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Abstract

Today, there is a growing demand for efficient hole manufacturing technology in many industries such as aeronautics, auto-
motive and nuclear, among others. Thus, the present study deals with the machining of through holes on SiSiC advanced
ceramic by using Electrical Discharge Machining (EDM) drilling technology. Since recommendations related to the electrode
characteristics and settings parameters are found to be scant for the industrial use of EDM drilling of SiSiC ceramics, this
research work comes to cover this gap as it presents a complete study focused on the influence on different electrodes under
rough and finish machining conditions. In particular, the influence of four electrodes materials (copper, copper-tungsten,
graphite and copper infiltrated graphite) and three different electrode diameters ranging from 2 to 4 mm are investigated. In
addition, the rotational speed of the electrode is also analysed. From the experimental results, both electrode material and
machining regime, seem to be the most relevant factors of all. In the case of 2 mm diameter electrode, material removal rate
(MRR) with Cu electrode was, approximately, 4.5 times higher than that obtained with a C electrode. In fact, it was found
that copper electrode rotating at 20 rpm combined with high values of discharge energy (I=2 A; t;=70 ps) is the most eco-
nomical option in terms of production cost and production time, as it gives a high MRR of 0.4754 mm®/min and a minimum
electrode wear (EW) value of 7.52%. Moreover, slightly higher values of MRR were achieved for CuC electrode compared
to those obtained with C electrode, indicating that the addition of Cu in the electrode contributes to a greater removal of
material. However, a value of Ra of 0.37 um could be obtained by setting low current intensity values (I=0.5 A; t;=45 ps)
combined with C electrodes and with no rotation.
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1 Introduction

Nowadays, there is a growing demand for efficient hole
manufacturing technology in many industries such as aero-
nautics, automotive and nuclear, among others. Components
such as turbines blades [1], fuel injection nozzles [2], spin-
ner holes [3] and bearings [4] are just a few examples of the
most widely used products containing micro-holes. Moreo-
ver, moulding and assembly industries frequently require
drilling of deep micro-holes in difficult-to-machine materials
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[3]. In turn, many of these holed-components are usually
made of hard ceramics materials that need high shape and
dimensional accuracy.

Nowadays, advanced ceramics can offer many advan-
tages over metals and polymer materials such as hardness,
chemical inertness, thermal shock resistance, corrosion and
wear resistance [5] and are more suitable for wear and high
temperature applications due to their physical and chemical
properties. In addition, they have replaced metals in applica-
tions involving reduced density and higher melting points
[6] and are becoming more and more popular, not only in
the tooling industry, but also in aerospace [7], biomedicine,
armour and electronics industries [8]. Despite these excellent
properties, one of their main drawbacks is their machining.

Most of the traditional machining techniques such as mill-
ing, turning or drilling would damage the surface of these
advanced materials and they can produce cracks and stress
concentration, which would affect the mechanical strength
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of the components [9]. In addition, the high cutting force
achieved during their machining can cause premature tool
wear [10], a longer process time and higher costs [11]. For
these reasons, traditional methods do not seem the most
suitable for their machining. Hence, the main goal of the
manufacturing of advanced ceramic parts is how to obtain
easy and low-cost effective processing techniques.

Electrical Discharge Machining (EDM) is one of the non-
traditional methods most used for machining difficult-to-cut
materials and for achieving, at the same time, the dimen-
sional and geometrical performances required by the indus-
try [12]. As it is a non-contact material removal method,
any conductive material can be machined regardless of its
hardness.

However, EDM requires machined materials to be
conductive with a maximum electrical resistivity of
100-300 Qcm [13]. Just as with metals, advanced conduc-
tive ceramics such us zirconium diboride (ZrB,), boron
carbide (B,C), titanium diboride (TiB,), zirconium nitride
(ZrN) and titanium nitride (TiN) can be performed by tradi-
tional EDM, but the machining of semiconductor and non-
conductive advanced ceramics presents a great challenge [9].

Along these lines, silicon carbide (SiC), a very promising
advanced ceramic, has a very high electrical resistivity of
10 to 10° Qcm, which makes it difficult for EDM [14]. To
enhance the EDM process of this ceramic, the infiltration
of free Si into the SiC bulk material is presented as one of
the most common techniques since it allows its electrical
resistivity to be reduced down to 10 Qcm, without affecting
the mechanical properties of the material [15]. However,
new techniques can be found in the literature such as those
proposed by [16] and [17]. The first one suggests increasing
the temperature of Si wafers to increase, in turn, their elec-
trical conductivity. On the other hand, the second technique
makes it possible to improve the conductivity of Si by means
of a previous coating of Si with a high conductive metal
such as gold.

2 State of the art

Recently, EDM drilling has become widely used in mak-
ing holes in advanced ceramics. In fact, research is mainly
focused on two aspects. On the one hand, on the analysis
of the machining performance indicators such as material
removal rate, tool wear ratio and surface roughness and,
on the other hand, on the development of new models and
machining strategies in order to improve and optimize the
EDM drilling process.

As regards the performance of EDM drilling, the process
parameters selected are crucial to achieving a high material
removal rate and low tool wear ratios [18]. As EDM is a
thermal process, its performance is essentially based on the
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electrical parameters: current intensity, pulse time and open-
circuit voltage as well as on tool polarity, flushing pressure
and electrode material, among others. All these parameters
can affect not only the rates of the material removed and the
electrode wear, but they can also have a great influence on
the properties of the machined part in terms of surface finish
and geometrical and dimensional accuracy [19]. Because of
this, many studies have been carried out for the optimization
of the EDM drilling process.

Regarding electrical parameters, Clijsters et al. [14]
examined the influence of discharge current, open gap
voltage, discharge duration and pulse interval on machining
performances like material removal rate, tool wear ratio
and surface roughness of an EDM’ed SiSiC ceramic.
Experimental results resulted in unstable machining when
high energetic settings were selected whereas surface
quality was improved by selecting relaxation pulses with
low energy input. Furthermore, Yongfeng et al. [20]
investigated the influence of EDM parameters including
polarity of electrode, peak current, pulse-on time and pulse-
off time on ZrB,-SiC ceramics EDM machining process.
Results were evaluated on material removal rate, side gap
and surface roughness and the morphology and composites
of machined surface were analysed by Scanning Electron
Microscopy (SEM). Main conclusions included larger
molten drops on the surface when the part was connected
to anode and polygonal material layer and cylindrical flat
areas when it was connected to cathode. On the other hand,
Guu et al. [21] compared conventional EDM and rotary
EDM on material removal rate and surface roughness on
an AISI D2 tool steel with a copper electrode. In order
to do that, the effects of pulsed current, pulse on-time
and rotation were studied. Experimental results showed
an increase in both material removal rate and surface
roughness using electrode rotation due to an improvement
in dielectric flow, which effectively helped remove debris
from the gap between the electrode and the part. Finally,
the influence of EDM drilling process parameters such as
pulse duration, polarity and ignition voltage on material
removal rate (MRR), electrode wear, machining time and
hole diameter was studied by Kliuev et al. [22]. The highest
rates of SiSiC material were found with negative polarity
at 120 V and a pulse duration lower than 1 us whereas the
lowest electrode wear was reached with positive electrode
polarity and pulse duration of 5 ps. Moreover, experiments
showed almost linear dependence between ignition voltage
and MRR in the range from 60 to 120 V and square law
dependence between pulse duration and electrode wear in
the range from 0.6 to 5 ps.

