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Arastirma Makalesi

0z
Makale Tarihgesi: Bu c¢alismada, 60-62 HRC sertlige sahip Sleipner soguk is takim
Eehs tarihi: 26.01.2022 celigine EEI’de bakir ve piring elektrotlar’la ii¢ farkli akim degeri (50,
abul tarihi:20.06.2022 . .. .. -
Online Yaymnlanma: 10.03.2023 25, 12,5 A), ti¢ farklr ark siiresi (3, 6, 9 us) ve bekleme siireleri (4, 6, 8

us) kullanilarak delikler delinmig, bu c¢alisma parametrelerinin
operasyon siirelerine, talag kaldirma oranina (TKO) ve elektrot asinma

é]ral?htar Kelimeler: oranina (EAQO), islenen pargalarin delik giris-gikis ¢aplarina, is pargasi
TKO ve elektrot lizerindeki kerf’e etkileri analiz edilmistir. Yapilan analizler
EAO neticesinde, bakir elektrot kullaniminda TKO piring elektrot
Kerf kullanimina goére ortalama %311,25 artarken, EAO ve isleme siiresi
Sleipner sirastyla %42,01 ve %38,46 oraninda azalmistir. Is parcasi ile elektrot

arasindaki kivilcimlanmanin ve termal etkilerin artmast TKO’nun
artmast ve isleme siliresinin azalmasini saglamigtir. Farkli isleme
parametreleriyle bakir ve piring elektrot kullaniminda delinen
deliklerin giris ¢aplarinin ¢ikis c¢aplarindan biiyiik oldugu gorilmiis,
asman elektrotlar sebebiyle debris tahliyesine bagl olarak diizensiz bir
kerf olusumuna rastlanmustir.

MRR, EWR and KERF Analysis in Cold Work Tool Steel Machining in EDM Method by
Copper and Brass Electrode

Research Article ABSTRACT

Article History: In this study, holes were drilled on the Sleipner cold work tool steel with

ieceuved._ze.m.zozz a hardness of 60-62 HRC by copper and brass electrodes using three
ccepted: 20.06.2022 . .

Published online: 10.03.2023 different current values (50, 25, 12.5 A), pulse on times (3, 6, 9 us) and

pulse off times (4, 6, 8 us) parameters in the EDM method; the effects of
these working parameters on machining times, material removal rate

Keywords:

EDM (MRR), electrode wear rate (EWR), the hole inlet-outlet diameters of the
MRR machined parts, the kerf on workpiece and electrode were analyzed. As a
EWR result of the analyzes made, in the use of copper electrodes, the MRR
S'fl‘;fpner increased by 311.25% on average compared to the use of brass electrodes,

while the EWR and machining time decreased by 42.01% and 38.46%,
respectively. The increase in sparking and thermal effects between the
workpiece and the electrode resulted in an increase in the MRR and a
decrease in the machining time. In the use of copper and brass electrodes
with different processing parameters, the inlet diameters of the drilled
holes were found to be larger than the outlet diameters as well as an
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irregular kerf formation was observed due to debris evacuation due to
worn electrodes.

To Cite: Ceritbinmez F, Gokkaya ES., Kanca E. Bakir ve Piring Elektrot ile EDM Yonteminde Soguk Is Takim Celigi
Islemede MRR, EWR ve KERF Analizi. Osmaniye Korkut Ata Universitesi Fen Bilimleri Enstitiisii Dergisi 2023; 6(1): 35-
51.

