duty factor and electrode rotation while DASR was strongly affected by peak current and pulse
on-time [24]. Kumar et al. investigated the effect of machining parameters like discharge current (Ip), pulse-on
time (Ton), pulse-off time (Toff), electrode material, electrode rotation, electrode size and work height on
diametric overcut (DOC) and taper rate in drilling micro holes in Ti-6Al-7Nb by EDM. They reported that diametric
expansion or overcut increased with the increase of Ip, Ton, Toff, electrode diameter and work height. Ip and Toff
have been reported to have erratic effects on taper rate. It was reported that the increase in the current value from
4 to 7 in the use of copper electrode increased the taper ratio, while the use of brass electrodes revealed the
opposite situation [25]. Dilip et al. carried out the micro-EDM drilling experiments on Inconel 718 by using the
Box–Behnken experimental design. Voltage, feed rate, and electrode rotation speed were selected as input
parameters on the other hand side wall roughness, MRR, overcut, and taper angle were selected as output
parameters; according to the results of these experiments, it was reported that voltage is the most important
factor affecting all responses in the design area [26]. Kumar et al. investigated machinability of titanium alloy
(Ti–6Al–4V) by EDM. In their study, the effects of peak discharge current and pulse-on duration on material
removal e�ciency and rate of tool wear were analyzed by evaluating surface roughness, surface crack density,
white layer thickness, material migration, phase transformation, residual stress, and microindentation hardness
on machined surfaces. According to their report, they achieved the highest MMR ratio (∼ 2.71 mm3/min) using
the Ip = 25 A and Ton = 200 µs operating parameters, and the minimum surface roughness (Ra ∼ 2.26µm) using
the Ip = 6 A and Ton = 50 µs parameters. As a result of the EDS analyzes on the machined surfaces, signi�cant
amounts of C, Cu and O elements have been detected. This type of enriched carbon on machined surfaces
deposition resulted in the formation of hard carbides, causing an increase in the microhardness value (355.66 to
418.66 HV) [27]. In this study, 2 mm diameter holes were drilled using the best machining parameters selected
from the EDM method on the cold work tool steel, which is di�cult or impossible to machine with current
conventional methods due to its high hardness, and also costly. The effects of current, voltage, Ton, Toff
parameters used in the experimental study on material removal rate, electrode wear rate, surface roughness and
white layer hardness were successfully analyzed using Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray Analysis, and the �ndings are presented as a unique study. In this study, a widely used material,
an increasingly important processing method and the best drilling parameters selected will be a unique support
to the literature, especially for industrial applications.

2 Materials And Methods
2.1 Selected test Materials

In this study, 1.2379 (X153CrMoV12) cold work tool steel based on molybdenum and vanadium, containing high
carbon and chromium, was used as workpiece. All surfaces of this steel were ground in order to be easily
attached to the EDM workbench, it was cut in 75 x 30 x 20 mm dimensions so that holes could be drilled on it at
equal intervals and used with a hardness of 60-62 HRC. The chemical composition, mechanical and physical
properties of this steel are given in Tables 1 and 2, respectively. Since this steel has high wear resistance and high
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toughness, it is very suitable for cutting and breaking, and it was chosen as the test material because of these
properties [28].

2.2 Machining Methods

In this study, in micro drilling 1.2379 (X153CrMoV12) hard steel material; Oscarmax SD400 ZNC PLUS 50A
Industrial EDM (Electric Discharge Machine), which can give very successful results in drilling with the EDM
method was used. The Ø2 mm diameter brass electrode (single hole tube) and Eralube Eraoil Electron (dielectric
�uid) as coolant were used to obtain the micro-holes in EDM. By choosing Eralube low viscosity EDM oil: Low
wear, high speed and �ne surface quality were aimed. After 12 holes were drilled at a distance of 6 mm on the
workpiece at equal intervals by EDM, the workpiece was cut into two equal parts from the middle point by WEDM
(Wire Electric Discharge Machine) in order to analyze the machined surfaces of the holes as shown �gure 1. For
each hole drilled with different parameters, the command was given to insert the electrode to a depth of 20 mm in
the workpiece. 