The effects of machining conditions of EDM milling on
the MRR, electrode wear ratio (EWR), and surface rough-
ness (SR) of a SiC ceramic were investigated by Ji et al.
[23]. To do so, three different machining conditions, namely
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coarse machining, medium machining and fine machining,
were applied and cylindrical copper electrodes were used.
An increase in MRR and SR and a decrease in EWR from
fine machining to coarse machining regardless of the tool
polarity was observed. Moreover, the higher rates of MRR
were obtained with negative tool polarity whereas the finer
surface was found with positive tool polarity under the same
conditions.

With respect to electrode, several studies can be found in
the bibliography such as that from Gao [24], in which the
influence of brass electrode length on the EDM tilted hole
drilling process of kPa N5 superalloy was investigated. It
was found that faster drilling speed occurred with the short
electrode rather than with the long one because of pres-
sure variation. The pressure loss of the short electrode was
less than the longer electrode, especially for large length-
diameter ratio electrode; thereafter, this could promote effi-
ciency of flushing, thus resulting in higher drilling speed.
Li et al. [25] used micro-electrical discharge machining in
order to drill ZrB,-SiC-graphite composite. Cylinder and
sheet electrodes were used and compared in terms of mate-
rial removal rate and surface roughness. It was found that
the use of sheet electrode led to a more stable process and
the machining efficiency increased by 3.9 times on average
compared with the cylinder shape electrode. Conversely, the
machined surface became rougher and the widths of microc-
racks increased. Risto et al. [26] investigated the influence of
electrode diameter and discharge energy on the geometrical
accuracy and productivity of a 2.0 mm diameter borehole
machined by EDM drilling. Experiments were conducted
using four different tool electrode diameters which ranged
from 1.6 to 1.9 mm. It was observed that the lowest cylin-
dricity deviation occurred when using high discharge current
values compared to higher discharge time.

With regard to the EDM drilling technique, many
attempts have been made by earlier researchers to pro-
pose different methods for making holes by EDM. How-
ever, these techniques can be, in many cases, expensive
or difficult to carry out. For example, Diver et al. [27]
developed a new method to produce reverse tapered micro-
holes on hardened steel flat plates with 1 mm thickness by
using EDM. This method was based on feeding and rotat-
ing the electrode at the angle required in order to achieve
the desired hole. The resulting holes could reach 100 um
diameter at electrode entry and 160 um diameter at elec-
trode exit. Furthermore, with this new method, it was also
possible to improve the shape and diameter of conventional
holes and to eliminate the neck effect that occurs during
EDM drilling. Similar to this study, Bamberg et al. [28]
made also the electrodes rotate so as to get micro-holes
on a 316 stainless steel part by conventional EDM. Their
experimental results showed holes with better surface
finish, a decrease in electrode wear and faster machining

times as a result of an improved flushing. Yamazaki et al.
[29] developed a novel technique to machine electrodes by
using EDM drilling. This technique consisted of two steps:
first of all, the tool electrode is rotated inside the part to
obtain a hole. Then, the polarity is reversed, and it is the
part itself that acts as an electrode to give the initial elec-
trode the desired shape. This method allows the machining
of electrode tools without the need to hold or position the
electrode of the tool relative to that of the part.

In order to improve drilling time and surface roughness
during deep-hole EDM drilling of an Inconel 718 part, Tan-
jilul et al. [30] proposed an efficient debris removal system
based on simultaneously flushing and vacuum. To do so, a
computational fluid dynamics model was proposed and the
influence of debris particle size and EDM particle trajec-
tory model were studied. Results indicated better surface
roughness in the case of the use of vacuum-assisted drilling
and larger size of debris particles with increasing machin-
ing current.

Li et al. [31] proposed a self-adjusting high speed drill-
ing technology by using both EDM and Electro-Chemical
Machining (ECM): EDM for drilling holes and ECM for
removing recast layer. Moreover, internal and external
flushing removal systems and dynamic change of discharge
parameters were also proposed. This method allowed the
material removal process to be adjusted based on gap dis-
tance and on hole-drilled depth. Experimental results, at
different discharge parameters and using the new flushing
systems, led to an improvement in discharge gap status and
to a better flow of the working fluid.

Another machining strategy for the EDM of conduc-
tive ceramic materials such as B,C, SiSiC and WC-Co
was developed by Luis et al. [32]. Design of Experiments
(DOE) was employed as well as multiple linear regression
techniques to get technological tables in order to programme
die-sinking EDM machine-tools. Two different machining
strategies (the first minimized the electrode wear and the
second maximized the material removal rate) were used so
as to obtain a specific surface roughness on the parts to be
EDM’ed.

However, most of these studies refer to metals or metal-
lic alloys and the literature available indicates a dearth of
information regarding hole machining for advanced ceramic
component application subjected to aggressive operating
conditions. In fact, manufacturing industries are facing chal-
lenges in machining these advanced materials in terms of
machining processes as well as machining costs [33].

Thus, this study aims to improve EDM drilling technique
on conductive SiSiC ceramic by focusing on the factors that
have been considered the most important and by optimizing
machining conditions. For the industrial use of EDM drill-
ing, there are no recommendations concerning the electrode
material, diameter and machining settings for the discharge
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energy to achieve a specific diameter [26]. Therefore, the
main novelty of this research work lies in covering the
above-mentioned gap.

3 Set-up of the experimentation

In the present section, the materials and the equipment used
to conduct all the experiments are outlined first. Then, pro-
cess performance variables as well as machining conditions
are carefully described.

3.1 Materials and equipment

Experiments were carried out on reaction-bonded silicon
carbide plates with a 4 mm thickness. Its manufacturing
process consisted in the infiltration of silicon into a pre-
formed block of carbon and silicon carbide powder,
which was subsequently subjected to a firing process.
This produced around 10% of free silicon, which filled
the pores and resulted in a low porosity microstructure
and a very fine grain [34]. SiSiC has a high strength up to
1350 °C which results in its use as high temperature gas
turbine components. In addition, it has a hardness higher
than tungsten carbide which makes it possible for it to be
used for bearings and seals. The high thermal conductivity
(150-200 W/mK, at 20 °C) combined with low thermal
expansion (4.3—4.6-107% K=, at 20-1000 °C) leads to good
thermal shock resistance [34]. SiSiC can tolerate a wider
range of acids and alkalis than either tungsten carbide (WC)
or alumina (Al,O5). Moreover, the electrical resistivity of
SiSiCis 10 Qcm [14].

Since tool material has a great influence on EDM per-
formance, four different electrode materials were chosen:
copper (Cu), copper tungsten (CuW), graphite (C) and
copper infiltrated graphite (CuC). All these materials have
a high melting point and excellent thermal and electrical
conductivities and were selected in order to have a wide

Fig. 1 EDM drilling process (a)
and hole-drilled SiSiC (b)
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range of physical properties available: electrical resistivity,
density and melting point. In addition, electrode diameter
ranged from 2 to 4 mm. EDM holes were performed on
a die-sinking electrical discharge machine ONA DATIC
D-2030-S to which a drilling chuck was attached as shown
in Fig. 1. Lateral flushing with a pressure of 80 kPa was
used and mineral oil was selected as a dielectric fluid.

Both the part and electrode weights were measured
before and after each experiment. Three measurements
of each were carried out and then, the arithmetic mean
was calculated. In order to do that, an electronic weigh-
ing scale Mettler Toledo XS 104 with a precision of
(0.04 mg+2-10""*weight) was used. In addition, the
inlet and the outlet diameters of each experiment were
also measured with an optical comparator at a magnifica-
tion of 20 X . Three measurements were taken and then,
the arithmetic mean, as well as the standard deviation,
were calculated.

Surface roughness was evaluated in terms of arithmetic
mean roughness (Ra) as this is considered the most widely
used parameter in the industry. This parameter is defined
in UNE-EN ISO 4287:1999 [35]. In order to measure Ra,
an ALPA SM-Rt-70 profile rugosimeter was employed.

