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Abstract
Die-sinking electrical discharge machining is an unconventional technology that allows to machine all at least minimally
electrically conductive materials regardless of their physical and mechanical properties. Despite the fact that it is not a conventional technology, the tool gets also worn out, which is a tool electrode. The wear of the electrode does not only mean
its loss but also the degradation of the shapes that are transferred to the resulting workpiece. For this reason, a design of
experiments was conducted with 6 input factors, 2 were categorical: the electrode material (copper, graphite) and workpiece material (steel 1.2363 and steel 1.2343ESR) and 4 were numerical: Open-voltage, Pulse current, Pulse on-time, and
Pulse off-time. In the framework of this design of experiments, the wear of the used graphite and copper electrodes at their
corners and edges was evaluated, which was made possible by the use of electron microscopy and the use of approximation
circles. Furthermore, the eroding speed, the topography of the machined samples, and the morphology of the surfaces of the
used electrodes were investigated. It has been recognized that the use of a graphite electrode will allow for more accurate
workpiece shapes and less wear.
Keywords EDM · Electrical discharge machining · Wear · Design of experiment · Electrode · Corners

1 Introduction
Die-sinking electrical discharge machining (EDM) is a technology operation that is indispensable in many industries,
such as the automotive, aerospace, military, and medical
industries. Machining is carried out without the contact of
the tool (electrode) with the workpiece; therefore, there are
no conventional cutting forces and the resulting workpiece
is not stressed by them. This allows producing thin-walled
profiles from soft materials which are conventionally very
difficult to manufacture [1]. It is possible to machine all at
least minimally electrically conductive materials regardless of their toughness, hardness, or mechanical properties.
Workpieces can, therefore, be machined to final dimensions only after heat treatment. This avoids dimensional
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and volume changes in the part. A wide range of materials
can be machined using EDM, from polycrystalline diamond
(PCD) coated tools, ceramics, composite materials, silicon,
to soft aluminum alloys used in the aerospace industry [2, 3].
However, during the erosion process, the material is also
removed from the tool electrode by eroding, and not just
from the workpiece. For this reason, it is necessary to carefully examine the wear status of the tool electrode, since the
degradation of the shape of the electrode results in degradation of the desired shape of the workpiece [4].
Bleys [5] focused on making up an advanced method of
wear compensation, where he tried to combine the anticipated compensation with the real-time. That was indispensable for the exact machining using milling EDM. This new
method might be employed while machining the blanks
in the cases when the accurate shape cannot be predicted
beforehand. Luis [6] studied the electrode wear and the
material removal rate using silicon carbide as a study material. In their research, they focused only on 5 design factors,
such as pulse time, intensity, duty cycle, dielectric flushing
pressure, and open-circuit, focusing just on the finish stages.
Tsai [7] researched how thermal properties influence the
electrode wear. It was detected that the boiling point plays a
great role in the micro-EDM wear mechanism. This factor

13

Vol.:(0123456789)