1. Introduction

Electro discharge machining (EDM) is a method of removing metal from the electrically conductive
workpiece by thermal effects by using copper, brass or similar electrode material in a dielectric
environment (Dhanabalan et al., 2015; Payal et al., 2008; Pavan and Sateesh, 2021). In this method,
the workpiece melts and evaporates due to the high temperature created by the rapid electrical
discharges that occur between the electrode (cathode) and the workpiece (anode). As a result of these
repeated processes, the material removal is completed without contact so that the electrode form is
discharged on the workpiece (Azad and Puri, 2012; D’Urso et al., 2016; Niamat et al., 2019; Quarto et
al., 2020). The non-contact and thermal processing properties of this method enable high-hardness
materials, which are not possible to be processed by conventional methods, to be easily processed with
this method (Akbulut and Kiirsad, 2020; Shu et al., 2006). In this method, the electrode material used
during material removal from the workpiece also wears off a little, which directly affects the
machining time, metal removal rate and electrode wear rate. For these reasons, the mechanical,
physical and chemical properties of the electrodes used in the EDM process are very important. In
addition, the EDM processing parameters selected with the electrodes affect the process quality
(Ceritbinmez and Yapici, 2021). Mahajan et al. investigated EDM machinability of high strength,
temperature resistant steels by copper, brass, graphite, copper tungsten etc. electrodes. They reported
that the material removal rate of the copper electrode was higher than that of the brass electrode as
well as the wear rate of the brass electrode was higher than the copper electrode due to the thermal
conductivity and melting point of the copper electrode are higher than the brass electrode (Mahajan et
al., 2018). Sahu ve Mahapatra used copper, brass and AISi1l0Mg RP as electrode material also EDM-
30 as dielectric fluid in the processing of titanium alloy and AISI 1040 steel by EDM method. The
effects of machining parameters such as current and pulse on time on the average surface roughness of
the machined surfaces, surface crack density, white layer thickness and microhardness of the white
layer were investigated by them. As a result of scanning electron microscope to observe surface cracks
and Gray-TOPSIS method for analysis of optimum parameters, they reported that the best surface
properties were obtained in the use of AISilOMg RP electrodes at low current and arc duration
processing parameters (Sahu ve Mahapatra, 2020). Nas et al. used copper and graphite electrodes with
processing parameters such as current values (10, 20, 30 A), three different pulse on times (100, 200,
300 us) and pulse off times (10, 20, 30 us) parameters to remove chips from AISI 1.2738 material in
the EDM method. They tried to determine the ideal parameters for the lowest surface roughness by

using the obtained data in the Taguchi Orthogonal Array Design L54 statistical method. As a result of
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the analysis, the most effective parameters on the surface roughness were determined as current, pulse
on time, pulse of time and electrode material type, respectively. The lowest average surface roughness
values were calculated as 4.73 um by selecting the Ton 300 us, Toff 30 ps and 10 A parameters in the
use of copper electrodes, and as 4.35 pum by selecting the Ton 100 ps Toff 10 ps and 20 A parameters
in the use of graphic electrodes (Nas et al., 2018). Joshi et al. investigated the processing of EN8 mold
steel using copper electrodes in the EDM method and the effects of machining parameters on the
roughness of the machined surfaces. They emphasized that the electrode wear rate was proportional to
the material removal rate at high values of the machining parameters (Joshi et al., 2020). Mouralova et
al. examined the corner and edge wear of the electrodes under electron microscope by removing chips
from 1.2363 and 1.2343 ESR steels with different machining parameters using copper and graphite
electrodes in the EDM method. They also investigated the wear rate of the electrodes used, the
topography and surface morphology of the processed samples. They reported that there was less wear
in the use of graphite electrodes, and a more precise shape and size was obtained due to the
preservation of the electrode form (Mouralova et al., 2020).

In this study, chips were removed from Sleipner Cold Work Tool Steel with chromium-molybdenum-
vanadium alloy with good wear resistance, high compressive strength and high hardness value by
EDM method using Cupro MAX brand copper and Cuprass 3 brand high strength special brass alloy
electrodes. In this context, the effects of different processing parameters on key performance outputs
such as MRR, EWR, KERF and processing time were determined by analytical measurements and
macro analysis. In addition, copper and brass electrode performances were evaluated and reported.
The results from this article have the potential to be an invaluable reference for quality EDM
applications with the best MRR, EWR, Kerf and machining time.

2. Materials and Methods

2.1. Workpiece Material

In this study, cold work tool steel Uddeholm Sleipner, which is increasingly used in industry, was
chosen as workpiece. This steel is a general purpose cold work tool steel with chromium-
molybdenum-vanadium alloy, high hardness and wear resistance (Kirkhorn et al., 2012; Pantazopoulos
et al., 2006). Technical specifications are provided by Alseko Metal company with heat treatment; Its
chemical components and mechanical properties are given in Tables 1 and 2, respectively. The
dimensions of the workpiece used in the experiments were 80 x 80 x 3 mm, and these samples were
sliced using a WEDM machine from a billet of 250 x 300 x 80 mm.