Previously, the EDM drilled parts were sectioned into
several pieces through the centre of the holes by using a
copper sheet electrode as can be seen in Fig. 2. Then, every
hole was measured at five different generatrices, equally
distributed between the two halves; two on one half and
three on the other half. Figure 3 shows the measurement
technique. In all cases, each measurement was carried
out for an evaluation length of 1.25 mm (5 X 0.25 mm),
0.25 mm being the cut-off value and 5, the number of
sampling lengths selected. In addition, a Gaussian filter
was selected.

Finally, the image of each half hole was captured from the
top of the piece using a Confocal S Mart microscope (Senso-
far) as shown in Fig. 4. Then, the edge of every experiment
was characterized. 5 X magnification was selected. Moreover,
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Fig.2 Sectioned drilled part

this microscope enables vertical resolution of 75 nm to be
obtained and a maximum slope of 8°.

3.2 Process performance

Process performance was evaluated in terms of MRR and
electrode wear (EW). MRR (mm?*/min) represents the effi-
ciency of the EDM process and can be determined as the
volume of material removed from part per minute as shown
Eq. (1). On the other hand, EW (%) indicates the electrode
loss ratio of EDM process and can be obtained according to
Eq. (2), where €, and €2, are the volume removed from the
part and the electrode respectively, and ¢,, is the machining
time.

MRR = Qp/tm )

Fig.3 Measurement technique

EW = (Q,/Q)) * 100 )

In order to investigate the machining performance and sur-
face roughness of EDM drilling of SiSiC ceramic profoundly,
holes were drilled in several machining conditions. These con-
ditions may be classified into the following: the first and the
second are the electrode material and the electrode diameter,
which directly influences both the EDM performance and sur-
face roughness. The third one refers to the rotational speed of
the electrode and it is related to the debris cleaning during the
process. Finally, the last one is focused on EDM machining
parameters such as current intensity (), pulse time (z;) and
duty cycle (7). Their values will define the machining regime.
These three EDM machining parameters have been selected
as they are the most important and the most common when
selecting the amount of energy that is required to be used.

Table 1 shows the values of all the parameters selected.
Since machining characteristics are quite different from
those of metals and metallic alloys, previous tests had to
be carried out to find out the optimal and stable machining
conditions for SiSiC ceramic. Thus, for each electrode, a
specific combination of parameters was set based on these
preliminary studies.

Moreover, it should be noted that the maximum current
intensity value selected is conditioned by the electrode
section. According to the EDM machine manufacturer
recommendations, in the case of metallic materials, this
value must not exceed 10 A/cm?. However, in the case
of ceramic materials, this value may be higher due to

Fig.4 Confocal microscope
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Table 1 Parameters

oo Electrode material Electrode Rotational ~Regime
Cornbl.natlon for each electrode diameter speed . —
material (mm) (rpm) Roughing Finishing
IA) ;) n (%) 1A t;(us) n(%)
Copper (Cu) 2 0, 20, 40 1 70 06 05 50 0.5
3 0, 20, 40 2 70 0.6 1 50 0.5
4 0, 20, 40 2 70 0.6 1 50 0.5
Copper tungsten (CuW) 2 0, 20, 40 1 70 06 05 50 0.5
3 0, 20, 40 2 70 0.6 1 50 0.5
4 0, 20, 40 2 70 0.6 1 50 0.5
Graphite (C) 2 0, 20, 40 1 5 04 05 50 0.6
3 0, 20, 40 2 5 0.4 1 50 0.6
4 0, 20, 40 2 5 0.4 1 50 0.6
Graphite infiltrated copper (CuC) 2 0, 20, 40 1 5 04 05 50 0.6
3 0, 20, 40 2 5 0.4 1 50 0.6
4 0, 20, 40 2 5 0.4 1 50 0.6

their much lower conductivity. As can be seen, current
intensity values were 0.5 A, 1 A, and 2 A. Although there
are different current intensity pulses, the EDM machine
used to conduct all the experiments generates square-wave
diagrams. In line with this, the research study by Sanchez
et al. [36] is worth mentioning, where an oscilloscope
was connected to the EDM machine in order to obtain
the actual values of the discharge current. These authors
showed discharge current patterns in the conditions of
maximum removal rate for the die-sinking EDM of the
ceramic materials B,C and SiSiC.

Therefore, in order to obtain the actual values of current
intensity and pulse time in this present study, an oscilloscope
was also connected to the EDM machine. In all experimen-
tal cases, the values for the electrical parameters which were
programmed in the generator of the EDM machine coincided
with the actual ones. As an example, Figs. 5 and 6 show
the waveform of both discharge current and voltage in both
machining conditions: roughing I=2 A, t;=5 ps, n=0.4) and
finishing I=1 A, ;=50 ps, n=0.6), respectively, in the case
of CuC electrodes with 4 mm diameter. As can be seen, both
parameters fluctuate periodically, and square-wave diagrams
are nearly plotted. The height of the square wave refers to the
peak amperes and voltage and, the horizontal reference line
indicates that no electric current is flowing. In addition, it can
also be seen that the values of peak current and pulse time
are approximately 2 A and 5 ps, respectively, for roughing
conditions and 1 A and 50 ps for finishing conditions, so it is
assumed henceforward that both real and programmed values
are the same.
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In addition, open-circuit voltage and flushing pressure
variables were kept constant at 200 V and 80 kPa, respec-
tively. For all the experiments, negative polarity was used
because it has been experimentally found that a more stable
process is achieved in relation to positive polarity.

4 Results

The average values and the standard deviation obtained
for each of the response variables and for each electrode
material selected in the present study are listed in Table 2
for MRR, in Table 3 for EW and, finally, in Table 4 for Ra.

As can be observed in Table 2, experimental results
indicate that the highest value of MRR (E8_CuW) is
0.4974 mm?>/min and it was obtained with a CuW electrode,
diameter of 3 mm and rotational speed of 20 rpm, while
the lowest value of MRR (E4_C) is 0.0206 mm>/min and it
was obtained with C electrode, 2 mm diameter and without
electrode rotation.

With regard to EW, the highest value (E4_C) is 1006.54%
and this was obtained with a C electrode, diameter of 2 mm
and with no electrode rotation, while the lowest EW value
(E14_Cu) is 7.52% and this was obtained with a Cu electrode
of 4 mm diameter and at a rotational speed of 20 rpm, as can
be seen in Table 3.

It was found that the highest value (E14_CuW) of Ra
is 1.11 um and it was obtained using a CuW electrode, a
diameter of 4 mm and a rotational speed of 20 rpm, while the
lowest value (E4_C) is 0.37 um and it was obtained with a C



The International Journal of Advanced Manufacturing Technology (2023) 126:5139-5162 5145

RIGOL LI i —— S — L N L
- L
= w
S b ]
] B->X= -5.800us =
g AX= -5.300us S
E 17aX= 188.7kHz (7
w
-
p
|=2A
w
..m—o—-J\ =
w
ti=5ps 2
z
@i \
}
1
1
[
Period=12.S0us +Wi1dth=11. 90us -#1dth=600.0Ons +#1dth=12. 20us -Width=11.60us

i - 100V ” N ik <+ 19:02

Fig.5 Plot of current intensity and voltage patterns for CuC roughing conditions

RIGOL H 20000s | (e o o~ e/ D/ 77600000005 | T /@ 263V
) v e
g “82.80us y o
g -131.6us H é
-48.80us i ti=50 o
B 20.49KHz -— 7
w
-~
<X
w
o

& "

- e
| &
» i z

i a

i
Period=76. 80us +Hidth=T1. Sdus -#1dth=5. 200us +#1dth<800. Ons -#1dth=76. 00us

i - 100V . Mk | < 19:07

Fig. 6 Plot of current intensity and voltage patterns for CuC finishing conditions