2.3 Analysis methods of machining quality 

Surface roughness, micro and macro structure, residual stress and micro hardness are measured to discuss
surface integrity assessment so machined surfaces can be analyzed [29]. Surface roughness of the workpiece is
an important parameter in machining technology as well as affects the mechanical performance of the
workpiece and the machining cost [30]. Ra is the most used surface roughness measurement parameter is
commonly used to characterize or assign a �nishing grade (ISO 1302) to a machined surface or a surface about
to be machined [31]. In this study, a Wave System Hommelwerke T8000 pro�lometer device was used for surface
roughness measurements with the stylus tip set to 1 mm/s speed and 5 mm scan length. The hardness change
observed in the white layer due to thermal effects was measured using the Microhardness Tester FM-700e
hardness tester with a Vickers pyramid indenter along the cross-section applying 100 g load. Thermo Fisher
Scienti�c Apreo S Scanning Electron Microscopy (SEM) was used to provide information about the topography
and composition of the sample surface in the treated regions [32]. Energy Dispersive X-Ray Analysis (EDX),
referred to as EDS or EDAX, is an x-ray technique used to identify the elemental composition of materials [33].
EDS was used for the chemical detection of eroded electrode residues on the machined surfaces of the
workpiece.

2.4 Calculations of the MRR and EWR

In the studies in the literature, it is seen that MRR and EWR are the most considered parameters in transaction
performance measurements. In these measurements, the results are obtained by using variables such as weight,
volume and machining time [34-36]. Formulas 1 and 2 were used to calculate Material Removal Rate (MRR) and
Electrode Wear Rate (EWR), respectively. The machining time in formula 1 was determined with the help of a
stopwatch in each experiment. The pre- and post-process weights of the workpiece and electrode materials in
Formula 1 and 2 were weighed with the help of Kern DBS60-3 model precision balance with 0.001g sensitivity. As
a result of the data obtained, MRR (mg/min) and EER (%) values were calculated.
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3 Results And Discussions
The special operating parameters used in this study and the process quality data obtained in line with these
parameters are given in Table 3. In this table, current, voltage, Ton and Toff input parameters; machining time,
MRR, EWR, SR and hardness show the output parameters. When machining a blind hole, or applying bigger
diameter of electrode tube, the selected processing parameters and electrode are very important. Both GAP (gap
voltage setting key) and CAP (parallel capactor selection key) values were used as 3 in accordance with the
parameters given in the table and machine safe operating parameters. The lower of gap voltage, the higher of
machining current, the faster of machining speed, but the more di�culty of carbon removing and accordingly this
may affect the machining speed. The application of parallel capacitor may increase the machining speed, but
cause electrode wear. On the other hand, if a parallel capacitor is not applied, especially when machining a extra
hard material, low machining speed will occur.

It was observed that the surface roughness was high at the highest current values among the experiments shown
in Table 3. With the increase of the machining current, the sparking between the workpiece and the electrode
increased and the point melting and destruction increased, as a result of which the surface roughness increased.
As a result of the increased metal removal rate, the machining time was signi�cantly reduced, but the EWR
increased due to the electrode doing more work as shown �gure 2a. Singh et al, in their study on experimental
examination and modeling of surface treatments with ANSYS in EDM method, con�rmed that the parameters
that affect the surface roughness the most are discharge current, tool speed, pulse-on time and duty cycle,
respectively [37]. However, according to both analytical and simulation results in Ahmed et.al 's study, they
reported that the effect of tool electrode rotation on debris removal is negligible [38]. The most important point to
be considered here is that the viscosity of the �uid used, the pressure and the processing parameters affect the
debris evacuation; as a result, the debris in the environment affects the EWR and surface roughness. In this study,
increasing voltage value showed a graph similar to the results caused by current increase as shown �gure 2b.
The machining voltage has a signi�cant in�uence on the tool electrode wear followed by the rotating speed of
the electrode and the diameter of tool electrode was also reported by Huang et al [39]. In low arc duration, the
electrode was operated more in unit time; excessive electrical density and sparking-induced abrasions occurred at
the ends of the electrode, as a result of these abrasions, the abraded particles adhered to the machined surface,
causing an increase in the surface roughness as shown in �gure 2c.