Table 1. Sleipner chemical component (Uddeholm, 2022)

Carbon  Silicium Manganese Chrome Molibden Vanadium Iron
(% C) (% Si) (% Mn) (% Cr) (% Mo) (% V) (% Fe)
0.9 0.9 0.5 7.8 25 0.5 Remnant
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Table 2. Sleipner Mechanical Properties (Uddeholm, 2022)

Hardness Thermal conductivity Specific heat capacity Modulus of elasticity Coefficient of Density
(HRC) (W/me°C) (J/kge°C) (KN/mm?) thermal expansion  (g/cm?)

60-62 20-25 460 205 12.7x10-6 7.73

2.2. Electrode Materials
In this study, Cupro MAX brand copper electrode alloyed with chromium and zirconium, which was
supplied by Saglam Metal, was used. The chemical components and mechanical properties of this

material are given in Tables 3 and 4, respectively.

Table 3. Cupro MAX chemical components (Saglam Metal, 2022)

Chromium Zirchoniun  Other Copper
(% Cr) (% Zr) (%) (% Cu)

0.5-1.2 0.03-0.3 Maks.0.2 Remnant

Table 4. Cupro MAX Mechanical Properties (Saglam Metal, 2022)

Hardness  Tensile Strength  Yield Strength ~ Moduls of Elasticity Elongation  Density
(HB) (N/mm?) (N/mm?) (GPa) (%) (g/em?)

135-170 400-500 320-410 122 18 8.9

Table 5. Cupro MAX Physical characteristics (Saglam Metal, 2022)
Electrical Conductivity =~ Thermal Expansion Coefficient ~ Thermal Conductivity — Density
(MS/m) (10-6/K) (W/mK) (g/em?)

45 17 320 8.9

Cupro MAX physical properties are also listed in Table 5. The electrodes supplied from the supplier in
the form of rods were turned on a lathe to measure ¥ 8 mm in diameter and 20 mm in length as shown
in Figure 1. In order to connect these electrodes to the electrode holder on the EDM bench, M5x10
threads were drilled on the back side of the electrode. All electrodes were manually connected to the
electrode holder individually before the experiments.

NNAMND D020 N\NNDN DD RES

(a) (b)
Figure 1. Turned electrodes prepared for EDM: (a) Copper (b) brass

In this study, Cuprass 3 brand high strength special brass alloy belonging to the manganese bronze
family was used in order to discuss the effects of the electrode material type on the process quality and
machining time. This material was supplied from Saglam Metal Company and its chemical,

mechanical and physical properties are given in Tables 6, 7 and 8, respectively.
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Table 6. Cuprass 3 chemical components (Saglam Metal, 2022)

Aluminium Iron Manganese  Zinch Copper
(% Al) (% Fe) (% Mn) (% zn) (% Cu)
3-7 1.5-4 2.5-5 Kalan 60-67

Table 7. Cuprass 3 Mechanical Properties (Saglam Metal, 2022)
Hardness  Tensile Strength  Yield Strength ~ Moduls of Elasticity Elongation  Density
(HB) (N/mm?) (N/mm?) (GPa) (%) (g/em?)
180-225 820 460 105 14 7.7

Table 8. Cuprass 3 Physical characteristics (Saglam Metal, 2022)

Electrical Conductivity =~ Thermal Expansion Coefficient ~ Thermal Conductivity ~ Density
(MS/m) (10-6/K) (W/mK) (g/cm®)

5 22 36 7.7

2.3. Machining Method

Furkan Brand 50 Ampere EDM (electric discharge machining) machine was used for the experiments.
In the selection of the experimental parameters, the machine safe operating parameter range was taken
as a reference. In addition, the best reference values obtained as a result of industrial applications were
selected. In order to evacuate the sawdust between the electrode and the workpiece, Eralube brand
dielectric liquid was sprayed by means of spiral metal hoses and the erosion process was carried out
under dielectric liquid as shown in Figure 2. Before erosion, the dielectric liquid was sprayed with
spiral metal hoses in a way to completely submerge the workpiece in the dielectric liquid, and it was

evacuated from the environment after the erosion process.