130

Page 2 of 14

cannot be ignored while dealing with the electrode material’s wear resistance. The date output received during the
experiment displays a strong correlation with the new index.
Khan [8] attempted to assess the electrode wear comparing it
along the cross-section and the length. Aluminum and mild
steel with copper and brass electrodes were used as a material for the research. It was found out that voltage and especially current increase the electrode wear, which is relatively
higher in the cross section than along its length. However,
the steel machining with a brass electrode showed the highest ratio of the wear. Narasimhan [9] also studied the tool
wear compensation focusing on the wear techniques used
both for macro- and micro-EDM machining. They tried to
create a tool path to process a desired surface. The effective
tool path is influenced by machining parameters, material,
and part feature. They also demonstrated the analysis of the
compensation techniques of the tool wear. Klocke [10] analyzed the electrode wear together with the material removal
rate employing five different graphite kinds with various
physical characteristics, such as grain size, thermal conductivity, and electric resistance. During the experiments, they
mainly focused on the specific wear behavior connected with
those physical characteristics of the graphite. Yin [11], while
studying the tool electrode wear, tried to make up a new
method that would be able to decrease the electrode wear
and abolish the enormous electrolytic-erosion in an effective
way. To achieve this, they employed electrolyte as machining
fluid and used the electro-deposition for compensation of
tool electrode wear while the machining. Torres [12], having
used Inconel 600 alloy as an investigation material, focused
on the analysis of the effect of EDM parameters on the electrode wear, material removal rate, and surface finish. During
the experiment, they took into account such factors as polarity, intensity, pulse time, and duty cycle. According to the
outcomes of the experimental results, the positive polarity
results in higher material removal rate, while the negative
one causes the lower Ra values. Maradia [13] studied the
carbonaceous layer which creates the electrode surface while
EDM with low wear settings and investigated its formation
during the erosion. It was monitored that the microstructure of the layer depends on the parameters, such as pulse
duration and applied current. Kumar [14] investigated the
mechanical properties, tool wear rate, and material removal
rate during the EDM machining, using Aluminum 2618
strengthened by AlN, Si3N4, and ZrB2 as an experimental
material. It was found out that the wt% rises proportionally
with the mechanical properties. To analyze the machining
characteristics of hybrid composites, a Taguchi’s design of
experiment was employed in the study.
Electrical discharge machining is a fundamental technological operation, so there is a never-ending effort to
improve the performance characteristics of this machining process, in particular in the form of material removal
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rate, surface quality, and dimensional accuracy or reduction in tool electrode wear. Extensive research has been
conducted to analyze the machinability and defect occurrence of Hardox [15], Creusabaro [16], X210Cr12 steel
[17], and Ampcoloy copper alloy [18] to examine in detail
all the input factors affecting the erosion process of various types of materials. The purpose of this study was a
comprehensive analysis of the wear of copper and graphite
electrodes in the corners while machining 1.2343ESR and
1.2363 steels. The wear of eroding electrodes for macromachining in their corners has never been investigated.
However, knowing the condition of the electrode wear is
crucial for the production of workpieces according to the
required dimensions in a given accuracy. Another purpose
of this study is to try to use the electrodes as economically
as possible, depending on the required surface finish quality and shape accuracy.

2 Experimental setup and material
2.1 Experimental material
The samples for the experiment were made of two types of
alloyed steels namely 1.2363 and 1.2343ESR. 1.2363 steel
is Cr–Mo–V alloyed and has a chemical composition given
by the standard in wt%. 1% C, 0.25% Si, 0.6% Mn, 5.15% Cr,
1.05% Mo, 0.2% V, and Fe balance, and 1.2343ESR steel has
a chemical composition in wt%. 0.38% C, 1% Si, 0.4% Mn,
5.3% Cr, 1.2% Mo, 0.4% V, and Fe balance. 1.2363 alloyed
steel has high-dimensional stability during heat treatment,
forming temperature of 1050–850 °C, the annealed hardness of 230 HB and achievable hardness of 57–63 HRC.
It is characterized by high toughness, abrasion resistance,
good machinability, and hardenability, and also suitable
for nitriding. It is used for cutting and pressing tools for
medium thickness materials, edge tools, thread rolling dies,
and longitudinal and circular shears. 1.2343ESR steel is
characterized by high hardenability and toughness, and has
very good thermal conductivity, resistance to hot cracking,
and low sensitivity to rapid temperature changes. It has a
maximum strength of 770 N/mm2 and a hardness of 229
HB, has a uniform and good machinability, and is highly
polishable and suitable for nitriding. It is universal steel for
hot working. It is used for hot pressing tools and dies casting tools, light metal processing tools, forging and pressing
dies, shaping parts of moulds, plastic processing screws,
and plastic injection moulds. For the experiment, a 10 mmthick starting semi-product plate was used, which is shown
in Fig. 1b, wherein the microstructure of the semi-product
is shown in Fig. 1c,d.
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Fig. 1  a Graphite and copper electrodes used for sample production, b samples produced, c microstructure representation of 1.2363steel, and d
microstructure representation of 1.2343ESR steel

