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Abstract

In Wire Electrical Discharge Machining (WEDM) the erosion process is based on the superposition of craters. The plasma channel and the
craters’ shape have an impact on the process and on the characteristics of the machined surface. This impact goes from the cutting speed to
the surface roughness passing through workpiece temperature gradient during the spark. Several models simulate the crater formation through
thermal analysis, yielding symmetrical shapes. Commonly non-homogeneous and random aspects in the dielectric and the electrode geometry
are neglected. Such features introduce an asymmetric aspect to the crater shape. To investigate the influence of the tool electrode geometry on
the craters’ shape, single craters on steel are produced at different pulse energy levels and with three different wire diameters 0.20mm, 0.25mm
and 0.30mm. An optical microscope is used to map the single craters’ topography and subsequently extract their dimensions. The single craters’
lengths and aspect ratio are analyzed. In the lower energy range the random aspects dominate the crater shape, the craters are smaller and rounder.
Higher energy pulses create consistently bigger and elongated craters. The aspect ratio depends on the wire geometry, thinner wires produce more
elongated craters. This behavior reinforces the idea that from a certain energy level on the tool geometry effects overcome the random aspect of
the process, generating elongated craters.
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1. Introduction

in Wire EDM, the material removal process is based on
sequential electrical discharges that happen between the elec-
trodes. The discharge heats up the workpiece locally, the mate-
rial melts and is flushed away, leaving a small crater on the sur-
face. The craters are fundamental to the process, since the fresh
cut surfaces are made by the superposition of such craters.

The physics of the whole process is not yet clear. Since it
involves different disciplines as thermodynamics, hydrodynam-
ics and electrodynamics. A representative model of the crater is
important to better understand the process and predict the influ-
ence on the surface features.

Various models predicting the crater formation can be found
in the literature. Several authors choose a heat analysis ap-
proach [1, 2, 3, 4, 5, 6, 7]. This is a common choice due to
the nature of the EDM process. Usually these models assume
symmetry for the heat source and the bubble implosion. Which
almost inevitably leads to a symmetrical craters.

Shao et al. [1], for example, have developed an electro-
thermal model for micro-EDM. Realistic aspects were incorpo-
rated in the model such as an expanding heat source and temper-
ature dependent properties. The shape of the crater is defined,
at the end of the simulation, by the melting isothermal surface.
To make the craters more realistic and closer to experimental
values, a re-scaling factor is introduced. As a result, the crater
is homogeneous and symmetrical. Hinduja and Kunieda have
pointed out the difficulty to define the boundary conditions [8]
for such simulations.

A thermal based approach is not the only possibility. Yang et
al. [9] used molecular dynamics to simulate the crater formation
process in micro-EDM. For discharges in the picosecond range
generating craters with diameters around 10nm. Their study has
considered the ejection of the material, the expansion and col-
lapse of the bubble. The simulation model predicted realistic
crater with a bowl shape and rim. But the magnitudes of this
approach make it virtually impossible to be used for the simu-
lation of common production conditions.

From the experimental perspective, many authors have re-
ported a non symmetrical crater shape. Tao et al. [5], for exam-
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ple, have simulated the craters through a heat analysis approach.
During the validation step, they reported craters with an uneven
rim and asymmetrical aspect.

Several phenomena were studied as a possible origin of the
reported asymmetry. Yue and Yang [2] have studied the effects
of the plasma channel on the crater formation. They have found
that the plasma moves randomly around the cylindrical tool
electrode at speeds of 50−120m/s. They suggest that this move-
ment is fundamental to understand the removal of the molten
material and therefore the formation of the craters.

Feng et al. [10] have studied overlapped and non uniform
craters. They have tried to express mathematically the uneven-
ness of the rim and the bottom of the craters, which is present in
experimental craters and is not usually taken into consideration
or simulated.