@ o (b)

Figure 2. Erosion process on Furkan EDM machine: a Erosion onset, b Erosion under dielectric liquid

2.4.Material Removal Rate (MRR) Calculations

The equality shown in Equation (1) was used to calculate the effects of different machining parameters
on the MRR (material removal rate) (Kuppan et al., 2008; Rajesha et al., 2012; Soydan et al., 2020).
The amount of abraded material was determined by weighing the workpiece before and after each

experiment on a balance with a sensitivity of 0.001 g. In addition, each test period was recorded with
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the help of a chronometer and used in the calculation of the MRR.

MRR ( g ) _ Initial weight of material — final weight of material 1
min/ Machining Time @

2.5. Electrode Wear Rate (EWR) Calculations

Electrode wear rates were determined using Equation (2) by proportioning the weight of each
electrode material used in the experiments before and after machining to the processing time (Maan et
al., 2018; Raj et al., 2020).

EWR (%)

_ Initial weight of electrode — final weight of electrode

2)

Machining Time

2.6. Kerf Measurements

After the workpieces were drilled with electrodes, the kerf taper angle was calculated using the
Equation (3), taking into account the hole inlet and outlet dimensions. In this equation, the hole
entrance dimensions and the size of the electrode bodies (a); hole outlet, base, and electrode tip
dimensions (b); hole depth and electrode processing area dimensions were calculated as t as shown in
Figure 3 (Skrabalak et al., 2018).

Kerf Taper Angle (T) = Arctan (%) N

[ ] ] “
.*_
| b s
(a) (b) (c)
Figure 3. Measurement description of kerf taper angle: (a) through hole, (b) blind hole, (c) electrode tip

—— s .-
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Hole entry size (a), hole exit size (b) and hole depth (t) of workpieces drilled with EDM were detected
using a Mitutoyo digital caliper with a measurement accuracy of 0.01 mm. In the kerf measurements
of the workpiece that was not drilled through, the diameter at the bottom of the blind hole was taken
into account as the hole exit size as shown in Figure 3b. In the measurements made, it was determined
that there were dimensional differences in the inlet and outlet regions of the material processed with
EDM, therefore, a kerf conical angle formed on the electrodes. To detect these differences,
measurements were made using Mitutoyo digital micrometers with a measurement accuracy of 0.001
mm from the ends and body parts of the electrodes, as shown in Figure 4 (Ceritbinmez and Kanca,
2021).

(@) (b)

Figure 4. Electrode Kerf measurement: (a) Body measurement, (b) Tip measurement

It was observed that the diameters of the tip and body parts were different from each other due to the
wear on the treated parts of the copper and brass electrodes used in the EDM, and the kerf angle was
formed due to the abrasions on the tip parts.

3. Results and Discussion

The experimental data and the results obtained using different processing parameters are listed in
Tables 9 and 10 according to the use of copper and brass electrodes. It was observed that the
processing time, MRR, EWR and kerf angles changed with the change of selected discharge current,

pulse on-off time and electrode types.
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Table 9. EDM operating parameters and analysis results (Copper electrode)

Tot Discharge  Servo  PulseOn  Pulse Off Machining oo Ewr Kerf (degree)
No Currents  Voltage Times Times Tlme (g/min)  (g/min)  Workoi Electrod
(A) V) (ns) (us) (min) piece  Electrode
1 50 60 6 4 2 0.640 0.326 4.10 0.85
2 25 60 6 4 3 0.413 0.149 2.77 0.46
3 125 60 6 4 6 0.209 0.033 1.34 0.27
4 25 60 9 8 3 0.438 0.119 1.91 0.57
5 25 60 9 6 4 0.310 0.078 2.86 0.07
6 25 60 9 4 4 0.328 0.078 2.10 1.58
7 25 60 9 6 4 0.321 0.060 2.67 0.39
8 25 60 6 6 5 0.254 0.015 2.67 0.48
9 25 60 3 6 25 0.050 0.024 1.00 0.60
Table 10. EDM operating parameters and analysis results (Brass electrode)
Test Discharge  Servo Pul_se On Pul_se Off Mac_hining MRR EWR Kerf (degree)
No Currents  Voltage Times Times T|r_ne (g/min) (9/min) Workpiece Electrode
(A) V) (ms) (ns) (min)