2.2 EDM machine setup
All specimens were manufactured on a 433GS type EDM
machine supplied by PENTA and fitted with a P-MG1marked generator. Each sample was machined with a completely new 10 × 10 mm graphite or copper electrode, as
shown in Fig. 1a. During the machining, all samples were
submerged in kerosene. The eroding depth of each sample
was always 1 mm.
A design of experiments (DoE) was created to monitor the
eroding speed, electrode wear, eroded shapes accuracy, topography change, and defect occurrence. A design of experiments
is a systematic change of process inputs to model process
outputs. In our case, we have 6 input factors, 2 are categorical: electrode material (Electrode) and workpiece material
(Workpiece), and 4 are numerical: open-voltage (U), pulse
current (I), pulse on-time (Ton), and Pulse off-time (Toff). The
Workpiece input parameter is labeled with 1 for 1.2363 steel
and 2 for 1.2343ESR steel. A two-level half-factorial design
of experiment with one replication in the factor part and four
replications at the central points was used. In total, 2 6–1 = 32

runs (partial experiments) at factor points and 2 2·2 = 8 runs
at central points, because categorical variables do not have a
central level and should be measured twice for all extremelevel combinations. There were altogether 40 runs, with the
limit values of the input parameters given in Table 1 and
the machining input parameters for all 40 runs are shown in
Table 2. Since the EDM does not allow a direct adjustment of
the eroding speed, but the speed is always the result of the setting of the individual eroding parameters, this speed was read
from the machine display and entered into Table 2 to allow its
evaluation. The material of the electrodes was selected on the
basis of research by Hu [25]. This setting for each parameter
was identified on the basis of the multiple previous tests and
also on the recommendation of the machine manufacturer.
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Table 1  Limit values of input
parameters for the design of the
experiment
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Parameter

Material of electrode

Material of workpiece

Open
voltage
(V)

Pulse
current
(A)

Pulse
on-time
(µs)

Pulse
off-time
(µs)

Lower level

Copper

160

10

50

35

Central level
Lower level

1.2363
(1)

Graphite

1.2343ESR (2)

220
280

20
30

100*
200

80*
150

*The last two numeric parameters do not behave linearly, so the centres have been shifted. Since it is measured at only three levels, this offset can be seen as a non-linear transformation of input variables

3 Results and discussion
3.1 Experimental methods
All experimentally produced samples were cleaned in an
ultrasonic cleaner and analyzed using an LYRA3 Electron
Scanning Microscope (SEM) from Tescan. This equipment was equipped with an energy-dispersive X-ray detector (EDX), which allowed the study of the change of the
chemical composition of the surface by die-sinking EDM.
The surface topography was studied using the Dektak XT
contact 3D profilometer supplied by Bruker. The measured
data were then processed in the Vision 64 software.

3.2 The surface topography of the machined
samples
The analysis of the surface topography in relation to the setting of machine parameters is necessary, especially in cases
where the part is machined only by EDM without the subsequent finishing technology. For this reason, two surface
topography parameters were evaluated in this experiment:
arithmetical mean deviation of profile (Ra) and arithmetical mean height (Sa). All parameters were evaluated using
the Dektak XT contact 3D profilometer supplied by Bruker
according to the corresponding standard for the area parameters ISO 25178-2 [19] and profile parameters ISO 4287
[20]. Five random places on each sample were selected for
the measurement and an average was created from these values. The measured areas are highlighted in Fig. 1.
The evaluated surface topography parameters Ra and
Sa of the individual samples were compiled into the graph,
as shown in Fig. 2. During the design of experiments, the
use of two types of electrodes (graphite, copper) while the
machining of two types of steels (1.2363, 1.2343ESR) was
tested, and it is clear from the graph that the overall lower
and also the lowest values of the examined parameters Ra
and Sa were achieved with graphite electrode machining.
For 1.2343ESR steel in Sample 29 (U = 280 V, I = 10A,
Ton = 50 µs, Toff = 35 µs), where the Ra value was only
4.4 µm, and for 1.2363 steelin Sample 19 (U = 160 V, I = 10
A, Ton = 50 µs, Toff = 35 µs) when the Ra value was only
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5.4 µm. However, these Ra values are relatively high compared to AISI P20 steel erosion also with a copper electrode,
with the lowest Ra value of the produced sample being only
1.8 µm [21] and a graphite electrode with the lowest Ra
value of 1.6 µm [22].

