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The present work deals with the execution of through micro-holes on tungsten carbide plates using a micro-EDM
(Electrical Discharge Machining) machine. The investigation focuses on the monitoring of the performance during
the drilling phase in order to obtain the in progress behavior of the performance indexes. The experiments were
carried out by varying some process parameters such as peak current, voltage and frequency to achieve both high
and low power discharge conditions. Regarding electrodes, the most commonly industrial used ones were selected:
tubular tungsten carbide and brass. The performance indexes taken into account were machining time, Material
Removal Rate (MRR), Tool Wear (TW) and Tool Wear Ratio (TWR). Brass electrode always resulted to be the
best solution in terms of drilling speed even though the wear of this electrode type is remarkable higher than the
tungsten one. The evolution of the performance indexes during the drilling operation showed the same trend for
both electrodes: increasing the hole depth, the drilling operation proceeds in a more difficult way, due to the eva-
cuation of debris that becomes more difficult and therefore the performance indexes get worse. Finally, the tech-
nology windows of the cumulated MRR and TWR were defined for both electrode materials, in order to predict

the micro EDM process performance varying the hole depth.
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1 Introduction

The current trends in manufacturing technology often
deal with the miniaturization of products and components
and, consequently, the need for products containing
micro-features has shown a noticeable and continuous
growth in many fields of application. At the same time,
sustainable manufacturing is the most recent trend in
today’s industrial environment. The selection of the ma-
nufacturing processes must take into account both tech-
nological aspects and the impact on the environment and
resources according to green development strategy. In ge-
neral, the characteristics of sustainable machining take
into account five aspects such as the cost effective, the
energy efficient, the use of non lethal substances, waste
free and eco friendly [1]. Micro Electrical Discharge Ma-
chining (EDM) is a process that operates by a series of
rapid electrical discharges in a gap filled with dielectric
fluid between a tool and a workpiece material. The
electrical energy of the spark is converted into thermal
energy causing melting and vaporization of the workpiece
surface. Materials removed as debris particles are flushed
away by the dielectric flow. Material is removed not only
from the workpiece but also from the tool (electrode
wear). This technology can be applied on every con-
ductive materials regardless of the mechanical properties
and since it is a contact-less process, it is suitable for the
fabrication of micro-parts and micro-scale features wit-
hout distortion or brakeage due to physical forces [2,3].

Form the point of view of the sustainability, EDM
process offers some environmental, economic and social
concerns like poor material removal rate, electrode wear,
high specific energy consumption, deteriorated surface
characteristics, hazardous emissions near operator bre-
athing zone, the possibility of fire explosion and toxic
waste and sludge generation [4]. EDM is considered one

of the most important technologies in micro-drilling, be-
cause it is effective in achieving very small and very high
aspect ratio burr-free micro-holes. The need for products
containing micro-holes has shown a remarkable growth
[5,6] since they are widely used for the production of se-
veral industrial components such as medical and optical
devices, turbine blades cooling channels, diesel fuel in-
jection nozzles. Moreover, EDM is able to machine di-
fficult to cut materials, for example WC—Co composites,
and in general where dimensional accuracy with complex
geometries are primary requirements [7]. Regarding WC,
it has high performing properties in terms of hardness,
toughness, low heat sensitivity, high fatigue and corro-
sion resistance with respect to other more common mate-
rials, even though it is more difficult to be machined using
conventional technologies. Nowadays, WC and its com-
posites (WC—Co) are of great interest in the production of
cutting tools, dies and other special tools and components
[8].

Many process parameters have to be selected for the
execution of micro holes using EDM technology such as
peak current, voltage, pulse on time, duty cycle, etc. Other
parameters are related to the system for example the type
of dielectric fluid, tool properties, chemical and physical
material properties.

These parameters have a significative effect on both
erosion process (material removal rate — MRR, Tool wear
ratio - TWR) and machined workpiece properties (dimen-
sional and geometrical accuracy such as diametral over-
cut— DOC, Taper rate — TR and surface finishing) [9-11].

From the point of view of the sustainability, it can be
assumed that the process is more sustainable as the used
resources are limited in terms of machining time and
electrode wear. Obviously, the sustainability is related to
some other aspects such as the dielectric consumption,
environmental pollution, smoke, etc. [12]. The selection
of the optimal process parameters to maximize MRR
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(Material Removal Rate) and minimize TWR (Tool Wear
Ratio) assists the efforts to improve the sustainability of
the process. Literature reports several papers about this
topic. In [13,14], the optimization of the process parame-
ters in the micro-EDM drilling process of titanium super
alloy was conducted. Peak current and pulse on time have
a strong influence on machining performances. In par-
ticular, material removal rate and tool wear ratio showed
a monotonic increase for increasing values of peak
current and a relative maximum condition for intermedi-
ate values of pulse on time. The overcut of the machined
micro-holes also increases for increasing values of peak
current and pulse on time.