@ Springer



5146

The International Journal of Advanced Manufacturing Technology (2023) 126:5139-5162

Table2 MRR experimental results

MRR (mm?>/min)
E Electrode diam- Regime Rotational Cu CuW C CuC
eter (mm) speed (rpm)

1 2 Roughing 0 0.0406 +0.0002 0.0323 £0.0001 0.0338 £0.0001 0.0384 +0.0001
2 20 0.2694 +0.0003 0.2268 +0.0003 0.0598 +0.0001 0.0687 +0.0002
3 40 0.2279+0.0007 0.1483 +0.0007 0.0561+0.0001 0.0670+0.0001
4 Finishing 0 0.0430+0.0001 0.0375+0.0004 0.0206 +0.0001 0.0262+0.0001
5 20 0.1528 +£0.0002 0.1198 +£0.0008 0.0269 +0.0001 0.0306+0.0001
6 40 0.1181+0.0007 0.0987 +0.0002 0.0418+0.0001 0.0545+0.0001
7 3 Roughing 0 0.2513+0.0006 0.1793+0.0003 0.0731+£0.0001 0.0888 +0.0005
8 20 0.4754+0.0003 0.4974 +0.0007 0.0849 +0.0002 0.1501+0.0003
9 40 0.3685+0.0010 0.4349+0.0007 0.0841+0.0001 0.1403 +0.0001
10 Finishing 0 0.0746 +£0.0003 0.0511+0.0001 0.0478 +0.0001 0.0608 +0.0001
11 20 0.1395+0.0002 0.1314+0.0003 0.0481+0.0001 0.0683 +0.0001
12 40 0.1123+0.0001 0.1012+0.0002 0.0660+0.0001 0.0909 +0.0001
13 4 Roughing 0 0.2047 +0.0002 0.1707 +0.0001 0.1007 £ 0.0001 0.1083 +0.0001
14 20 0.3277+0.0004 0.3096 +0.0002 0.1723+0.0001 0.1810+0.0004
15 40 0.2900+0.0002 0.2848 +0.0003 0.1465 +0.0001 0.1788 +£0.0001
16 Finishing 0 0.0616+0.0001 0.0504 +0.0001 0.0503 +0.0001 0.0571+0.0001
17 20 0.0959+0.0001 0.1204 +0.0001 0.0866 +0.0001 0.0799+0.0001
18 40 0.0725+0.0001 0.0691+0.0001 0.1089+0.0001 0.0903 +0.0001

electrode of 2 mm diameter and with no electrode rotation,
as shown in Table 4.

Finally, Tables 5 and 6 show the mean and the standard
deviation values of the inlet and the outlet diameters for each

experiment as well as taper angles, respectively. The taper
angle was measured as the difference between the inlet diam-
eter and the outlet diameter of the hole according to Eq. (3),
where £ is the thickness of the part that was 4 mm.

Table 3 EW experimental

EW (%)
results
E Electrode Regime Rotational  Cu CuW C CuC
diameter speed (rpm)
(mm)

1 2 Roughing 0 31.49+0.07 31.87+0.13 396.86+0.48 193.43+0.43
2 20 12.81+£0.16 15.69+0.08 285.69+0.26 178.43+0.52
3 40 14.22+0.06 28.29+0.17 266.71+0.61 153.98+0.16
4 Finishing 0 23.69+0.05 33.98+0.43 1006.54+2.06 778.83+1.02
5 20 12.54+0.12 13.04+0.11  686.12+1.34 716.36+1.87
6 40 1590+0.23 2091+£0.01 571.79+0.54 607.23+1.10
7 3 Roughing 0 17.62+0.07 18.02+0.05 306.67+0.46 133.35+0.38
8 20 11.12+0.07 15.26+0.02 246.37+0.56 120.69+0.34
9 40 13.54+0.05 18.13+£0.09 230.80+0.16 110.09+0.11
10 Finishing 0 21.01+£0.07 27.80+0.13  680.48+0.58 702.06+0.33
11 20 10.63+£0.16 11.96+0.01 602.66+0.69 440.33+0.43
12 40 12.75+0.06 16.86+0.07 408.57+0.60 431.24+0.49
13 4 Roughing 0 13.94+0.04 22.77+£0.05 350.40+0.29 185.32+0.13
14 20 7.52+0.02 13.65+0.02 269.47+0.11 121.57+0.08
15 40 9.16+0.04 14.81+0.04 258.24+0.13 114.24+0.06
16 Finishing 0 16.75+0.08 17.77+0.02  952.69+1.26 777.17+0.72
17 20 11.63+0.02  7.55+0.02 616.42+0.48 532.47+0.30
18 40 12.22+0.05 11.71+£0.01 479.46+0.21 502.41+0.27
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Table 4 Ra experimental results Ra (um)
E Electrode Regime Rotational Cu CuW C CuC
diameter speed (rpm)
(mm)
1 2 Roughing 0 0.75+0.07 0.84+0.02 0.59+0.07 0.45+0.05
2 20 0.90+0.07 093+0.10 0.68+0.04 0.46+0.01
3 40 0.77+0.07 0.87+0.08 0.60+0.02 0.45+0.05
4 Finishing 0 0.53+0.03 0.51+£0.03 0.37+0.05 0.37+0.05
5 20 0.66+0.04 0.60+0.06 0.47+0.04 0.39+0.03
6 40 0.64+0.04 0.51+0.09 0.48+0.03 0.40+0.03
7 3 Roughing 0 0.68+0.04 0.76+0.12 0.59+0.03 0.57+0.03
8 20 0.83+0.07 0.85+0.04 0.82+0.02 0.69+0.06
9 40 0.71+0.06 0.81+0.06 0.63+0.04 0.61+0.02
10 Finishing 0 0.47+0.05 0.69+0.05 045+0.04 0.45+0.07
11 20 0.54+0.03 0.83+0.08 0.48+0.04 0.54+0.02
12 40 0.52+0.04 0.79+£0.05 0.52+0.03 0.54+0.02
13 4 Roughing 0 0.88+0.09 1.01+£0.07 0.56+0.06 0.60+0.08
14 20 1.07+£0.12 1.11+£0.14 0.65+0.05 0.78+0.11
15 40 0.98+0.02 1.03+0.04 0.58+0.05 0.65+0.05
16 Finishing 0O 0.66+0.06 0.50+0.05 041+0.04 047+0.03
17 20 0.76+0.08 0.72+0.07 0.42+0.02 0.51+0.07
18 40 0.68+0.03 0.55+0.07 045+0.05 0.57+0.03
Table 5 Electrode diameter and inlet and outlet hole diameters
Cu CuW C CuC
E Electrode Inlet diameter Outlet diam-  Inlet diameter Outlet diam-  Inlet diameter Outlet diam-  Inlet diameter Outlet
diameter (mm) eter (mm) (mm) eter (mm) (mm) eter (mm) (mm) diameter
(mm) (mm)
1 2.00 2.21+0.01 2.13+0.01 2.20+0.01 2.07+0.02 2.13+0.01 2.11+0.01 2.22+0.01 2.15+0.01
2 2.39+0.01 2.31+0.01 2.26+0.01 2.24+0.01 2.33+0.01 2.06+0.01 2.40+0.01 2.31+0.01
3 2.33+0.01 2.31+0.01 2.28+0.01 2.06+0.01 2.36+0.01 2.03+0.01 2.38+0.01 2.25+0.02
4 2.23+0.01 2.13+0.01 2.09+0.01 1.96+0.01 2.36+0.01 2.03+0.01 2.27+0.01 2.13+0.01
5 2.39+0.01 2.31+0.01 2.34+0.01 2.04+0.01 2.35+0.01 2.11+0.01 2.41+0.02 2.35+0.01
6 2.28+0.01 2.15+0.01 2.27+0.01 1.99+0.01 2.31+0.01 2.06+0.01 2.29+0.01 2.15+0.01
7 3.00 3.26+0.01 3.15+0.01 3.25+0.01 3.12+0.01 3.17+0.01 3.13+0.01 3.23+0.01 3.16+0.01
8 3.24+0.01 3.09+0.01 3.25+0.02 3.07+0.02 3.33+0.01 3.14+0.01 3.22+0.01 3.08+0.01
9 3.14+0.01 3.07+0.01 3.17+0.01 3.05+0.01 3.29+0.01 3.13+0.01 3.13+0.01 3.06+0.01
10 3.08+0.01 2.95+0.01 3.05+0.01 2.95+0.01 3.24+0.01 3.10+0.01 3.05+0.01 2.96+0.01
11 3.21+0.01 3.13+0.01 3.20+0.01 3.12+0.01 3.49+0.01 3.10+0.01 3.18+0.01 3.13+0.01
12 3.21+0.01 3.16+0.02 3.22+0.01 2.97+0.01 3.31+0.01 3.01+0.01 3.19+0.02 2.83+0.01
13 4.00 4.27+0.01 4.06+0.01 4.05+0.01 3.99+0.01 4.11+0.01 4.02+0.01 4.06+0.01 3.93+0.01
14 4.35+0.01 4.05+0.02 4.34+0.01 4.00+0.01 4.23+0.01 4.17+0.01 4.21+0.01 4.01+0.01
15 4.30+0.01 4.04+0.02 4.30+0.02 3.99+0.01 4.20+0.01 4.10+0.01 4.14+0.01 3.95+0.01
16 4.34+0.01 4.04+0.01 4.35+0.01 4.12+0.02 4.07+0.01 3.99+0.01 4.12+0.01 4.03+0.01
17 4.32+0.01 4.13+0.01 4.34+0.01 4.14+0.01 4.18+0.01 4.09+0.01 4.05+0.01 3.84+0.01
18 4.22+0.01 4.09+0.01 4.28+0.02 4.09+0.02 4.12+0.01 4.03+0.01 4.04+0.01 3.90+0.01
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Table 6 Taper angle (°)