3.3 Analysis of electrode surface morphology
In all cases, a secondary electron detector (SE) was used for
imaging, and the samples were always studied at 500× magnification followed by 1500×. The measured areas are highlighted in Fig. 1.
Due to the effect of the individual electric discharges,
a large number of craters are formed on the surface of the
electrode being machined by EDM and the tool electrode,
as shown in Fig. 3a. Compared to craters on the workpiece
surface [23], however, the craters on the electrode surface
are significantly shallower and less pronounced. In addition, a large amount of eroded material from the workpiece
adheres to the tool electrode, as evidenced by an analysis
of the chemical composition of the surface on the working part of the electrodes made of both graphite and pure
copper. There are also several carbon-covered places on the
copper electrode, indicating torn places from the discharge.
The amount of the adhered eroded material that is adhering to the workpiece is visibly greater on the surface of the
graphite electrode, where the iron forms solid particles up
to 30 × 30 µm. On the other hand, the iron particles on the
copper electrode reach significantly smaller dimensions and
only up to 5 × 5 µm.
Some of the electrodes used were more damaged by the
machining process, as shown in Fig. 4, and deep holes of
approximately 30 × 10 µm were formed, where the material
was completely missing or cracks appeared. It was a copper
and graphite electrode, so it cannot be said that the occurrence of defects is only a matter of one type of electrode
eroding material. The erosion cracks on the electrodes have
not been documented in similar studies so far, so, unfortunately, they cannot be compared with others. The defects in
the electrode surface can mean a major problem especially
in the production of very precise shapes where the highest
quality of the machined surface is required.

220
280
160
160
160
220
220
160
280
160
280
280
160
160
280
160
280
220
160
280

1
2
2
1
1
1
1
2
2
1
1
2
2
2
1
1
2
2
1
1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Graphite
Graphite
Graphite
Graphite
Copper
Copper
Copper
Graphite
Copper
Copper
Copper
Copper
Copper
Graphite
Graphite
Copper
Copper
Graphite
Graphite
Graphite

Material of Open
workpiece voltage
(V)

Sample Material of
number electrode
20
30
10
10
10
20
20
30
30
30
10
10
10
30
10
30
10
20
10
30

Pulse
current
(A)
100
200
50
200
200
100
100
50
200
200
50
50
200
200
200
50
200
100
50
50

Pulse
on-time
(µs)
80
35
150
150
35
80
80
35
150
150
35
150
150
150
35
35
35
80
35
35

Pulse
off-time
(µs)
0.267
0.324
0.073
0.051
0.098
0.484
0.49
0.37
0.417
0.445
0.121
0.046
0.049
0.296
0.072
0.618
0.15
0.244
0.088
0.308

Eroding
speed (mm/
min)
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Copper
Copper
Copper
Copper
Graphite
Copper
Copper
Graphite
Graphite
Graphite
Graphite
Graphite
Copper
Graphite
Copper
Copper
Graphite
Copper
Graphite
Graphite

Sample Material of
number electrode

Table 2  Input machining parameters used for individual runs of the experiment and a recorded eroding speed

2
2
1
1
1
2
1
1
2
2
2
1
2
1
1
2
2
2
1
2

280
160
280
280
280
220
280
280
280
160
280
220
160
160
160
220
280
160
160
220

Material of Open
workpiece voltage
(V)
30
30
10
30
10
20
30
30
10
10
30
20
30
30
10
20
10
10
30
20

Pulse
current
(A)
50
200
200
200
50
100
50
200
50
200
50
100
50
50
50
100
200
50
200
100

Pulse
on-time
(µs)

35
35
150
35
150
80
150
150
35
35
150
80
150
150
150
80
150
35
35
80

Pulse
off-time
(µs)

