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Abstract The micro-electrical discharge machining (micro-
EDM) process has proved to be an appropriate nonconven-
tional machining method for manufacturing accurate and
complex three-dimensional structural micro-features which
are difficult to be produced by conventional processes.
However, the miniaturisation of the EDM process requests
special requirements on the machining equipment. Pulse
generators which can produce small input energy pulses
and high precision systems are the two major requirements.
In this paper, newly developed technologies regarding these
aspects are explored with the aid of a commercial micro-
EDM machine. By examining the pulses, innovative
strategies implemented in the pulse generator are studied.
Pulse measurements reveal the correlation between the
discharge pulses and the machine parameters in order to
provide an overview of process capability. Conclusions are
applied on machining of a ceramic composite Si3N4-TiN
and optimised machining settings for different machining
conditions are achieved. Accordingly, applications of two-
and three-dimensional micro-structures on different types of
materials such as a stainless steel micro-compressor and a
ceramic miniature gas turbine are demonstrated. By
inspecting the machining geometry and surface integrity,
process characteristics of micro-EDM are discussed.
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1 Introduction

Electrical discharge machining (EDM) is a thermo-electric
process which erodes material from the work-piece by a
series of discrete sparks between the work-piece and the
tool electrode, both submerged in a dielectric fluid. The
sparks, occurring at high frequency, continuously and
effectively remove the work-piece material by melting and
evaporation. The dielectric acts as a deionising medium
between two electrodes, and its flow evacuates the
resolidified material debris from the gap, assuring optimal
conditions for spark generation. The thermal nature of
EDM allows machining any electrical conductive material
irrespective of its hardness and strength. Generally, EDM
allows the shaping of complex structures with high
machining accuracy in the order of several micrometres
and achievable surface roughness Rz=0.4 μm [1]. During
last few decades, this process has found wide applications
in many industrial domains, such as mould and die
manufacturing and small and burr-free hole drilling.
Furthermore, it proves to be a competitive method for
ceramic processing because of the abilities to provide
accurate, cost-effective and flexible products [2].

As a consequence, the use of EDM for micro-scale
manufacturing is inevitable and has been attracting more
and more attention in recent years. Promising applications
are not only limited to the machining of hard materials for
micro-moulds or cutting tools but also the production of
difficult-to-make structures such as fuel injection nozzles,
spinneret holes for synthetic fibres, electronic and optical
devices, micro-mechatronic actuator parts and micro-tools
for producing these devices [3]. Moreover, machinable
materials are no longer restricted to high-hardness alloys or
cemented carbides. More extended applications are the
machining of semi-conduct materials such as silicon [4] and
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even insulating ceramics like Si3N4 using conductive
assisting electrodes [5]. By introducing a conductive
secondary phase such as TiN, WC, TiC0.5N0.5, and TiB2

etc., Si3N4-, ZrO2- and Al2O3-based advanced engineering
ceramics, which have excellent mechanical and physical
properties, can also be machined by EDM [1, 6]. In
addition, the implementation of high frequency electrical
components in pulse generators, development of accurate
motion drive devices and the availability of advanced CNC
systems allows high precision manufacturing and complex
3D micro-structuring [7–9].

However, the knowledge of micro-EDM of these
ceramic composites is still limited, especially on process
capability, machining performances and material properties.
In this paper, by characterising discharge pulses of the
micro-EDM process, machining behaviour of a Si3N4-TiN
ceramic composite, thus, is investigated concerning ma-
chining speed and surface quality. First of all, a brief
introduction of the micro-EDM configurations as well as an
overview of their capabilities is presented. Requirements on
micro-scale machining are addressed. Secondly, investiga-
tion of machining performances of Si3N4-TiN is conducted
based on the discharge pulse behaviour in relation with the
input electrical parameters; the state-of-the-art strategies
applied in pulse generation, thus, are measured, providing
essential information to determine the correct parameters
combination in order to achieve stable machining condi-
tions. Finally, as application examples, precision machining
of stainless steel and ceramic composite into two- and
three-dimensional micro-structures such as a micro-
compressor and a micro-gasturbine as well as the end
results are discussed.