The electrode geometry also plays a role in the development
of the process. Schumacher [11] has studied the discharge pro-
cess and has captured the influence of the geometry in the gas
bubble with a high speed camera. Asymmetrical gas bubbles
influence the material ejection and therefore the crater shape.
Kitamura and Kunieda [12] have observed the plasma channel
from the back side of a transparent electrode. The images taken
by a high-speed camera showed that the diameter of the arc
plasma is significantly bigger compared to the gap width and
that the arc plasma grows at a higher speed than the crater ra-
dius.

Borges et al. [13] have observed elongated craters as re-
ported in figure 1. They suggest that the wire geometry in-
fluence overcomes the random aspects of the process at high
energy levels, creating elongated craters in the wire direction.
Nevertheless, they have not changed the wire diameter to sup-
port this claim.

Fig. 1. Elongated single crater

This study aims to further investigate the effects of the wire
geometry on the crater shape. This is done by analyzing several

single craters generated with different energy levels and three
wire diameters.

2. Materials and methods

2.1. Machine and workpiece

A WEDM machine, AgieCharmilles CUT P350, is used to
prepare the specimen and produce the single craters. Brass wire
with 0.15mm, 0.20mm and 0.25mm diameter, from Thermo-
compact, is used as tool electrode. The proccess takes place in
deionized water, kept at 10µS . The workpiece used is stainless
steel DIN 1.2379. Its chemical composition is presented in table
1 while its physical properties are shown in table 2.

Table 1. Steel 1.2379 chemical composition

C Si Mn Cr Mo V

1.55% 0.30% 0.30% 11.30% 0.75% 0.75%

Table 2. Steel 1.2379 physical properties

Physical property Value

Specific heat capacity 460 J/(KgK)
Thermal conductivity 20 W/(mK)
Density 7.7 g/cm3

Heat of fusion 276 J/g

2.2. Single crater

Before producing the single craters, the workpiece surface
was prepared with the WEDM machine itself. A smooth surface
is manufactured with several passes, reaching at the end Ra =

0.3µm. The smooth surface facilitates the identification of the
single craters and its dimensions.

To produce the single craters, the wire is made to pass in
front of the smooth surface, as if it was a trim cut, with an in-
creased distance. The increased distance reduces the numbers
of sparks to a level where single craters can be identified. The
experiments are made with constant unwinding speed, kept at
9.9m/min, and constant feed speed, kept at 20mm/min. During
the time of a discharge, from 1µs to 2µs, the wire is threaded
by around 1µm and moves parallel to the surface by 0.7nm.

The machine uses a relaxation generator to produce the
pulses. The single craters are produced using 6 different energy
levels, i.e. 6 different capacitors and voltage combinations. But
the energy stored in the capacitors is not the energy of the pulse
discharge.

To calculate the pulse energy for each level, the machine is
idealized as a RLC circuit with a voltage element representing
the burning voltage. By acquiring the voltage and current signal
of the process, the values of the circuit can be inferred and the
pulse energy calculated. Table 3 shows the average pulse en-
ergy calculated per wire diameter. This value is more expedient
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to be used to compare the craters through the different diam-
eters than the energy stored in the capacitors of the generator.
Since changes in the tool electrode induce different losses in the
system and different percentage is available for the discharge it-
self.

Table 3. Pulse energy levels per wire diameter

Pulse Energy [ε]
Energy level 0.15mm 0.20mm 0.25mm

Lvl 1 0.31 mJ 0.31 mJ 0.32 mJ
Lvl 2 0.73 mJ 0.73 mJ 0.72 mJ
Lvl 3 1.00 mJ 1.00 mJ 0.99 mJ
Lvl 4 2.19 mJ 2.20 mJ 2.24 mJ
Lvl 5 9.92 mJ 10.58 mJ 10.56 mJ
Lvl 6 18.25 mJ 19.86 mJ 21.50 mJ

Since the single craters are produced by increasing the dis-
tance between the electrodes, there is no control on the number
of single craters created. For each configuration, several craters
were mapped. Table 4 presents the number of analyzed crater
per energy level and wire diameter.