0.448
0.412
0.097
0.6
0.115
0.345
0.24
0.29
0.113
0.042
0.19
0.259
0.184
0.142
0.022
0.35
0.055
0.092
0.297
0.264

Eroding
speed (mm/
min)
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Fig. 2  The evaluated parameters Ra and Sa of individual experimental samples indicating the type of the material of the used electrode and 95%
confidence interval for mean a samples from material 1.2363 and b samples from material 1.2343ESR

3.4 The precision analysis of the machined shapes
The analysis of the accuracy of the machined shapes on
all samples was always evaluated in cross section of each
sample (the samples were cut by a metallographic saw) at
both corners using an approximation circle. The radii of
the individual approximation circles, i.e., the radii on the
produced samples, were measured according to Fig. 5a and
their values are graphed for both machined materials in
Fig. 5b. Since the radius R is measured, these observations
do not have a standard deviation as an individual value, but
the standard deviation from the analysis of the measurement system can be reported. The basis of this method is
a one-way ANOVA. If we look at the measurement of the
radius in the second corner as a repeated measurement
of the same quantity, formula (1) can be derived for the
standard deviation s, where x,, yi are repeated measurements of the sample i and n is the number of measured
samples:

13

s=

�
�∑
�2
� n �
�
� i=1 xi − yi
2n

.

(1)

The standard deviation of the repeatability of the radius
measurement was s(R) = 11.195 µm, with the measurement
system capable.
In all cases, a secondary electron detector was used for
the imaging, with samples always studied at a magnification of 150×. The graphs (Fig. 5c,d) show that the smallest
eroded radii were made with graphite electrodes. In all
samples, the radii at each corner do not differ much from
each other; only in Sample 15, this difference was more
pronounced. This could probably be caused by poor electrode clamping during erosion.
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Fig. 3  SEM (SE) electrode surface morphology including the
chemical composition analysis
a a graphite electrode used for
machining of 1.2343ESR steel
with the setting of machine
parameters according to
Sample 37 (U = 280 V, I = 10
A, Ton = 200 µs, Toff = 150 µs);
(b) copper electrode used for
machining of 1.2343ESR steel
with the machine parameter setting according to
Sample 38 (U = 160 V, I = 10 A,
Ton = 50 µs, Toff = 35 µs)

3.5 Analysis of electrode wear in corners and edges
The wear analysis of copper and graphite electrodes has
been the subject of several studies, such as [6, 8], or [24],
but in all of them, the wear was assessed for electrode
weight comparison before and after machining. However,
this methodology did not allow any assessment of wear
at the electrode corners, and therefore, it was not possible
to determine how the desired final shape of the workpiece
would be degraded. Moreover, in the Khan study [8], electrode wear was assessed at x and y distance at only four
corners of the electrode, and the other four edges according to this publication were not worn at all. On the basis
of our research, this seems impractical. For this reason, a
methodology has been used that clearly determines the wear
in the corners of the individual electrodes used, including
all four edges that are in direct contact with the workpiece.
Using the electron microscopy, images were taken of two
corners of each electrode (Fig. 4) and an approximation circle was then guided through them. The measure of wear in
this study is the radius of this circle. All electrodes were
at the same distance from the lens and 10 mm at the same