2 Characteristics of micro-EDM

Similar to macro-EDM, micro-EDM is also classified into
several manufacturing configurations by simply scaling
down the machining geometries. In general, micro-wire,
die-sinking, milling and drilling EDM are the widely
recognised machining methods. They can produce a feature
size down to a few microns with possible aspect ratio of
100 [3]. In particular, Micro-wire electro-discharge grinding
(WEDG), firstly introduced by Masuzawa [10] in 1985, is
also regarded as an important micro-EDM configuration
(Fig. 1). This process is broadly used for forming very thin
rods with high-aspect ratio, which can be used as tool
electrodes for micro-EDM drilling or milling. Moreover, it
also allows shaping the tools into complex geometries
which can be applied directly for fabricating 3D structures
[11] and die-sinking. Through on-machine forming of tool
electrodes by an integrated WEDG unit, off-centre prob-
lems due to spindle rotation can be avoided. An overview

of the capabilities of these machining variants is listed in
Table 1.

Generally, in order to satisfy the condition of micro-
machining, small material unit removal and high precision
equipment are required [12]. In the case of micro-EDM, a
small unit removal condition commonly means the dis-
charge energy We induced in the sparking gap during one
pulse must be as low as possible, by which:

We ¼
Z te

0
ueðtÞieðtÞdt ð1Þ

with

We Discharge energy [J]
te pulse duration [s]
ue Discharge voltage over the sparking gap [V]
ie Discharge current [A]

During a discharge, gap voltage ue normally lies in
between 10 to 40 V and is uncontrollable depending on the
electrode materials and connecting interfaces. Thus ie and te
determine the energy level. To maintain an efficient
discharge, ie has to be sufficiently large; as a consequence,
to obtain typically hundreds or tens of nJ for We, te has to be
reduced significantly to ns range. In conventional EDM
where a static iso-energetic pulse generator uses a transistor
to switch on/off DC power (Fig. 2a), it is difficult to

Fig. 1 Wire Electro-discharge grinding (WEDG) [10]

Table 1 Overview of micro-EDM capabilities

Micro-
EDM
variant

Geometric
complexity

Min. feature
size (μm)

Max.
aspect
ratio

Surface
quality
Ra (μm)

WEDM 3D 3 ∼100 0.1–0.2

Die-
sinking

3D ∼20 ∼15 0.05–0.3

Milling 3D ∼20 10 0.2–1

Drilling 2D 5 ∼25 0.05–0.3

WEDG 3D 3 30 0.5
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provide short te because of the long delay time for the
discharge current to diminish to zero after detecting the
occurrence of a discharge [1]. In this case, resistance–
capacitance (RC)-based generators are widely employed for
pulse generation in micro-EDM (Fig. 2b). By using small
capacitance (less than 1 nF) and physically reduce the
inductance of the discharge circuit, te can be dramatically
reduced.

Another important requirement for micro-EDM to obtain
high geometry accuracy is accurate tool wear compensa-
tion. Variable compensation strategies have been developed
in last years, especially for milling EDM. Combinations of
on-line discharge pulse sensing and off-line wear prediction
are the extensively used method. By inspecting tool length
periodically during machining, tool wear can be continu-
ously calculated, and the actual wear compensation factor is
adjusted and adapted on the basis of this real-time
evaluation [13]. In addition, by integrating the off-line
wear prediction factor into CAD/CAM for tool path
generation, automated 3D manufacturing becomes feasible,
more efficient and accurate.

Last but not least, high precision equipment, the imple-
mentation of accurate motion drives and rapid response
servo system are required to assure precise movement of the
feeding system and stable control of the gap between the
electrodes. Several EDM machine tool builders have
commercialised these concepts. In the following paragraphs,
by characterising the discharge pulses of a relaxation pulse
generator, investigation on micro-EDM machining perform-
ances of a ceramic composite Si3N4-TiN is introduced.