Table 4. Number of analyzed single craters per wire diameter

Number of craters
Energy level 0.15mm 0.20mm 0.25mm

Lvl 1 89 69 138
Lvl 2 87 82 79
Lvl 3 77 91 81
Lvl 4 71 80 77
Lvl 5 99 100 96
Lvl 6 33 96 98

2.3. Crater dimensions

To map the topography of the single craters, an InfiniteFocus
microscope from Alicona is used. The pictures are made with
a 100x objective lens (vertical resolution of 0.01 µm and lateral
resolution of 0.85 µm). Figure 2 shows a single crater and the
correspondent topography acquired.

Fig. 2. Microscope image and respective topography of a single crater

The dimensions of the craters are determined by fitting an
ellipsoid equation to the crater topography. The fitting process

is performed by a Levenberg-Marquardt algorithm. Figure 3
shows an example of the region supplied to the fitting algorithm
in black as well as the correspondent ellipsis at the surface in
red. This model allows for the capturing part of the asymmetry
of the crater.

Fig. 3. The crater region supplied to the searching algorithm identified in black
and the ellipsis at the surface in red.

The ellipsoid equation used is presented below in eq. 1. The
center of the ellipsoid is made to be flexible, (x−x0) and (y−y0),
and to be able to rotate on the x-y plane, θ. The variables x∗ and
y∗ represent (x − x0) and (y − y0) respectively. The angle was
constricted to the interval [−45◦; 45◦] to avoid multiple solu-
tions.

The center of the ellipsoid in the z-direction is set to zero,
i.e. the center of the ellipsoid is placed at the same level as the
surrounding smooth surface.

[x∗ cos(θ) + y∗ sin(θ)]2

a2 +
[x∗ sin(θ) − y∗ cos(θ)]2

b2 +
z2

c2 = 1 (1)

After the fitting, the dimensions of the crater are available;
a is length in the semi-axis in the x direction, b is the length in
the semi-axis in the y-direction and c in the z-direction.

3. Results and discussion

After determining the dimensions of all the craters, it is pos-
sible to analyze the lengths of the craters one by one for the
different wire diameters and observe effects of the wire diame-
ter on the craters.

Figures 4 shows the measurements for the semi-axis in the
x-direction for each crater for the Brass wire with 0.20mm di-
ameter. The horizontal blue marks represent the average length
for each pulse energy level. An exponential curve is also fit us-
ing the data from each crater, this is meant to represent the trend
through the energy. In this case, the trend line suggests the for-
mation a plateau a little below 40µm.

This value represents a in the ellipsoid equation, the length
in the semi axis. That means that the craters have on average
80µm diameter, which is a value comparable to the wire diam-
eter, namely 200µm.
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Fig. 4. Length of the craters in the semi-axis X for wire diameter 0.20mm

Fig. 5. Trend lines for the length in the semi-axis X through the different wire
diameters

Figure 5 shows the trend lines for the length in x-direction
for the different wire diameters. The trend lines correspond-
ing to the diameters 0.20mm and 0.25mm show the formation
of a plateau, a little below 40µm and slightly above it respec-
tively. The values of the thicker wire appear to still be growing,
a plateau might possibly be formed at a higher energy value.

The formation of a plateau suggests that the crater growth
in the x-direction faces some level of restriction as the pulse
energy grows.

At the lower pulse energy values all crater present similar
values. Suggesting little to no influence of the wire geometry
on the crater size. Most likely, at this stage, the curvature of
the wire is small compared to the size of the plasma and the
defining variable is the energy.

A similar analysis in the y-direction and z-direction is done
in the next figures. Figure 6 presents the crater length in the y-
direction. Every crater measurement, the average length and the
trend line are also shown. The values in the y-direction do not

display a plateau or a tendency to stabilize. In this direction the
crater seems not to face many constraints for its growth.

Fig. 6. Length of the craters in the semi-axis Y for wire diameter 0.20mm

Fig. 7. Trend lines for the length in the semi-axis Y through the different wire
diameters

Figure 7 shows the trend line in the y-direction for all three
wires. They do not present a strong stabilization as shown in the
x-direction. There is less resistance for the crater to grow in the
y-direction.