magnification of 200×. The measured values of both corners
for each electrode are shown in Table 3. Because wear W is
measured, as an individual value, these observations do not
have a standard deviation. However, it is possible to state
the standard deviation from the analysis of the measurement
system, and the basis of this method is a one-way ANOVA.
If we look at the measurement of wear in the second corner
as a repeated measurement of the same quantity, the standard
deviation can be calculated from formula (1). The standard
deviation of the repeatability of the wear measurement was
s(W) = 7.287 µm and the measurement system is capable.
In either case, the two corner measurements did not deviate by more than 18 µm. In Fig. 5a, it is evident that machining has not only resulted in a loss of electrode material but
also an increase and deformation at the corner and edge of
the electrode. This deformation was caused by the increased
adherence of iron eroded from the workpiece, as shown in
Fig. 3a. Figure 6 shows the corners of the electrodes with
the least wear.
It is clear from Table 3 that the lowest wear values for
both materials were achieved using graphite electrodes. The
copper electrodes are therefore more worn out in most cases,
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Fig. 4  SEM (SE) electrode
surface morphology a a copper
electrode used for machining of
1.2343ESR steel with machine
parameter settings according to
Sample 17—U = 280 V, I = 10
A, Ton = 200 µs, and Toff = 35 µs;
b a copper electrode used in
machining of 1.2363 steel
with machine parameter settings according to Sample
23—U = 280 V, I = 10 A,
Ton = 200 µs, and Toff = 150 µs;
c a graphite electrode used
in machining of 1.2343 ESR
with machine parameter settings according to Sample
37—U = 280 V, I = 10 A,
Ton = 200 µs, and Toff = 150 µs;
d a copper electrode used in
machining of 1.2343ESR with
machine parameters set according to Sample 38—U = 160 V,
I = 10 A, Ton = 50 µs, and
Toff = 35 µs

but there are also parameter settings that result in less wear
almost comparable to the graphite electrode, which is evident when machining 1.2343ESR with machine parameter
settings for Sample 17 (U = 280 V, I = 10 A, Ton = 200 µs,
and Toff = 35 µs).
Thanks to two measurements at each DoE point, the socalled "false replication" of the whole experiment was generated (although 40 additional samples were not produced,
we have two observations for each setting). The first task
was to compare these "false replications" with each other.
For this purpose, the median wear difference versus 0 µm
was tested (the null hypothesis is that there is no significant
difference between wear at corner 1 and wear at corner 2).
The point estimate of the median difference, in this case,
is 0.5 µm and both commonly used non-parametric methods (Wilcoxon test—p value of 0.999; Sign test—p value of
0.856) do not reject this hypothesis. Therefore, there is no
point in distinguishing between different corners, and in the
next, the data will be treated as two complete replications of
the basic factorial design of the experiment.
In this case, the measurements at the central point serve
only to detect the presence of a statistically significant
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curvature within the area of interest. The curvature tested in
this way is statistically insignificant (p value = 0.606), and
thus, the curvature represented by the squares of individual
input factor will not be included in the model. The consequence of insignificant curvature will be that any regression model created by DoE can have an extreme only at the
boundary of the area of interest.
Before the modeling itself, it is necessary to realize that
the half factor DoE used is a VI resolution and according to
the identifying identity in the DoE, there will be the interchangeable effects of a constant with sixth-order interaction,
first-order members with fifth-order interactions, secondorder interaction with the fourth-order interactions, and a
pair of third-order interactions with each other. Therefore,
it makes no sense to try to use higher order interaction in the
model and only regressors up to and including order 2 will
be considered. If the stepwise method is used to select statistically significant regressors with a 5% significance level in
both testing input and regressor rejection (requiring a hierarchical model at each step), the mathematical model will
contain all first-order members and six second-order interactions except the constant. The Pareto graph of standardized
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Fig. 5  a The radius of Sample 4—U = 160 V, I = 10 A, Ton = 200 µs,
and Toff = 150 µs; b the radius of Sample 37—U = 280 V, I = 10 A,
Ton = 200 µs, and Toff = 150 µs; c values of eroded radii for the sam-

ples made of 1.2363 material; d values of eroded radii for the samples
made of 1.2343ESR material

effects (Fig. 7a) shows that the material, the pulse current
used, and their interaction have the most significant impact
on electrode wear.
The presence of interactions of categorical variables with
continuous factors indicates that the response areas for each
category will not differ only by a constant. On the other

hand, a “small” (though statistically) significant effect of
continuous factor interactions will result in a response area
very similar to the four 4D super planes. Given the presence
of categorical variables, it will be best to describe this linear
regression model by four equations (each combination of
categorical variable values will have its own equation).
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Table 3  Wear values of corners and edges of individual electrodes
Sample Material of
number electrode