2.1 Investigation of machining performance on Si3N4-TiN

2.1.1 Experimental set-up

Figure 3 shows the micro-EDM machine used for the
experiments: a four-axis SARIX SX-100-HPM (SARIX
SA, Switzerland) and its peripherals. The electrical input
parameters available on the machine as well as their units are
listed in Table 2. Negative polarity is applied through entire
experiments, and hydrocarbon oil is used as dielectric.

A schematic view of the set-up for pulse measurement is
shown in Fig. 4. As illustrated in this figure, the generator

provides the power supply via two cables to the tool
electrode and the worktable. The compact construction with
short wiring between the generator and the spindle ensures
a low stray capacitance and inductance of the entire
discharge circuit. By attaching the measurement probes on
these two electrical joints respectively and through a
floating high voltage differential probe (Tektronix P5205),
the voltage signal over the machining gap can be detected
and displayed synchronously. The probe for sensing the
current (Tektronix A6303) is clamped on one of the cables
which is closer to the tool electrode in order to eliminate the
influences of inductance between work-piece and ground;
the current signal is further amplified by an amplifying
system (Tektronix AM503 Current amplifier). Both voltage
and current waveforms are read by a high-speed digital
oscilloscope (Tektronix TDS 754A, bandwidth 500 MHz
and sample rate 2 Gs/s).

The Si3N4-TiN ceramic composite employed in this
research is obtained from a commercial ceramic supplier
Saint-Gobain (Kersit 601®). The measured mechanical and
physical properties of the composite are listed in Table 3.
Tool electrodes applied in the experiment are Ø 0.5 mm
tungsten carbide solid rods rotating at 600 rpm.

Generator 

Controller WEDG unit 

Remote Control 
Panel 

Spindle 

Fig. 3 SARIX SX-100-HPM and peripherals

Tool 
electrode 

workpiece 
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Tool 
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workpiece 
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Rd 
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b

Current 
source 

FET Fig. 2 Simplified generator
schemes for a static pulse gen-
erator and b relaxation pulse
generator
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2.1.2 Pulse characterisation

In Fig. 5, collected voltage and current waveforms over the
gap during machining are displayed. It shows the gap status
for a time period of 50 μs with three consecutive normal
discharge pulses. At the beginning of a spark, the open gap
voltage Uo between the electrodes is maintained at 100 V
until the dielectric breaks down and the discharge current ie
(maximum value ∼4 A) flows through the gap for a
discharge duration te. By using higher acquisition rate of
the oscilloscope, this duration is accurately measured as
380 ns. After a time interval to of 5 μs, the capacitor in the
RC circuit starts to be recharged. However, it is not directly
charged to the open gap voltage Uo like a normal RC
generator. After a duration tc1, an intermediate voltage U′
around 30 V is achieved. This voltage is not able to break
down the dielectric and initiate the spark. After a delay
period td1, the gap voltage reaches Uo during a second
charging period tc2. After an ignition delay td, a discharge
occurs and the energy stored in the RC circuit is released.
At this moment, a whole charge and discharge pulse cycle
has been accomplished and the pulse cycle time is
characterised by tp.

Apparently, with the exception of parameter U, there is no
obvious relation between the input parameters I and W and
the actual discharge pulses in the way of peak current ie, cycle
time tp and duration te. However, it is noticed that the charge
cycle (tc1+td1) is equal to the reciprocal of parameter F.

By changing parameter E, similar patterns of voltage and
current waveforms are examined (Fig. 6). However, the
average maximum discharge current shows dramatic differ-
ences even if all the other parameters are kept almost the
same. Meanwhile, the discharge duration is reduced from
800 to 80 ns, together with a dramatic reduction of average
peak current. Apparently, the discharge energy level, which
is expressed by means of an index number grouped in
series, separates the layouts of the generator and determines

the amount of energy stored in the RC circuit. Because of
the different configurations of generator, a negative voltage
is observed during the discharge when applying E 110; yet,
this phenomenon is not observed when applying E 206 and
E 15.