At the lower energies, the values start again at a similar
value, namely 20µm. This behavior supports the hypothesis that
at low energies the wire diameter has little influence on the
crater dimensions.

The analysis in the z-direction for wire diameter 0.20mm in
shown in figure 8. Here again all measurements are shown in
red, as well as the average crater depth for each pulse energy
and the trend line.

The z-direction has the smaller absolute values. The values
show a slight increase with the increase of energy.

Figure 9 shows the trend line for the three diameters. The
values are very similar with less than one micrometer differ-
ence at the lower pulse energy region. The trend lines seem to
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Fig. 8. Length of the craters in the semi-axis Z for wire diameter 0.20mm

Fig. 9. Trend lines for the length in the semi-axis Z through the different wire
diameters

diverge for increasing energies. This can be explained by the
constriction of the plasma growth. With the thinner wires, the
plasma is constricted in one direction, namely x-direction. This
forces the formation of a denser plasma channel, which in turn
generates a deeper crater.

Just analyzing the average behavior in each direction might
be insufficient to affirm that the craters are elongated in the y-
direction. Since the dimensions of each crater are available it
is possible to analyze their aspect ration. The aspect ratio, ρ, is
defined in eq 2.

ρ =
b
a

(2)

Figure 10, like in the previous figures, shows the aspect ra-
tio for every single crater generated with the diameter 0.20mm,
along with the average aspect ratio for each pulse energy level
and the trend line. At the lower energy region, the craters as-
sume values above and below zero. In this region, the crater
take various shapes, with a light tendency to aspect ratios big-
ger than one. As the pulse energy increases, the crater assume

bigger aspect ratio. At the highest energy observed, all craters
have an aspect ration above one.

It is worth mentioning that the aspect ratios, at the two high-
est pulse energy value, have the lower boundary of the confi-
dence interval above one. This means, that they are statistically
elongated.

Fig. 10. Aspect ratios of the craters for wire diameter 0.20mm

Fig. 11. Trend lines for the aspect ratio through the different wire diameters

Figure 11 shows the aspect ratio trend line for the different
wire diameters. It can be seen that the aspect ratio increases
with the energy in all cases. The wire diameter influences the
intensity of the increase. The smaller the diameter, the faster the
aspect ratio grows.

As expected, at the lower energy region, the trend lines show
similar values. Since at this range, the wire diameter is expected
to have little effect on the crater shape.

Figure 12 shows the trend lines for the crater volumes. The
thinner wire presents an exponential tendency. While the other
wire diameters present a more linear behavior. For a givne en-
ergy, the thinner the wire, the bigger the volume of the crater.
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Fig. 12. Trend lines for the volume of the craters through the different wire
diameters

4. Conclusion

The shape of the craters are dependent on on a number of in-
fluences. Such as the bubble collapsing, plasma channel move-
ment, tool electrode geometry. The final shape of the crater is
therefore not deterministic.

The data presented shows that at the low pulse energy re-
gion, the wire diameter has little to no influence on the crater
dimensions. The length in the x and y direction as well as the
crater depth are all similar for all wire diameters. The aspect
ratio is also similar with an average slightly above one, though.
These values are more sensitive to the pulse energy changes.

At a certain point, the energy of the pulse makes the plasma
grow to a certain size, compatible to the wire dimensions, that
it starts to be influenced by the wire curvature. The plasma gets
constricted in the x-direction, this effect is clearly more intense
for the thinner wires. Such limitations are not present in the y-
direction

This phenomenon leaves craters that are consistently elon-
gated in the y-direction. From a given energy on, the random-
ness of the crater’s shapes are overcome and a systematic for-
mat is imposed on the craters. It makes the crater longer in the
direction of the wire.

The influence of the wire geometry and the restrictions im-
posed on the plasma also affect the depth of the craters. The
expansion restrictions makes the plasma channel more energy
dense and in turn generate marginally deeper craters.
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