In Figures 3 and 4, respectively, the SEM morphology of the machined surfaces and the effects of wearing
electrodes are visualized using a Thermo Fisher Scienti�c Apreo S brand/model scanning electron microscope.

Before each experiment, holes were drilled using a new electrode measuring Ø 2 mm x 400 mm. At the beginning
of the process, the diameter of the area where the electrode approaches the material and the hole diameter at the
end of the process are not the same, this is due to the wear on the tip areas of the electrode. In Figure 4b and 4d
show the entrance sections of the electrode as well as 4a and 4c show the hole bottom sections, respectively. As
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can be seen from Scanning Electron Microscopy (SEM) images and measurements, there was a change in size
due to electrode wear. The macro images of the worn electrodes used in the experiments are shown in Fig. 5.

When the surfaces of the holes drilled into the workpiece were examined, eroded electrode residues were found
on the surface. The EDAX analysis of the hole surface drilled in experiment number four is given in Fig. 6. Energy
Dispersive X-Ray Analysis (EDX), referred to as EDS or EDAX, is an x-ray technique used to identify the elemental
composition of materials. According to the measurements made at three different points of the machined
surface, brass elements that it does not contain in its own structure were detected on the surface of the
workpiece. The chemical components of X153CrMoV12 workpiece are given in Table 1, Carbon (C), Chrome (Cr),
Molybdenum (Mo), Vanadium (V) are the chemical components of this steel. Brass is the general name of yellow
alloys obtained by adding zinc (Zn) to copper (Cu). Some other elements that can be found in brass are tin (Sn),
lead (Pb), nickel (Ni), manganese (Mn), iron (Fe), aluminum (Al), silicon (Si), arsenic (As), antimony (Sb) and
phosphorus (P). However, as seen in Fig. 6c, 6d and 6e graphs, Cu, Fe, Mn, Zn elements were found on the
machined surface, which is proof that the materials separated from the worn electrode were carried to the
workpiece surface.

Although the hardness of the 1.2379 (X153CrMoV12) workpiece used in the experiment was approximately 720
HV0.10, the hardness value decreased to values between 580-626 HV0.10 in the parts close to the drilled areas with
different machining parameters due to thermal effects. As seen in Fig. 7, three different measurements were
made near each hole drilled and average values were reported. The hardness values obtained from experiments
10 and 7, where the surface roughness is the highest and the lowest, respectively, and measured at 75µm
intervals from the machined surface, are shown in Fig. 8.

As can be seen from the measured values, the hardness values gradually decrease as they approach the
machined surfaces as shown �g. 9. This decrease is affected by the increase in the processing time. As the
processing time increases, the hardness change increases as the material is more exposed to thermal effects.  In
the literature, it has been reported that hardness change is observed in the workpiece because thermal effects are
revealed in the machining processes using the EDM method. The melting and resolidi�cation of the material
causes formation of white layer (WL) onto the top of the machined surface [40]. It was emphasized that the
increase in hardness in these WL regions was more due to the iron carbon carried by the dielectric �uid [41-42].
Since the material used as the workpiece in this study is heat-treated steel, hardness changes were detected in
the areas close to the processed areas with the effect of energy and heat applied during drilling with EDM. As a
result of the hardness measurements, it was seen that the main hardness of the material was reached as it
moved away from the machined area as shown �g. 9.