1 50 60 6 4 4 0.162 0.329 2.95 0.55
2 25 60 6 4 5 0.088 0.281 3 2.26
3 12.5 60 6 4 7 0.071 0.171 0.72 0.41
4 25 60 9 8 12 0.080 0.071 1.25 0.31
5 25 60 9 6 15 0.056 0.072 2 0.24
6 25 60 9 4 17 0.045 0.067 1.94 0.15
7 25 60 9 6 13 0.074 0.084 4.34 0.84
8 25 60 6 6 4 0.106 0.368 2.83 0.31
9 25 60 3 6 14 0.042  0.082 1.97 0.40

EDM is an electro-thermal machining process. Here, the electrical energy is used to create an electric
spark (arc) and as a result, the chips are removed with the thermal energy (Abhishek et al., 2017). In
the case of different processing parameters and especially high current usage, different sizes of point
melting and evaporation can occur on the processed surfaces. The energy transmission required for
this melting and evaporation is provided with the help of the electrodes used. The treated ends and
edges of the copper and brass electrodes used in this study are shown in Figure 5.
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Figure 5. Processed test samples: (a) electrode side (b) electrode top (c) workpiece hole
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Copper Electrode (60 V, Ton:6 ps, Toff:4 ps)
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Figure 6. Material removal rate and machining times due to increased machining current
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Figure 7. Material removal rate and machining times due to increased pulse on time
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In the use of both copper and brass electrodes at constant voltage, pulse on times and pulse off times;
as the machining current increased, the material removal rate and electrode wear rate increased and the
machining time decreased due to the increased sparking between the workpiece and the electrode.
Machining current was determined as the most effective parameter compared to other parameters in
terms of effect on machining time, MRR and EWR. It is seen in Figure 6 that the ratios obtained are
linear in copper and brass electrodes.

When the graphs in Figure 7 are examined, it is seen that the decrease in the arc duration increases the
processing time in the use of both copper and brass electrodes. In Figure 7, the high thermal
conductivity and thermal conductivity of the electrode led to an increase in the metal removal rate at
high arc times in the use of copper electrodes. The electrode wear rate increased and the material
removal rate decreased compared to copper electrodes in the use of brass electrodes since the
mechanical and physical properties of the brass electrode are lower than that of copper (Pavan et al.,

2021).
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Figure 8. Material removal rate and machining times based on pulse off time

Figure 8 shows the effects of varying pules off times at constant 25A current, 60V voltage and 9us
pulse on time. The pulse off time is the period of no arcing between two pulse on times. In general,
although the increase in the pulse off time increases the processing time, in this study, the MRR

increased with the increase in the pulse off time, and the machining time decreased in general. The
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long pulse off time allowed the debris and electrode residues that spread to the environment during the
arc to be evacuated successfully in the arc area with the sprayed electro-erosion liquid, both increasing
the material removal rate and shortening the processing time.

In EDM, there is no mechanical contact between the electrode and the workpiece, there is a repetitive
electrical discharge in a dielectric environment. As a result of the heat reaching approximately
20,000°C, melting and evaporation occur in the workpiece. No mechanical stress occurs in this
process (Sengottuvel et al., 2013; Torres et al., 2017). The deformations that occur at the corners of the
electrodes during EDM are mainly caused by the excessive electrical density at the electrode tip
(Yildiz, 2018). This causes excessive wear on the corners of the electrodes. The form and size of the
electrode material at the beginning of erosion are not the same as after EDM. For this reason, the start
and end dimensions of the form on the workpiece are different. This causes the kerf angle. In Tables
11 and 12, the dimensions of the workpiece drilled with copper and brass electrodes, respectively, and
the kerf angles determined on the workpiece and electrode are given. In this study, a process was
applied to remove chips at a distance of 5 mm from the surface of the 3 mm thick workpiece with the
EDM machine. While drilling with copper electrodes, 3 mm deep holes were obtained on the
workpiece, blind holes with a depth of 1.01 — 2.30 mm were obtained in the use of brass electrodes

due to electrode wear.