The effect of peak current, pulse on time, duty factor
and electrode speed for the execution of small deep hole
in Inconel 718 using EDM technology with a pure
electrolytic copper electrode was investigated in [15].
The results revealed that MRR increases with the increase
in peak current, duty factor and electrode rotation, whe-
reas depth average surface roughness increases with the
increase in peak current and pulse on time. Using a de-
sirability function approach, the parameters were optimi-
zed for the maximum MRR with a specified surface rou-
ghness.

The influence on the machining characteristics of the
operating parameters used for the electro-discharge ma-
chining of tungsten carbide was studied in [16]. The
effectiveness of the EDM process (peak current, voltage,
pulse duration, pulse interval and flushing pressure) was
evaluated in terms of material removal rate, relative wear
ratio and surface finishing, showing that high material re-
moval rate, low relative wear ratio and good surface fi-
nishing are conflicting goals, which cannot be achieved
simultaneously with a particular combination of control
settings.

From the point of view of both geometry and material
electrode, in [17] it was verified their influence on MRR,
electrode wear and surface finishing. In [18] it was de-
monstrated that the single-channel electrode provides bet-
ter material removal rates and lower electrode wear ratios
than multi-channel tubular electrode. However, multi-
channel electrodes produce better surfaces and lower
hardness values than single-channel electrodes. An inves-
tigation on the electrode wear behavior of tube and bar
electrodes was carried out in [19]; the electrode wear va-
riation under different operating conditions and a method
for calculating volumetric wear ratio is proposed.

Tab. 1 Fixed process parameters

Process performances risulted affected by tool mate-
rial when titanium alloy is the workpiece [20]: brass and
copper electrodes permit to obtain the minimum machi-
ning time while machining time increases a lot using spe-
cial carbide electrodes. On the contrary, minimization of
tool wear ratio can be obtained using special carbide
electrodes with respect to copper and brass.

Even if important efforts were made in modelling the
EDM and micro-EDM processes, the validation of the
models forecasting capabilities by means of experimental
tests can be considered still restricted. In some cases, the
models have not been experimentally validated while in
other cases the campaign was carried out only for restric-
ted clusters of workpiece materials and tools. Moreover,
few data are present in literature regarding the variation
of process performance during the drilling operation,
showing a lack of information about the effect of process
duration (e.g. hole depth, machining time) on the general
performance indicators.

In the present paper, the investigation focuses on the
process performance during the micro-EDM drilling on
tungsten carbide plates in order to obtain the “in progress”
behavior of the performance indexes. Machining setting,
including peak current, open circuit voltage and dischar-
ges frequency, were varied to produce low and high
discharge power. This study was conducted using diffe-
rent electrode materials (tungsten carbide and brass). The
selection of the optimal process parameters contributes to
improve the level of the sustainability of the process. Mo-
reover, the effect of the hole depth on the process perfor-
mance can be evaluated.

2 Experimental set up

Experimental tests based on the execution of through
micro-holes were carried out using a micro-EDM ma-
chine Sarix SX-200. Tungsten carbide plates having a
thickness equal to 3 mm were used as workpiece material.
Three process parameters were varied during the experi-
mentation, such as the peak current (I), the voltage (V)
and the frequency (F). Two types of tubular electrodes,
made of tungsten carbide and brass, having an outer dia-
meter equal to 0.3 mm and an inner diameter equal to 0.12
mm, were used. Hydrocarbon oil was used as dielectric
fluid and an internal electrode washing pressure equal to
30 bar was set for all the experiments. Table 1 shows the
fixed process parameters.

Electrode Polarity Ton [ps] Gain Gap [%] Energy Regulation
Tungsten  Car-

bide - (neg) 5 40 20 365 03-01
Brass - (neg) 3.8 120 5 365 03-01

A Central Composite Design (CCD) with three levels,
central point and five repetitions were used to define the
combination of the process parameters and the experi-
mental sequence for each tool material type. The combi-
nation of the variable parameters resulted into 15 combi-
nations of process parameters and in a total amount of 100

micro-holes (Table 2). The set values (peak current, vol-
tage and frequency) defines the technology (from TC.1 to
TC.15 for tungsten carbide electrode, from B.1 to B.15
for brass one). The fixed parameters and the ranges of the
variable ones differ for the two electrode materials; this
solution was used in order to test suitable technology win-
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dows (in other words, ranges of suitable process parame-
ters) for both the materials. The execution order of the
experiments was randomized to avoid possible systema-
tical errors.