4 Conclusion
In this study, the following results were obtained by making Scanned electron microscopic investigation, Energy
Dispersive X-Ray Analysis (EDX), roughness measurement, microhardness testing, macro and micro analyzes as
a result of drilling high hardness cold work tool steel with different EDM processing parameters.

Increasing the machining current increased sparking between the workpiece and the electrode, resulting in
increased point melting and evaporation, resulting in increased average surface roughness, metal removal
rate, and electrode wear rate. As a result of the high metal removal rate, the machining time was greatly
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reduced and the thermal effect time was reduced, which led to a decrease in the hardness variation on the
machined surfaces.

With the increase in the applied voltage between the electrode and the workpiece, the total energy of the
spark increased. As the voltage value increased, the erosion rate increased and higher machining speed was
obtained, so the EWR increased, but the surface roughness was negatively affected.

With the increase of the erosion process time, the MRR �rst decreased and then increased. On the other hand,
it was determined that the effect of Ton on SR, EWR and machining time was irregular due to the debris
shielding from the part and the wearing electrode parts stick to the electrode surface, affecting the sparking.

Hardness values gradually decrease in areas close to the machined surfaces. This decrease is affected by
the increase in the processing time. As the processing time increases, the hardness change increases as the
material is more exposed to thermal effects.
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Tables
Table 1. Chemical Composition of X153CrMoV12

Carbon 
 (C)

Chrome 
 (Cr) 

Molybdenum 
 (Mo)

Vanadium 
 (V)

1.55 12 0.8 0.9

Table 2. Mechanical and physical properties of X153CrMoV12

Usage Hardness (HRC) Thermal expansion coe�cient

(  

Heat conductivity (W/mK) Density 
 g/cm³

54 - 60 10.5 - 13.00 16.7 7.85

Table 3. EDM micro drill parameters and experimental �ndings
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Exp.
 No.

Current
 (A)

Voltage
 (V)

Ton
 (μs)

Toff
 (μs)

Machining
Time
 (sec)

Material
Removal
Rate
 (mg/min)

Electrode
Wear
Rate
 (%)

Ra Surface
Roughness
(μs)

White
Layer
Hardness
 (HV0.10)

1 7 2 26 3 42 372.857 3.518 4.97 589

2 7 3 26 3 35 481.714 3.787 8.31 597

3 7 1 26 3 66 179.090 2.655 5.11 596

4 6 2 26 3 48 298.750 3.221 6.14 597

5 6 3 26 3 36 435.000 3.518 6.95 596

6 6 1 26 3 68 194.117 2.965 4.71 596

7 5 2 26 3 56 240.000 3.019 4.44 598

8 5 3 26 3 41 349.756 3.221 4.88 599

9 5 1 26 3 88 147.954 2.924 5.83 597

10 7 3 23 3 33 509.090 3.774 8.31 597

11 7 3 29 3 29 583.448 3.801 6.28 580

12 7 3 29 4 32 480.000 3.450 5.81 626

Figures
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Figure 1

Machining centers (a) EDM (OSCARMAX SD400 ZNC), (b) cutaway view, (c) experiment materials
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Figure 2

Effects of machining parameters on drilling quality: a According to the increasing current. b According to the
increasing voltage c According to the changing Ton
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Figure 3

SEM Micrographs of machined surface a the smoothest surface (Experiment no. 7), b the roughest surface
(Experiment no. 10)

Figure 4
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SEM Micrographs of electrode wear effects: a Experiment no. 4 head, b Experiment no. 4 inlet, c Experiment no.
10 head, d Experiment no. 10 inlet

Figure 5

Worn electrode tips used in the experiment
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Figure 6

EDS analysis of Brass electrode residues found on machined surfaces (Experiment no. 4)

Figure 7

Hardness measurement near region of white layer (Experiment no. 5): a Measuring zone, b Measuring point.
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Figure 8

Hardness measurement points and values: a Machining time 56 sec (Experiment no. 7), b Machining time 33 sec
(Experiment no. 10)

Figure 9

Hardness change according to the distance from the machining area