In Fig. 7, variant voltage and current waveforms are
obtained by increasing the input parameters U and I,
respectively. Other electrical parameters are kept the same
as shown in Fig. 5. The discharge current duration shows
little change (350–400 ns) in both variations. In Fig. 7a, the
input parameter voltage changes to 200 V. As a result, Uo

increases to the corresponding value but three intermediate
voltage steps are involved comparing to one step in Fig. 5.
The pulse cycle time tp is increased accordingly, as well as
the maximum discharge current. Consequently, the energy
input for each pulse is raised. In contrary, the increase of
input parameter I (Fig. 7b) does not bring any variation on
ie. In this condition, the voltage is directly charged to Uo

without any intermediate step. Compared to Fig. 5, it results
in a reduced cycle time and the efficiency of the discharge
is increased. Nevertheless, more abnormal discharges are
observed in general because of less relaxing time to recover
the strength of the gap.

Waveform comparisons by varying the last two electrical
parameters F and W are also illustrated in Fig. 8. Other
electrical parameters are kept the same as shown in Fig. 5.
According to the measurement, the variation of these two
parameters does not provide any change in the discharge
pulse duration te; a slight difference in maximum discharge
current ie is examined. As mentioned before, with the
decrease of F (Fig. 8a), the cycle time for each recharge is
correspondingly prolonged. As can be seen on Fig. 8b, the
decrease of W leads to an increased number of charging
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Fig. 4 Schematic view of the set-up for pulse measurement

Table 3 Mechanical and physical properties of Si3N4-TiN ceramic
composite

Supplier Saint-Gobain

Grade Kersit 601

Chemical composition Si3N4 64 vol.%

TiN 36 vol.%

Density (g/cm3) 3.97

Hardness HV10 (kg/mm2) 1508±33

3-point bending strength (MPa) 979±120

Young’s modulus (GPa) 333±3

Electrical Resistivity (10−7 Ω m) 160

Thermal conductivity 20°C (Wm−1 K−1) 28

Parameter Polarity Energy Voltage Current Frequency Width

Unit ± (index) V (index) kHz μs

Abbreviation E U I F W

Table 2 List of electrical input
parameters of the SARIX
machine
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steps though the time intervals in between are kept constant
comparing to the waveform in Fig. 5. In both cases, the
discharge cycle time is extended.

As a conclusion, this advanced RC-based generator is
able to generate very short discharge pulses in favour of
providing small unit removal as mentioned in the first
section of this chapter. At the limits of the machining
parameters, extreme short pulse duration of 50 ns and low
discharge current of 0.25 A are observed. Taking discharge
voltage ue∼20 V, discharge energy around 125 nJ, thus, can
be obtained. The reason for the generator builders to apply
this multiple-step RC charging strategy is highly likely to
have more controllability and uniformity of the discharging
process, the lack of which has been proved to be the
disadvantage for conventional RC generators [14]. Further-
more, comparing to consecutive pulses generated by a
conventional RC generator, more time interval is allowed
for the dielectric to recover its strength and the possibilities
of abnormal machining can be reduced. Still, there is no
explicit explanation on the correlation between some of the
electrical parameters with the discharge pulses which could
determine the charge behaviour of the capacitor in the RC
circuit. So far, further pulse analysis and evaluation are still
under investigation.

2.1.3 Machining performances and strategy development

Based on the discharge pulse characterisation performed in
previous section, more understanding of the machine
parameters is obtained. Accordingly, process investigations
on the machining of Si3N4-TiN ceramic composite become
more straightforward. Since the energy difference is
discrete and mainly determined by parameter E, three
machining regimes are investigated: roughing, semi-
finishing and finishing, respectively. For the roughing
regime, maximum material removal regardless of tool wear
and surface quality is preferred; for semi-finishing and
finishing regime, low tool wear to attain a shape consis-
tency and geometrical accuracy, as well as a satisfactory
surface roughness, is required. By varying other electrical
parameters, a stable machining condition is achieved for
each regime. It allows a sufficient period of the pulse
interval for recovering the strength of the gap, while
keeping up a maximum machining efficiency; in the
meantime, no violent arcing behaviour, light flashes and
presence of short circuits or arc discharges are observed on
the oscilloscope.