E Electrode diam- Cu CuW C CuC
eter (mm)
1 2.00 0.57 0.93 0.14 0.50
2 0.57 0.14 1.93 0.64
3 0.14 1.58 2.15 0.93
4 0.72 0.93 2.36 1.00
5 0.57 2.15 1.72 0.43
6 0.93 2.00 1.79 1.00
7 3.00 0.79 0.93 0.29 0.50
8 1.07 1.29 1.36 1.00
9 0.50 0.86 1.15 0.50
10 0.93 0.72 1.00 0.64
11 0.57 0.57 2.79 0.36
12 0.36 1.79 2.15 2.58
13 4.00 1.50 0.43 0.64 0.93
14 2.15 2.43 0.43 1.43
15 1.86 2.22 0.72 1.36
16 2.15 1.65 0.57 0.64
17 1.36 1.43 0.64 1.50
18 0.93 1.36 0.64 1.00
=D
Taper angle = tan™' —2< 5 outlet 3)

As can be seen, in all cases the inlet diameter is slightly
larger than the outlet diameter as a result of the wear suffered
by the electrode during the EDM process. However, it should
be noted that in 68% of the cases, this difference is less than
0.1 mm and there is no case higher than 0.2 mm. This con-
firms a high machining accuracy. The greatest differences
found between both diameters correspond to 0.15 mm,
0.17 mm, 0.20 mm and 0.18 mm for Cu, CuW, C and CuC
electrodes, respectively. Likewise, it is also observed that
the value of all the standard deviations is very low, being, in
general terms, 0.01 mm.

It can also be appreciated that, in some cases, the outlet
diameter value is lower than the electrode diameter (2, 3 and
4 mm), where this fact indicates, again, that the electrode
suffers wear during the EDM process.

Regarding taper angle, very low values are observed:
approximately 84.7% of the cases have a taper angle less
than 2°. In the case of Cu, CuW and CuC electrodes and
for electrode diameters of 2 mm and 3 mm, lower conicity
values are observed in comparison with 4 mm diameter elec-
trode. Nevertheless, in the case of C electrode, the lowest
values are observed for 4 mm diameter electrode.
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5 Discussion of results

In this section, EDM drilling performance as well as sur-
face roughness are analysed. In line with the structure fol-
lowed in the planning of the experimentation, the analysis
of results is focused, firstly, on the influence of electrode
material, secondly, on the influence of the diameter and the
rotational speed of the electrode and, finally, on the EDM
regime by means of the variation of EDM parameters (cur-
rent intensity, pulse time and duty cycle) on response vari-
ables MRR, EW and Ra.

To carry out this analysis, statistical techniques have
been used. In fact, one interesting technique in order to
draw conclusions from the data obtained is the comparison
of mean values by the Fisher Least Significant Difference
(LSD) Method [37]. With this method, a pair of mean val-
ues is considered to be significantly different if their differ-
ence is higher than a value which is called the least signifi-
cant difference. In other words, if the observed difference
between each pair of means is less than the calculated LSD
value, it may be concluded that those means do not differ
and that they cannot be considered to be different. If the
design is balanced, which means that all the samples have
the same number of observations (n), this LSD value is
calculated as can be observed in Eq. (4):

LSD = 1,5 n- * V(2 % MSg/n) 4)

where ¢ is the t distribution with N-a degrees of freedom. N
is the total number of observations, n is the number of obser-
vations for each sample, a is the number of samples to com-
pare and MSy; is the mean square due to error within means.
In the plots that will be shown in this present research study,
the LSD values to make the comparison analysis will be
depicted as the length of the intervals.

Finally, it should be noted that similar trends have been
found in the results obtained with the 2, 3 and 4 mm elec-
trodes. For this reason, in order to simplify the number of
figures, only the graphs that refer to the experiments carried
out with 2 mm electrode have been introduced. In any case
if there is any difference, it is detailed in the full text.

5.1 Material removal rate

Material removal rate was measured and compared for all
electrode materials selected. In order to identify the materi-
als whose means are statistically different, Fig. 7 reports the
MRR mean data plot as a function of the electrode material.
Error bars indicate the 95% confidence interval of the LSD
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Fig.7 Results for Fisher’s LSD mean comparisons for MRR vs. elec-
trode material

mean. Furthermore, it should be noted that the LSD value,
represented by the total length of the interval, is the same
for each case. In the case of MRR, this value is 0.0643. As
can be observed, results for C and CuC electrodes and for
Cu and CuW electrodes are very similar in terms of machin-
ing speed because their corresponding LSD intervals are
overlapped. However, significant differences can be found
between the results of the two previous electrode materi-
als and those of Cu and CuW (because their corresponding
LSD intervals are not overlapped), which, in turn, constitute
homogeneous groups between them. These results are due to
the fact that the composition of each pair of materials is very
similar, allowing the C and CuC electrodes to be grouped
in the graphite group and the Cu and CuW electrodes to be
grouped in the copper one.

Figure 8 shows mean data plot as a function of elec-
trode diameter (a), rotational speed of the electrode (b), and
machining regime (c) for all the material electrodes selected
in this study. The main objective of this summary graph is to
identify in a visual manner if significant differences can be
found between the four electrode materials. Moreover, LSD
value for each graph is detailed.