Table 11. Hole diameters and kerf angles of materials processed by copper electrodes

Sleipner Workpiece Kerf (degree)
TNeZt Hole top dia. Hole in dia. Depth Hole top dia. Hole in dia. (mm)
(mm) (mm) (mm) (mm)
1 8.60 8.17 3.00 4.10 0.85
2 8.40 8.11 3.00 2.77 0.46
3 8.38 8.24 3.00 1.34 0.27
4 8.60 8.40 3.00 1.91 0.57
5 8.40 8.10 3.00 2.86 0.07
6 8.60 8.38 3.00 2.10 1.58
7 8.54 8.26 3.00 2.67 0.39
8 8.50 8.22 3.00 2.67 0.48
9 8.34 8.24 3.00 1.00 0.60
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Table 12. Hole diameters and kerf angles of materials processed by brass electrodes

Test Sleipner Workpiece Kerf (degree)
No Hole top dia.  Hole in dia. Depth Hole top dia. Hole in dia.
(mm) (mm) (mm) (mm) (mm)
1 8.40 8.24 1.55 2.95 0.55
2 8.37 8.26 1.05 3 2.26
3 8.30 8.27 1.20 0.72 0.41
4 8.40 8.30 2.30 1.25 0.31
5 8.40 8.26 2.00 2 0.24
6 8.23 8.10 1.92 1.94 0.15
7 8.60 8.26 2.24 4.34 0.84
8 8.40 8.30 1.01 2.83 0.31
9 8.30 8.20 1.45 1.97 0.40

The comparison of the average material removal rate, electrode wear rate and machining times
obtained depending on the use of copper and brass electrodes in a single graph is shown in Figure 9.

These values were calculated by taking the arithmetic mean of all test results.

Average Electrode Performance Values

Electrode Wear Rate 0.098 0.169
{g/min)
Material Rerpoval Rate 0.320 0.080
{g/min)
Machining Time 6.222 10.111
{(min)
0% 20% 40% 60% 80% 100%0

Copper Electrode Brass Electrode

Figure 9. Performance values of Copper and Brass electrodes

In the use of copper electrodes, the metal removal rate increased by 311.25% on average, compared to
the use of brass electrodes, while the electrode wear rate and machining time decreased by 42.01% and
38.46%, respectively. This can be explained by the higher thermal conductivity and electrical
conductivity of the copper electrode than the brass electrode. The increase in sparking and thermal
effects between the workpiece and the electrode resulted in an increase in the metal removal rate and a

decrease in the machining time (Pavan et al., 2021).
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4. Conclusions

«It is seen that the decrease in pulse on time increases the machining time in the use of both copper and
brass electrodes. In the use of copper electrodes, the high electrical conductivity and thermal
conductivity of the electrode at high pulse on time result in an increase in the MRR.

« In the use of both copper and brass electrodes at constant voltage, pulse on time and puls off time, as
the machining current increases, the MRR and EWR increase and the machining time decreases due to
the increased sparking between the workpiece and the electrode. Machining current is determined as
the most effective parameter in terms of effect on machining time, MRR and EWR compared to other
parameters.

* In general, although the increase in the pulse off time increases the machining time; in this study, the
MRR increases with the increase in the pulse off time, and the machining time decreases in general.
The successful evacuation of the debris and electrode residues that spread to the environment during
the long pulse off time in the arc area with the sprayed electro-erosion liquid increases the MRR and
shorten the processing time.

« In the use of copper and brass electrodes with different processing parameters, the inlet diameters of
the drilled holes are found to be larger than the outlet diameters as well as an irregular kerf formation
is observed due to debris evacuation and worn electrodes.

« In the use of copper electrodes, the metal removal rate increases by 311.25% on average, compared
to the use of brass electrodes, while the electrode wear rate and machining time decrease by 42.01%
and 38.46%, respectively. This can be explained by the higher thermal conductivity and electrical
conductivity of the copper electrode than the brass electrode. The increase in sparking and thermal
effects between the workpiece and the electrode result in an increase in the metal removal rate and a

decrease in the machining time.
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