Machining performances in the form of material removal
rate (MRR), tool wear ratio, surface roughness (Ra) and the
sparking gap for each regime are listed in Table 4. The
measured open gap voltage Uo (V), average peak current
ie (A), average pulse duration te (µs) and pulse interval
to (µs) are also listed in the table correspondingly.

As can be seen in the table, micro-EDM machining
properties of this ceramic composite is following the same
trend as machining of steel: higher discharge energy, higher
machining speed, higher surface roughness and less the tool
electrode wear. The material removal rate is high compar-
ing with machining stainless steel, and extremely low tool
wear is revealed. However, relatively high surface rough-
ness is obtained even at the finishing regime where the
parameters are nearly operated at the limit of the machine
settings. Further research [15] explains this phenomenon
according to the examination of the surface microstructure;

Fig. 5 Measured voltage and current waveforms over the discharge
gap; E=110, U=100 V, I=80, F=120 kHz, W=3.0 µs

Uo 

ie 

0 

0 

a

Uo

ie

0

0

b

Fig. 6 Comparisons of voltage
and current waveforms with
varied input parameter E:
a E=206, U=100 V, I=30,
F=100 kHz, W=3.0 µs;
b E=15, U=70 V, I=30,
F=120 kHz, W=5.0 µs
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Fig. 8 Comparisons of voltage
and current waveforms with
varied input parameters:
a F=60 kHz; b W=0.1 µs.
Other input parameters
are the same as in Fig. 4

Table 4 Micro-EDM milling of Si3N4-TiN machining parameters and
properties with WC tool electrode

Regime Roughing Semi-finishing Finishing

Electrical parameter

Uo (V) −150 −100 −70
ie (A) 16.5 10 0.6

te (µs) 1.30 0.87 0.05

to (µs) 10 6 9

Machining properties

MRR (mm3/min) 0.364 0.121 0.002

TWR (%) 1.82 7.55 12.71

Ra (µm) 2.45 1.45 0.62

Gap (µm) 15 10 5
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Fig. 9 Micro-EDM hole dril-
ling on ceramic composite
Si3N4-TiN with aspect ratio of
20

 Eccentricity
error 

Fig. 10 A micro-compressor on
a Ø 1 mm cylinder: top and
detail views
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Fig. 11 Discharge crater size of micro-EDM milling processes
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Fig. 12 Close views of the
Micro-EDM milling process
and a finished turbine impeller
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chemical reactions which lead to decomposition and
oxidation of Si3N4 and TiN during the EDM process as
main material removal mechanisms are proposed. This
intrinsic property limits the surface quality which can be
achieved but in another way helps the material removal
speed on this ceramic composite.

2.2 Micro-machining applications

In the previous section, low discharge pulse energy
generation as a requirement for realising micro-machining
has been described. In this section, micro-EDM results
obtained with precision equipment, represented by the
machining examples on both traditional and novel materi-
als, i.e. stainless steel and Si3N4-TiN ceramic composite
will be presented. With the examined results, micro-
machining characteristics are discussed.

This machine uses both micro-EDM milling and drilling
configurations with an integrated WEDG unit. The special-
ly designed spindle and clamping head allow the use of thin
solid or tubular electrodes with diameters ranging from 0.04
to 1.0 mm combined with external or internal dielectric
flushing. The electrodes, varying in different sizes and
materials, are commercially available. They can also be
shaped in situ by the WEDG unit. This allows obtaining
micro-tools down to a diameter of 8 μm with almost zero
run-out. The machine applies a layer-by-layer milling
strategy with very small layer thickness, which assures the
frontal shape intactness of the electrode and relatively exact
anticipated tool wear compensation value. During the
process, a reference point nearby the working area is
defined, tool length is, thus, examined periodically at this
point; anticipated tool wear compensation value is recalcu-
lated according to the measurement results and adapted into
further machining. Furthermore, the electrode feeding
system can automatically extend the active tool length if
the machine detects a tool shortage. Thanks to the advanced
motion drive system, a minimum machining layer of
0.1 μm can be set. Therefore, accurate manufacturing of
complex shapes can be well achieved. A special CAM
module developed by ESPRIT for SARIX in combination
with the WEDG unit simplifies the programming and
provides possibilities of automation.