From Fig. 8(a), it can be noted that there are no signifi-
cant differences for the different diameter values in the case
of Cu and CuW. In the case of C and CuC, there are signifi-
cant differences between the diameters of 2 mm and 4 mm,
so that the speed machining values increase with the size of
the hole diameter. This result is the expected one as previous
experiences in EDM drilling with other materials indicate
an increase in machining speed by increasing the machin-
ing surface for the same conditions [38]. Due to this area
effect, the discharge energy of a single spark increases, and

the breakdown field strength decreases with the increase of
tool electrode diameter. Therefore, the crater size of a single
discharge and the discharge frequency increase, and MRR
increases [39].

Regarding rotational speed of the electrode (see
Fig. 8(b)), differences do not seem to be very relevant when
it is varied from 20 to 40 rpm for any of the materials used.
However, significant differences were found when varying
the machining regime: the roughing regime always leads to
a higher material removal for any electrode material, as can
be seen in Fig. 8(c).

Figure 9 represents the relationship between the rotational
speed of the 2 mm electrode and MRR at different electrode
materials and machining regime.

As can be observed, the electrode material has a rel-
evant influence on MRR. In particular, higher MRR rates
are obtained with Cu and CuW electrodes, both in finish-
ing and roughing regimes for any electrode diameter. This
is due to the comparatively lower electrical resistivity
of Cu (1.7-107% Qm) and CuW (4.3-10"% Qm) to that of
C (19.3-107° Qm) and CuC (3.2-10~° Qm) which allows
a more stable and homogeneous process. Specifically, in
roughing regime and at 20 rpm, the greatest removal rate
is appreciated, whatever the diameter of the electrode. For
example, as can be seen in Table 2, in the case of 2 mm
diameter electrode, the material removal rate with a Cu elec-
trode is, approximately, 4.5 times higher than that obtained
with a C electrode (for Cu is 0.2694 mm>/min and for C is
0.0598 mm3/min), with a diameter of 3 mm, it is 5.5 times
higher (for Cu is 0.4754 mm*/min and for C is 0.0849 mm?*/
min) and with a diameter of 4 mm is almost twice (for Cu is
0.3277 mm>®/min and for C is 0.1723 mm?®/min).

With respect to rotational speed of the electrode, as can
be observed in Fig. 9, with Cu and CuW electrodes, both
in finishing and roughing regimes, the highest MRR rate is
reached at 20 rpm. In such cases, the removal rate increases
with increasing rotational speed up to a maximum (20 rpm),
after which it begins to slightly decrease. In the case of C
and CuC electrodes, in roughing regime there is no great
MRR difference between rotational speeds of 20 rpm and
40 rpm. However, in finishing regime, as the rotational speed
of the electrode increases, MRR also increases. Further-
more, it should be noted that slightly higher values of MRR
were achieved for CuC electrode compared to those obtained
with C electrode. For example, as shown Table 2, in rough-
ing regime and for the three rotational speeds selected, val-
ues of 0.0384 mm*/min, 0.0687 mm*/min and 0.0670 mm?/
min were achieved with CuC electrode, while values of
0.0338 mm*/min, 0.0598 mm*/min and 0.0561 mm®/min,
respectively, were obtained with C electrode. In the case of
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Fig.8 Results for Fisher’s LSD
mean comparisons for MRR
vs. electrode diameter (a), rota-
tional speed (b) and machining
regime (c)

finishing regime, MRR values with CuC electrodes were:
0.0262 mm*/min, 0.0306 mm*/min and 0.0545 mm®/min and
with C electrodes were: 0.0206 mm?*/min, 0.0269 mm>/min
and 0.0418 mm>/min. This fact indicates that the addition
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of Cu in the C electrode contributes to a greater removal of
material.

Since the rotational speed of the electrode is one of
the major factors on the debris evacuation during EDM
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process, the highest MRR rates were achieved by rotating
the electrode. This rotation allows the debris particles that
can accumulate in the cavities and thus increase machin-
ing time to be evacuated and to be cleaned. From these
obtained results, it has been observed that the beneficial
effect of the electrode rotation reaches a maximum value
at 20 rpm. From this point, a saturation effect takes place
because of the appearance of turbulences, which implies
even a little decrease in MRR.

Regarding machining regime, it is clearly observed
that the highest removal rates were achieved in the rough-
ing regime versus the finishing regime, regardless of the
material, rotational speed and diameter of the electrode.
This is mainly due to the higher intensity values selected.
Thermal energy is provided through electricity flowing
between the electrode and the part in the form of a spark.

Fig.9 Effect of rotational speed
on MRR at different electrode
materials and working condi-
tions (electrode diameter 2 mm)

MRR (mm3/min)
°
&
N

(a)

Roughing regime

R S —

s
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(c)

During each spark, millions of electrons flow between the
electrode and the part in a dielectric medium. When the
electrons hit the part, they release their energy as heat,
which vaporizes the material in the part. Amperes are used
to denote the amount of electricity used in the machining
process [40]. Thus, MRR increases significantly when cur-
rent intensity increases due to an increase in the heat and
in the energy that melts and vaporizes the material from
the part.

At low current, a small amount of heat is generated. A
substantial part of this heat is absorbed by the environment
and the components of the EDM machine and the remain-
der is used to melt and vaporize the part. But as the current
increases, stronger sparks and more energy are produced,
and a greater amount of heat is made available to remove
the material [41].
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Fig. 10 Surface topography at the entrance of the hole at (a) maximum MRR (E8_CuW) and (b) minimum MRR conditions (E4_C)

In addition, microscope analysis is included to examine
the surface quality of the hole, both of the edge and of the
side walls. Thus, Fig. 10(a) and (b) shows the electrode
entry hole of the experiment E§_CuW corresponding
to the maximum value of MRR (0.4974 mm®/min) and
of the experiment E4_C corresponding to the minimum
MRR value (0.0206 mm?/min), respectively. As shown,
Table 4 Ra values for both experiments were 0.85 um and
0.37 um, respectively. Moreover, these Ra values were
compared to those obtained with the microscope. In this
case, Ra values were 1.01 um for E§_CuW and 0.49 um
for E4_C. As can be seen, both results are very similar.

According to Fig. 10, in both cases, the edges are very
well defined and burr-free as there is little re-solidified
material around the hole which avoids the use of secondary
deburring-type operations. This results in a faster, more
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efficient and economical manufacturing process. Moreover,
this result can be attributed to the flushing cleaning and
in this case, its corresponding dielectric pressure value
(80 kPa) turned out to be adequate taking the edge surface
topography obtained into account. Previous experiences in
EDM drilling show that there is a direct influence of the
dielectric flow rate in removal of the molten material near
the discharge zone [42].

5.2 Electrode wear

With respect to electrode wear, Fig. 11 depicts the EW mean
data plot as a function of the electrode material. As can be
seen, the variation of the electrode material is clearly signifi-
cant in its wear. In fact, the choice of electrode material not
only affects MRR, as seen above, but also has a direct impact
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Fig. 11 Results for Fisher’s LSD mean comparisons for EW vs.
electrode material

on the economic costs of manufacturing the part. Thus, high
rates of material removed lead to shorter machining times
and therefore to a lower cost of the part. However, if the
electrode wear rate was too high during the EDM process,
a greater economic investment would be necessary and the
part would finally be more expensive [43].

As stated in the set-up of the experimentation, negative
polarity has been chosen for all the experimentation. Accord-
ing to the EDM process, when negative polarity is used, the
negative electrons strike the surface of the positive part while
the positive ions strike the surface of the negative electrode.

This continuous striking causes both the surface of the elec-
trode and the part to melt and vaporize with each spark.

For this case study, the Cu and CuW electrodes are clearly
the ones that lead to the lowest electrode wear. Likewise,
similar behaviour between the Cu and CuW electrodes and
between C and CuC electrodes is worth noting. As previ-
ously mentioned, this result is due to the similarity of their
composition, where two groups may be distinguished: the
coppers and the graphites. Moreover, it should be noted that
the LSD value, represented by the total length of the inter-
val, is the same for each case. In the case of EW, this value
is 117.16.