The in-progress drilling process was studied carrying
out each hole in 10 sub-steps having an equal tool displa-
cement. In some cases the through holes were obtained
with a tool displacement lower than the maximum stroke,
due to the large difference of tested process parameters.

Tab. 2 Combination of process parameters based on CCD

The machining time of each sub-step was also recorded.
At the end of each drilling sub step, the tool wear was
measured by an electrode touching operation in a specific
reference point as the difference between the initial and
the final length of the electrode. In order to ensure the
same initial conditions of the electrode for each hole, the
electrode tip was cut using the wire EDM unit at the end
of each hole drilling.

Tungsten Carbide Brass
Tool type
I [index] V[V] F [kHz] I [index] V[V] F [kHz]

TC.1 40 110 83 B.1 26 120 130
TC.2 30 100 90 B.2 40 100 110
TC.3 50 100 90 B.3 40 140 110
TC.4 30 120 90 B4 40 100 150
TC.5 50 120 90 B.5 40 140 150
TC.6 40 93 100 B.6 60 120 96
TC.7 23 110 100 B.7 60 86 130
TC.8 40 110 100 B.8 60 120 130
TC.9 57 110 100 B.9 60 154 130
TC.10 40 127 100 B.10 60 120 160
TC.11 30 100 110 B.11 80 100 110
TC.12 50 100 110 B.12 80 140 110
TC.13 30 120 110 B.13 80 100 150
TC.14 50 120 110 B.14 80 140 150
TC.15 40 110 117 B.15 94 120 130

3 Evaluation of process performance

The selected performance criteria for the micro-holes
drilling are reported in Table 3 where:

t=machining time [s]

TW=tool wear [mm]

MRR=material removal rate [mm?/s]

Dtop= top diameter of the hole [mm]

Dbottom=bottom diameter of the hole [mm]

MRworkpiece= material removed from the workpiece
[mm’]

h= thickness of the plate [mm]

MRtool = material removed from the tool [mm?]

Tab. 3 Performance criteria for the evaluation of the micro EDM drilling process

Criteria Formula
t[s] -
TW [mm] -
2 2
MRR [mm3 /S] MRR = MRwurkpiece _ nh(Dtop i Dmplszmrrom + Dbottom)
¢ t
‘MRfaol

TWR [- TWR=——""—

g MRu*orkpiece

Material removed from the workpiece was estimated
as a frustum of cone volume. In fact, the machined hole
is not cylindrical due to the debris movement and secon-
dary discharge occurring between the hole and the
electrode side. Material removed from the tool was calcu-
lated as the volume of a hollow cylinder having Dext the
external diameter of the electrode, Dint the internal dia-
meter of the electrode and ht the measured tool wear.

4 Analysis of the results

Considering the large number of tested conditions, a
Technology index was defined in order to resume the pro-
cess parameters combination (peak current, voltage and
frequency).

The Technology index was defined as:

Technology = Peak Current * Voltage * Frequency (1)
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4.1 Tungsten carbide electrode

Figure 1 and Figure 2 show machining time and MRR,
calculated for each step, as a function of the achieved
depth of the micro-holes and for different technologies.
For sake of clarity, only some representative technologi-
cal conditions are plotted. In general, as drilling progress,
machining time of following sub-step slightly decreases;
increasing the power discharge, the process time decre-
ases strongly (comparing the maximum and the minimum
power discharge curves, machining time for each step is
halved). Some remarks can be drawn for MRR curves
even though, in this case, the effect due to the increasing
hole depth is more noticeable, partially because of the re-
duction of effective diameter along the hole depth (hole
conicity).
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Fig. 1 Machining time calculated for each step, as a
function of the achieved hole depth and for different
technologies (tungsten carbide electrode)
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Fig. 2 MRR calculated for each step, as a function of the
achieved hole depth and for different technologies
(tungsten carbide electrode)

Tool wear as a function of the hole depth is reported
in Figure 3. The wear, after an initial increasing with the
depth, decreases slowly. High power discharge has a ne-
gative effect on the tool wear giving rise to a remarkable
increase of this index. TWR curves (Figure 4) show
always an increasing trend, despite the level of tool wear
decreases. The increase of TWR for increasing hole depth
is partially caused by the conical shape of the hole: in the
last drilling steps the workpiece material removed is les-
ser since the permanence time of the tool is lower and
then the parasite discharges are limited. Some of the pre-
sent results are not fully in accord with other studies [12]
since the use of high pressure internal flushing limits the
debris accumulation at the bottom of the hole, that causes

the abnormal discharges when a deep hole is executed.
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Fig. 3 Tool wear calculated for each step, as a function
of the achieved hole depth and for different technologies
(tungsten carbide electrode)
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Fig. 4 TWR calculated for each step, as a function of the
achieved hole depth and for different technologies
(tungsten carbide electrode)