As mentioned in the first chapter, one of the widest
applications for micro-EDM is burr-free hole drilling. In
Fig. 9, a micro-hole on ceramic composite Si3N4-TiN with
diameter around Ø 0.041 mm and an aspect ratio of 20 is
shown. It is machined by a Ø 0.02 mm WEDGed tungsten
carbide tool using the semi-finishing regime. However, it
suffers from poor surface quality as can be seen in the cross
section view (Fig. 9) because of intrinsic EDM material
removal mechanisms mentioned in previous section (Sec-

tion 2.1.3). As a result, limited shape accuracy can be
attained.

The second application example presented here is a
micro-compressor (Fig. 10). It is a two-and-a-half dimen-
sional structure, machined on the tip of a 1-mm diameter
cylinder. Materials used for electrode and work-piece are
tungsten carbide and stainless steel, respectively. The centre
hole with diameter 0.3 mm is micro-EDM drilled directly
with a purchased electrode. The blades are micro-EDM
milled with the same tool after it was reduced to a diameter
of 40 μm by WEDG. The incremental depth for each
micro-EDM milling layer is 0.5 μm. All the blades show
good consistency, and the examined shape accuracy is less
than 1 μm. Furthermore, no taper angle and obvious path
mark on the side wall of the blades is observed.

However, the achieved geometry still reveals a problem.
An eccentricity error of about 20 μm is measured (Fig. 10).
This could be introduced by the centring procedure of the
cylinder. Overcut of the blades around the centre hole could
be due to the lack of accurate information on the sparking
gap size with the corresponding machining settings.

Since it is not possible to use a tactile roughness
measuring system and there is no optical profilometer
available, the surface roughness of machined blades can
only be estimated empirically. The examined crater size on
micro-EDM milled surfaces (Fig. 11) is about 6.5 μm in
average. The relationship between the single-shot discharge
cavity and surface roughness Rmax is estimated according to
Eq. 2 as mentioned in [16]:

Rmax ¼ 2h1 þ h2 d ¼ 10 � 20ð Þh1 ð2Þ
where d and h1 are the diameter and depth of the single-shot
discharge cavity, respectively; h2 is the protrusion height
around the discharge cavity. Take an experiential value h2=
0.2 µm, the evenly spread craters for the micro-EDM
milling process should give an Rmax around 0.85 μm. An
average surface roughness Ra of about 0.08 µm is estimated
(take Rmax≈10×Ra).

Another application example is micro-EDM milling of
Si3N4-TiN ceramic composite into a miniature three-
dimensional gas turbine impeller which serves as a key
component for a micro power generation system [17]. A
close view of the manufacturing process is illustrated in
Fig. 12. The milling of each cavity starts with a Ø 1.0 mm
WC tool for pocketing using the roughing regime to
remove the bulk of the material, then followed by a Ø
0.7 mm tool for wall finishing using the semi-finishing
regime. Due to the extremely low machining speed of the
finishing regime, only two steps are performed. The same
layer-by-layer machining strategy is applied and the layer
thickness for pocketing and wall finishing are 8 and 3 µm,
respectively. The shape and geometrical accuracy of the
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cavity is measured on a Coordinate Measuring Machine
(Mitutoyo FN 905). All machined surfaces (pressure,
suction and hub surfaces) show good consistency compar-
ing with the original CAD model. However, even with
rather high MRR, the total machining time for one cavity
takes around 20 h.

3 Conclusion

The requirements for the micro-EDM process are presented
and discussed. According to the studies of pulse generation on
a commercial micro-EDM machine, advanced strategies
applied by the machine builders have been revealed. The
ability of producing ultra-short discharge pulse duration in the
range of 50 ns and low discharge current of 0.25 A, guarantees
a small energy input of each discharge and assures a small unit
material removal. However, there still remains a lack of
explicit correlation between some machining parameters and
generated pulses. High feature accuracy less than 1 μm on a
2.5 dimensional stainless steel application example is
achieved. The machining of exotic material such as Si3N4-
TiN ceramic composite into a complex three dimensional
structure gives also excellent result in shape accuracy.
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