Mean comparisons between EW and parameters such as
electrode diameter (a), rotational speed (b) and machining
regime (c) for all the electrode materials selected are shown
in Fig. 12. Similar to MRR case, the main aim of this graph
is to visually identify if the influence of the factors can be
considered significant in EW. As can be seen in Fig. 12(a),
for Cu and CuW electrodes, the influence of the diameter
is very significant when varying from 2 to 4 mm: a certain
tendency to decrease wear is observed as the diameter
increases in the case of both electrodes. The size of the
part is larger than that of the electrode and the heat can
be more easily dissipated through this part. But since the
electrode is smaller, heat accumulates in it, resulting in
high temperature and consequently high EW. Thus, the
smaller the diameter of the electrode is, the greater its wear
turns out to be.

Fig. 12 Results for Fisher’s Cu CuW
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Fig. 12 (continued)
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In the case of rotational speed, as shown in Fig. 12(b),
when C or CuC electrodes are used, the differences are not
very significant either, although there is a slight tendency
for the wear value to decrease with increasing rotational
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(c)

speed. On the other hand, if Cu or CuW electrodes are used,
there is a significant decrease in EW from 0 to 20 rpm. All
these results are related to the debris cleaning. Removing
the debris became increasingly easy due to the rotation of
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the electrode that expelled the debris particles from the gap
and improved the stability of the process, avoiding arcing
and short circuits. These machining conditions result in an
improvement of the EW ratio.

Meanwhile, the use of the two regimes leads to clearly
different values in the case of C and CuC electrodes, where
the finishing regimen leads to much higher wear values. On
the contrary, in the case of Cu and CuW, the differences do
not seem significant (see Fig. 12(c)).

The effect of rotational speed of a 2 mm electrode on
EW at different electrode materials and machining regimes
are depicted in Fig. 13. In general terms, lower electrode
wears are found by using Cu and CuW electrodes compared
to those obtained with C and CuC electrodes, both in
finishing and roughing regimes for any electrode diameter.
These results can be related to the density and the electrical
resistivity of the electrodes. As Cu and CuW give the highest
densification and the lowest electrical resistivity, EW tends
to be lower. A high porosity induces high resistance and
weak bonding between particles that drop off easily from the
C and CuC electrodes. In addition, pores reduce the effective
cross-sectional area and, therefore, increase the electrical
resistance as it is inversely proportional to area [44].

In addition, from Fig. 13 and Table 3, it is observed that
the addition of Cu in the C electrode improves the reduc-
tion of electrode wear, where this effect turns out to be
greater in the case of the roughing regime. Thus, for exam-
ple, in roughing regime and for the three rotational speeds
selected (0, 20 and 40 rpm), values of 193.43%, 178.43%
and 153.98% were achieved with CuC electrode, while val-
ues of 396.86%, 285.69% and 266.71%, respectively, were
obtained with C electrode.

Regarding rotational speed of the electrode, similar
behaviour can be found between the four electrode materials
for both finishing and roughing regimes: as the rotational

Roughing regime
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speed increases, EW tends to decrease. This tendency is more
evident for C and CuC electrodes due to the comparatively
greater amount of particles suspended in the gap between the
part and the electrode. Without the rotation of the electrode,
cleaning is poor and suspended particles interfere with the
sparks, resulting in a more unstable process.

In relation to machining regime, it should be noted in
Fig. 13 that, in most cases, the greatest electrode wear was
achieved in the finishing regime versus the roughing one,
regardless of the rotation speed and diameter of the elec-
trode. This fact can be attributed to the selection of the
EDM machining parameters shown in Table 1. For finish-
ing regime, in the case of Cu and CuW electrodes, a shorter
pulse time was chosen whereas in the case of C and CuC
electrodes, the increase in EW is due to the decrease in
pause time. Due to the higher discharge frequency achieved
in both cases, electrode wear was increased. Therefore, it is
the increase in the number of sparks that causes greater wear
and not their intensity. In other words, the number of sparks
that occur at a point on the electrode surface determines the
wear of the electrode, resulting in greater wear as the num-
ber of discharges (frequency) increases.

In addition, it should be noted that the difference in EW
according to the regime is much more evident when C and
CuC electrodes are selected. In average terms, when using
a C electrode, the wear is slightly more than double in
finishing regime (1006.54% at O rpm, 686.12% at 20 rpm
and 571.79% at 40 rpm) than in the roughing one (396.86%
at 0 rpm, 285.69% at 20 rpm and 266.71% at 40 rpm), for
any rotational speed. In the case of the CuC electrode,
this wear can increase its value up to around four times
(778.83% at O rpm, 800.64% at 20 rpm and 607.23% at
40 rpm for roughing regime and 200.67% at O rpm, 178.43%
at 20 rpm and 153.98% at 40 rpm in finishing regime,
respectively).

Finishing regime
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Fig. 13 Effect of rotational speed on EW at different electrode materials and working conditions (electrode diameter 2 mm)
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Fig. 14 Results for Fisher’s LSD mean comparisons for Ra vs. elec-
trode material

5.3 Surface roughness

Regarding surface roughness, similar results were found to
those obtained for MRR, as can be appreciated in Fig. 14
that relates Ra roughness parameter and electrode material.
Moreover, it should be noted that the LSD value is 0.10.

In general, EDM’ed surfaces are characterized by non-
directional and spherical discharge cavities. The size of
these cavities depends on the melting temperature of the
materials selected, the electrical power of each spark and

its duration. In this study case, Cu and CuW electrodes pro-
duced the roughest surfaces whereas the smoothest surfaces
were found when C and CuC electrodes were used. This is
mainly due to two factors: on the one hand, because of the
fact that Cu and CuW materials have a low melting tem-
perature and some material from the electrode was removed
for each spark. The resulting irregularities on the electrode
surface are copied onto the part surface in the form of larger
peaks and valleys. On the other hand, the lower electrical
resistivity of Cu and CuW to that of C and CuC leads to a
more stable and homogeneous process. Thus, more material
is removed from the part and the resulting surface worsens.
The irregularities and cavities produced by the energetic
sparks are considerably greater, leaving a rougher surface.

In addition, in order to identify if there are any significant
differences between the four electrode materials selected in
this study. Figure 15 shows a summary plot of Ra mean data
of each material as a function of electrode diameter (a), rota-
tional speed of the electrode (b), and machining regime (c).
As can be seen, the variation in diameter has little influence
on Ra, with no significant differences being observed in the
case of C and CuW. In the case of Cu electrode, significant
differences can be appreciated between diameters of 2 and
3 mm with respect to that of 4 mm whereas for CuC elec-
trode, the greatest influence is observed when the diameter
is 2 mm.

In the case of the rotational speed of the electrode, from 0
to 40 rpm, the differences are not significant either, with the

Fig. 15 Results for Fisher’s Cu CuW
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lowest values of surface roughness always being obtained Regarding surface roughness depending on the electrode

when the electrode does not rotate. Finally, it can be seen material, similar trends can be seen between Cu and CuW
that great differences in Ra for all electrode materials occur  electrodes and C and CuC electrodes, respectively as
where the finishing regime always results in a better surface ~ shown in Fig. 16. Likewise, in roughing regime, the highest
finish relative to the roughing one. Ra values were obtained with Cu and CuW electrodes,
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for any electrode diameter as can be observed in Table 4.
This is mainly due to the machining parameters selected.
For both materials, the longer the pulse time, the higher
the roughness. By increasing the pulse time, the plasma
channel expands which allows the discharge energy to
be increased. In other words, long pulses mean a large
quantity of energy transferred to the material, which
produces deeper craters and larger irregularities during
this time. Whereas at low discharge energy, the craters are
less evident and less frequent and therefore their shape is
smooth and shallow.