Material of
workpiece

Wear in the
corner 1
(µm)

Wear in the
corner 2
(µm)

Sample Material of
number electrode

Material of
workpiece

Wear in the
corner 1
(µm)

Wear in the
corner 2
(µm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

1.2363
1.2343ESR
1.2343ESR
1.2363
1.2363
1.2363
1.2363
1.2343ESR
1.2343ESR
1.2363
1.2363
1.2343ESR
1.2343ESR
1.2343ESR
1.2363
1.2363
1.2343ESR
1.2343ESR
1.2363
1.2363

109
180
140
132
175
299
297
148
251
266
207
153
150
143
134
351
124
115
181
173

117
167
142
119
190
297
296
143
264
281
208
165
152
138
116
338
128
131
185
195

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

1.2343ESR
1.2343ESR
1.2363
1.2363
1.2363
1.2343ESR
1.2363
1.2363
1.2343ESR
1.2343ESR
1.2343ESR
1.2363
1.2343ESR
1.2363
1.2363
1.2343ESR
1.2343ESR
1.2343ESR
1.2363
1.2343ESR

310
300
145
234
176
257
305
139
171
148
218
112
380
209
169
250
106
139
114
118

301
310
141
220
164
248
310
152
159
145
204
115
372
199
166
257
111
139
130
127

Graphite
Graphite
graphite
Graphite
Copper
Copper
Copper
Graphite
Copper
Copper
Copper
Copper
Copper
Graphite
Graphite
Copper
Copper
Graphite
Graphite
Graphite

Fig. 6  Wear of corners and edges of SEM (SE) electrodes a graphite
electrode used in machining of 1.2343ESR steel with the setting of
machine parameters according to Sample 37—U = 280 V, I = 10 A,
Ton = 200 µs, and Toff = 150 µs; b graphite electrode used in machining of1.2363 steel with the setting of machine parameters according
to Sample 1—U = 220 V, I = 20 A, Ton = 100 µs, and Toff = 80 µs; c
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copper electrode used in machining of 1.2343ESR steel with the setting of machine parameters according to Sample 38—U = 160 V,
I = 10 A, Ton = 50 µs, and Toff = 35 µs; d copper electrode used in
machining of 1.2363 steel with the setting of machine parameters
according to Sample 23—U = 280 V, I = 10 A, Ton = 200 µs, and
Toff = 150 µs

Archives of Civil and Mechanical Engineering

Page 11 of 14

(2020) 20:130

130

Fig. 7.  a A Pareto graph of the standardized regressor effects used in the wear model; b graphite electrode response areas; c copper electrode
response areas

Equation (2) describing the mathematical wear model for
graphite electrode and 1.2363 steel workpiece is as follows:

The regression model described by Eqs. (2)–(5)
explains 87.62% of the observed wear variability (as

wear = 181.7 + 0.077U + 0.15I − 0.178Ton − 0.236Toff − 0.008I ⋅ Ton + 0.011I ⋅ Toff .
Equation (3) describes the wear model for graphite electrode and 1.2343ESR steel workpiece:

measured by the coefficient of determination). The
response areas for pulse current and open voltage are

wear = 123.7 + 0.077U + 1.866I − 0.0009Ton − 0.236Toff − 0.008I ⋅ Ton + 0.011I ⋅ Toff .
Equation (4) describes the wear model for copper electrode and 1.2363steel workpiece:

(3)

shown in Fig. 7b, c. To display these areas, it was necessary to fix the pulse on-time (200 µs) and pulse off-time

wear = 199.9 − 0.214U + 6.146I − 0.178on − 0.236Toff − 0.008I ⋅ Ton + 0.011I ⋅ Toff .
Equation (5) describes the wear model for copper electrode and1.2343ESRsteel workpiece:

(2)

(4)

(35 µs). Combinations of categorical variables are all
displayed.

wear = 141.1 − 0.214U + 7.862I − 0.0009Ton − 0.236Toff 0.008I ⋅ Ton + 0.011I ⋅ Toff .