4.2 Brass electrode

Machining time for each step for brass electrode is re-
ported in Figure 5; also in this case, only some represen-
tative number of technologies are shown.
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Fig. 5 Machining time calculated for each step, as a
function of the achieved hole depth and for different
technologies (brass electrode)

It can be observed that, when the drilling progresses,
machining time of following sub-steps slightly decreases.
Moreover, the effect of an increase of the power discharge
is a decrease of the process time. The MRR for each step
(Figure 6) decreases when the hole depth increases. Con-
cerning the effect of power discharge, it can be observed
that the maximum MRR curves correspond to intermedi-
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ate values of power discharge. This can be justified con-
sidering that in general the overcut increases when the
machining time increases (and therefore reducing the
power discharge). In this way, the effect of larger diame-
ter may result in a greater MRR.

Tool wear and TWR for each step are shown in Figure
7 and Figure 8. Generally, the tool wear decreases when
increasing the hole depth while, the tool wear is getting
worse when the power discharge increases. TWR curves
show a growing trend as a function of the hole depth,
while the effect of the power discharge is the same as tool
wear. The same consideration reported for the tungsten
carbide electrode can explain this behavior.
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Fig. 6 MRR calculated for each step, as a function of the
achieved hole depth and for different technologies
(brass electrode)
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Fig. 7 Tool wear calculated for each step, as a function
of the achieved hole depth and for different technologies
(brass electrode)
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Fig. 8 TWR calculated for each step, as a function of the
achieved hole depth and for different technologies
(brass electrode)

5 Performance comparison between tungsten
carbide and brass electrodes

Figure 9 shows the comparison of the progressive
MRR technology windows for tungsten carbide and brass
electrodes. The progressive MRR is calculated as
follows:

MMR = .. MRworkpiece,
Z:l:lli

where MRworkpiece; is the removed volume for the
i-th step and t; is the machining time recorded at the i-th
step. The limits of each region are defined by the process
conditions giving rise to the minimum and maximum
MRR. The behaviors of tungsten carbide and brass
electrodes are interpolated by second degree polynomial
curves (R? higher than 97%). Since brass electrode has a
higher electrical conductivity and commonly requires
higher power discharge, it permits to obtain micro-holes
more quickly. Moreover, while for the tungsten carbide
electrode the difference between the maximum and the
minimum curves is almost the same along the depth, for
the brass electrode the advantage of using high power
discharge is reduced as the hole depth increases.
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Fig. 9 Progressive MRR area for tungsten carbide and
brass electrode

Figure 10 shows the comparison of progressive tool
wear technology windows for tungsten carbide and brass
electrodes. The trend of each condition is linear with a
correlation index of 99%. Tungsten carbide electrode, ha-
ving a melting temperature higher than brass, is subjected
to a minor wear; the wide technology window of brass
electrode corroborates its sensitivity to the hole depth.

Figure 11 illustrates the progressive TWR area calcu-
lated as:

Zn MRtool,
TWR, = ==
Zi:l MRworkpiece.

where MRtool; and MRworkpiece; are respectively
the electrode and the workpiece removed volume at the i-
th step. In this case the TWR of tungsten carbide and brass
electrodes are interpolated by second degree polynomial
curves. All the interpolating equations have a correlation

3
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index higher than 97%. The overlapping of the TWR re-
gions between brass and tungsten carbide demonstrates
that brass electrode used with low power discharge per-
mits to obtain values of TWR comparable to the tungsten
carbide ones.
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Fig. 10 Progressive tool wear area for tungsten carbide
and brass electrodes
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Fig. 11 Progressive TWR area for tungsten carbide and

brass electrodes

6 Conclusions

The optimization of the process parameters for micro-
EDM drilling contributes to improve the level of susta-
inability. For micro-EDM drilling process, the hole depth
has a strong effect on the process performance. From this
perspective, a study of the performance behavior during
micro-EDM drilling on tungsten carbide, using two types
of electrodes, was carried out; in particular, the evolution
of the process performance during the entire drilling
phase was analyzed.

In the range of the considered depth, as the process
progressed, the performance has a generally linear trend.
In general, with respect to the tungsten carbide electrodes,
brass electrodes allow a higher MRR to the detriment of
the tool wear. Anyway, in some experimental conditions,
the level of wear of the two electrodes is comparable. In
fact, TWR area diagram shows an overlapping of the re-
gions of the two electrode materials.

The knowledge of the process performance is useful
to predict MRR and TWR, as a function of the target hole
depth, for both the tested electrodes. This prediction abi-
lity could be very useful in industrial applications during
the entire decisional process where in most cases several
constraints have to be satisfied.
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