In fact, the greatest differences in Ra values are found
when varying the machining regime and the electrode
material and they are slightly lower when varying the
rotation of the electrode. Experimental results show the
lowest values of Ra when there is no rotation of the electrode
while at 20 rpm the resulting EDM surface worsens. This
can be explained by the fact that at O rpm, time machining
is too high. However, it should be noted that, in most
experiments, Ra values at 40 rpm are very close to those
obtained at O rpm. This means that higher values than
40 rpm are necessary, at a minimum, in order to provide a
thorough flushing debris in the gap. Thus, the recast layer
on the machined surface was more washed off.

With Cu and CuW electrodes, both in finishing and
roughing regimes, the highest values of Ra are 1.07 um
and 1.11 pm, respectively, and are found at 20 rpm. In
such cases, the surface roughness increases with increasing
rotational speed up to a maximum (20 rpm), after which it
begins to decrease.

In general terms, in the roughing regime, for any material
and electrode diameter, the highest Ra values are obtained
at 20 rpm (only exception: 4 mm diameter copper elec-
trode: at 20 rpm, Ra=0.98 um and at 40 rpm, Ra=1.07 pm,
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where the difference is minimal). Meanwhile, in the fin-
ishing regime, for any electrode diameter, the highest Ra
is obtained at 20 rpm with Cu and CuW electrodes, and
at 40 rpm with C and CuC electrodes. So, finish surface
roughness could be obtained by setting low current intensity
values combined with CuC or C electrodes, although this
approach is more time-consuming.

All these results and tendencies agree with those obtained
for MRR, except for the C electrode results. In this case,
some slight differences were found but they are not signifi-
cantly relevant. Thus, it was observed that selecting rough-
ing regime always leads to higher removal rates and higher
Ra values on any of the four electrode materials experi-
mented and vice versa.

Figure 17(a) and (b) shows the electrode entry hole of the
experiment E14_CuW corresponding to the maximum value
of Ra (1.11 pm) and of the experiment E4_C corresponding
to the minimum Ra value (0.37 pm), respectively. As previ-
ously mentioned, these values can be found in Table 4 and
were obtained by using a profile rugosimeter. Furthermore, it
should be stated that both surfaces were also measured with
the microscope and, in this case, Ra values were 1.08 um
for E14_CuW and 0.47 pum for E4_C. As can be seen, both
results are very similar.

According to Fig. 17, in both cases, the shape of the hole
is well defined and the edges can be clearly seen. In addition,
the surface appears homogeneous and flat and re-solidified
particles are not appreciated round about because of the
efficient debris cleaning. Thus, the high flow velocity of
the dielectric fluid caused hydraulic forces that ejected the
molten material radially away.

The quality of holes produced with EDM depends
mainly on the material of the electrode but also on the
energy of discharges applied during the machining process.
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Fig. 16 Effect of rotational speed on Ra at different electrode materials and working conditions (electrode diameter 2 mm)
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Fig. 17 Surface topography 2834.52
at the entrance of the hole at
(a) maximum Ra (E14_CuW)
and (b) minimum Ra (E4_C)

conditions

2269.82

1134.91

567.46

0.00
Hm 0.00

(a)

Experimental results reveal the highest Ra values in the
roughing regime versus the finishing regime. As current
intensity is higher in roughing regime, thermal energy is
increased and the surface of the SiSiC ceramic is clearly
affected. Consequently, more molten material from the
piece is produced whereas flushing debris by the dielectric
fluid becomes more difficult, and the resulting recast layer
worsens the surface finish [21]. As current intensity is
decreased, sparks are less energetic and the EDM’ed surface
is less damaged and more uniform. Therefore, low Ra and
MRR values are attained.

Finally, in order to conclude this section, Table 7 summa-
rizes the results previously discussed in this present study.
As can be observed, the most influential factors are included.

Table 7 Main results

2266.88

3397.56

s 1.42 mm

-1.27 mm e——

(b)

6 Conclusions

This present study deals with the machining of through
holes on SiSiC advanced ceramic by using EDM drilling
technology. The influence of electrode material, electrode
diameter, rotational speed of the electrode and the machining
regime on EDM performance as well as surface roughness
was investigated profoundly. The following conclusions may
be drawn up:

e From the experimental results, both electrode material
and machining regime seem to be the most relevant fac-
tors of all. Moreover, results for C and CuC electrodes
are found to be similar in terms of machining speed, elec-

MRR (mm?>/min) EW (%) Ra (um)
Max Min Max Min Max Min
Values 0.4974 0.0206 1006.54 7.52 1.11 0.37
Electrode material CuW C C Cu CuW C
Electrode diameter (mm) 3 2 2 4 4 2
Rotational speed (rpm) 20 0 0 20 20 0
Regime Roughing Finishing (/=0.5 A; Finishing /=0.5 A; Roughing Roughing Finishing
(machining conditions) (I=2A; ;=50 ps; n=0.6) t,=50ps; n=0.6) (=2A; (I=2A; (I=05A;
;=70 ps; ;=70 ps; ;=70 ps; ;=50 pus; n=0.6)
1n=0.6) 1n=0.6) n=0.6)
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trode wear and surface finish. However, there are signifi-
cant differences between the results of the two previous
materials and those of Cu and CuW, which, in turn, con-
stitute homogeneous groups between them.

e The use of Cu and CuW electrodes led to the highest
values of MRR and Ra but the lowest values of EW com-
pared to those obtained with C and CuC electrodes, both
in finishing and roughing regimes for any electrode diam-
eter. Specifically, in roughing regime and at 20 rpm, the
greatest removal rate is appreciated, whatever the diam-
eter of the electrode.

e Experimental results indicate that the highest value of
MRR is 0.4974 mm>/min and it was obtained with a
CuW electrode and a rotational speed of 20 rpm while
the lowest EW value is 7.52% and it was obtained with a
Cu electrode and at 20 rpm. Moreover, both experiments
were performed to 2 A and a pulse time value of 70 um.

e Since the rotational speed of the electrode does not have a
great influence on the machinability and surface finish of
the part, some results must be explained. In general, the
highest rates of material removal were achieved by rotat-
ing the electrode as a consequence of a better debris evac-
uation. For the same reason, it was found that a decreasing
in EW takes place as the rotational speed of the electrode
increases. Indeed, this tendency becomes even clearer for
C and CuC electrodes due to the comparatively greater
amount of particles suspended in the gap. Regarding
Ra, in most cases, similar results were achieved at 0 rpm
and 40 rpm. In the first case, Ra was low as a result of
a too-high-time machining while at 40 rpm the cleaning
in the gap was enough to evacuate all the debris parti-
cles. Thus, the lowest value of Ra is 0.37 um and was
obtained with a C electrode and with no electrode rotation
whereas at 40 rpm and, under the same conditions, Ra
value is 0.40 um. However, comparing MRR values for
both experiments, at 40 rpm the removal rate was doubled
and time machining was reduced by more than half.

e With regard to machining regime, experimental results
reveal the highest values of MRR and Ra in the roughing
regime versus the finishing one.

e For the materials and parameters under consideration in
the present study, it has been found that the copper elec-
trode rotating at 20 rpm combined with high values of
discharge energy is the most economical option in terms
of production cost and production time, as it gives the
highest values of MRR and the lowest electrode wear.
However, a finish surface roughness could be obtained by
setting low current intensity values combined with CuC
or C electrodes, although this approach is more time-con-
suming. In addition, it may be observed that the addition
of Cu in the C electrode contributes to a greater removal
of material and slightly reduces the wear of the electrode.
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