(5)
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In Fig. 5b, c, it is clear that regardless of parameter setting, the graphite electrode wear will be lower than for the
copper electrode. Furthermore, it can be seen that for the
graphite electrode, the wear minimization setting is strongly
dependent on the material being machined, while the copper
electrode does not show this dependency.
During the experiment, in addition to electrode wear,
other responses were observed, such as the eroding speed
(shown in Table 2) and the surface topography (especially
the Ra parameter). The Spearman correlation coefficient,
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which measures the monotonic dependence rate, was used
as a measure of dependence and, unlike the classic Pearson
correlation coefficient, does not require the data from the
two-dimensional normal distribution while a statistical significance of dependence test.
Figure 8a shows the corresponding Spearman correlation
coefficients including p values. It can be seen here that each
electrode behaves differently. While graphite electrode wear
is independent of eroding speed and the Ra parameter (p
value > 0.05), copper electrode wear is dependent on eroding

Fig. 8  a Spearman correlation coefficient for individual response dependence; b influence of electrode material on wear at corners and other
output parameters
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speed and the Ra topography parameter (p value < 0.05). If
we plot these dependencies (Fig. 8b), we can see that with
the copper electrode, it is possible to achieve a higher eroding speed, but at the cost of increasing the Ra parameter. The
settings marked with a red ellipse are inappropriate due to
wear. This is where Pulse current was set to maximum and
Pulse on-time was set to minimum for the copper electrode.
The dependence of wear on the pulse current for the copper electrode is consistent with the results from Khan [8]
and Klocke [10] studies. For the graphite electrode, however,
it is necessary to take into account interactions (especially
with workpiece material) that are not studied in any of these
studies. In contrast to the Kumar study [14], which described
the effect of current as insignificant, the effect of this factor proved to be most significant. This fact can probably be
explained by other machined material, which is consistent
with the observed material–current interaction. In contrast,
Torres [12] and Zarepour [24] studies detected a statistically significant quadratic curvature (the effect of squares
explaining variables), but none of these studies focused on
the effect of categorical variables (workpiece and electrode
material). The presence of statistically significant curvature
in these studies suggests the presence of a higher-order interaction with one of the categorical variables, which a possible
suggestion for further research. A possible explanation for
the differences in the models, however, maybe a different
methodology for the wear observation.

– an analysis of the precision of the machined shapes has
clearly shown that the most accurate machining and,
hence, the smallest radius was achieved with graphite
electrodes,
– mathematical models of electrode wear were developed,
and the most important factor was the Pulse current setting parameter as well as the electrode material, either
copper or graphite, with more wear on the copper electrodes,
– for graphite electrodes, the wear-minimizing setting is
strongly dependent on the material being machined,
while copper electrodes do not show this dependence,
– the wear of the graphite electrode is independent of the
eroding speed and the parameter Ra; on the contrary, the
wear of the copper electrode is dependent on them.

4 Conclusions

Compliance with ethical standards

Wear of copper and graphite electrodes was investigated in
this study using a 40-round design of experiments, which
took into account not only the type of machined material
but also 4 machine setting parameters. Based on subsequent
analyses and assessments, the following conclusions were
reached:
– the lowest values of topography parameters were
achieved during graphite electrode machining, for
1.2343ESRsteel for Sample 29 (U = 280 V, I = 10A,
Ton = 50 µs, and Toff = 35 µs), when the Ra value was only
4.4 µm and for 1.2363steel for Sample 19 (U = 160 V,
I = 10A, Ton = 50 µs, and Toff = 35 µs), where the Ra value
was only 5.4 µm,
– significantly more eroded material from the workpiece
adheres to graphite electrodes, but the burnt places
formed by carbon have been studied on copper electrodes.
– one of the graphite and two copper electrodes have been
damaged by cracks and holes in the working part of one
copper electrode with dimensions of about 30 × 10 µm,

From the above conclusions, it is clear that using a graphite electrode, it is possible to achieve more accurate shapes
of machined samples with a higher surface quality at a lower
level of electrode wear than using a copper electrode.
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