y _
r :
\ 7 /"/ y -
\ - oW c o Artc MMatioare
% 4y Science Arts et Metiers
]
r
y /

Avrchive Ouverte - Open Repository
y

Science Arts & Métiers (SAM)

is an open access repository that collects the work of Arts et Métiers Institute of
Technology researchers and makes it freely available over the web where possible.

This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/11343

To cite this version :

Samuel BIGOT, Gianluca D'URSO, Cristina MERLA, Anthony SURLERAUX, Jean-Philippe

PERNOT - Estimating the energy repartition in micro electrical discharge machining - Precision
Engineering - Vol. 43, p.479-485 - 2016

Any correspondence concerning this service should be sent to the repository \ Arts
Administrator : scienceouverte@ensam.eu et Métiers



https://sam.ensam.eu
https://sam.ensam.eu
http://hdl.handle.net/10985/11343
mailto:scienceouverte@ensam.eu
https://artsetmetiers.fr/

Estimating the energy repartition in micro electrical

discharge machining

Samuel Bigot?, Gianluca D’UrsoP®, Jean-Philippe Pernot¢, Cristina Merla®*,

Anthony Surleraux®:¢

2 Cardiff School of Engineering, Cardiff University, Cardiff CF24 3AA, UK

b Dipartimento di Ingegneria Gestionale, dell'Informazione e della Produzione — DIGIP, Universita degli Studi di Bergamo, 24044 Dalmine, BG, Italy

¢ Arts et Métiers ParisTech, LSIS - UMR CNRS 7296, Aix-en-Provence, France

ABSTRACT
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This paper presents a new approach for the recording of the total quantity of energy exchanged during the
micro electrical discharge machining (EDM) process. In particular, this approach allows for the estimation
of the percentage of energy absorbed by the two electrodes (tool and workpiece) using a combination
of theoretical models and experimental results, thanks to an advanced discharges measuring approach.
An experimental campaign was executed on a Sarix SX200 micro-EDM machine with a tungsten carbide
tool electrode. In particular, the process was analyzed for two different electrode shapes, a triangular
and a rectangular based parallelepipeds, and two sets of machining parameters. After the execution of
the experimental campaign it estimate the total amount of energy that occurred during the entire die
sinking process. The energy effectively lost into the tool, into the workpiece and into the dielectric was
estimated from the measurement of the volume of material actually removed both from the tool and from
the workpiece. The preliminary results appears to fit those presented in the literature and the validity of
several theoretical crater models was then assessed. The validation of the presented acquisition method
could enable the use of information related to energy repartition in the simulation of the micro-EDM

process.

1. Introduction

Micro-EDM (electrical discharge machining) can be considered
as one of the most promising non-conventional micro-machining
techniques due to its ability to machine high aspect ratio micro
holes as well as complex 3D shapes in any conductive material
[1-3].

The technology behind EDM consists in two electrodes (also
known as the tool and the workpiece) that are immerged in a dielec-
tric fluid and submitted to an electrical current. As the distance
between the electrodes diminishes, the open gap voltage increases
until it reaches the breakdown voltage of the dielectric at which
point a discharge occurs. The distance corresponding to that break-
down voltage is known as the machining or sparking gap.

The discharge consists of a plasma channel that forms between
the two electrodes and transfers thermal energy to them.

* Corresponding author at: University of Bergamo - DIGIP, Viale Marconi 5, 24044
Dalmine, BG, Italy. Tel.: +39 035 2052330; fax: +39 035 2052043.
E-mail address: cristina.merla@unibg.it (C. Merla).

The heating of the metal leads to its vaporization and melting. After
the discharge has taken place, a single or multiple craters are left
on the electrodes’ surfaces. Due to the directional nature of the pro-
cess (determined by the current polarity) the crater dimensions on
the tool and the workpiece differ.

The formation of these craters is due to the collapse of the
plasma channel after the spark that creates a depression. Even
though part of the melted material is extracted and evacuated
by the dielectric and accounts for the presence of debris, a non-
negligible part of the melted material remains.

The process is influenced by numerous parameters such as the
electrical parameters (voltage, current, frequency, etc.), the dielec-
tric’s characteristics or the material properties that will determine
the machining performance in terms of surface roughness or mate-
rial removal rate [4].

A lot of attempts have been made in order to model the micro-
EDM process. It is possible to affirm that the main elements
considered in the majority of the models are the cathode, the anode
and the plasma channel between them. An assumption regarding
the energy distribution considers that part of the energy goes to the
tool and workpiece while the rest is lost in the dielectric. Despite
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this assumption, a lack of information about the micro-EDM effec-
tive amount of energy transferred to the workpiece emerges from
the literature. Several papers deal with the EDM energy distribu-
tion, but not much work has been performed referring to the micro
scale process. Shao and Rajurkar [5] determined the pulse energy
distribution ratio in the micro-EDM erosion process. In other words,
the distribution of the total energy of a pulse into each electrode and
the inter-electrode gap was determined, based on the dimensions
of the craters left on the tool and on the workpiece by the electric
discharges. It was demonstrated that the average pulse energy dis-
tribution is 9.4% to the anode and 3.6% to the cathode. Zahiruddin
and Kunieda [6], based on an experimental campaign, estimated
the percentage of material which is vaporized or melted during
the machining process. This percentage was demonstrated to be
different for the anode and for the cathode.

Obaciu et al. [7] made a comparison between the machining of
so called “common” materials, in other words homogeneous mate-
rials like steel, and heterogeneous materials like polycrystalline
diamond. Regarding the energy measurement, it was possible to
demonstrate that the energy density increases with the pulse
on time although it is not possible to find the same trend for
both materials. In [8] the energy distribution was determined
from the temperature state of the material. A certain number of
assumptions related to the types of thermal transfers were made.
Relations between process parameters (polarity, discharge dura-
tion, dielectric fluid and peak current) and energy distribution were
investigated.

A few attempts have been made in order to measure the num-
ber of spark discharges and the amount of energy exchanged
during the micro-EDM machining process. For example, Bissacco
et al. 9], while investigating the micro-EDM milling process, esti-
mated the amount of discharges in order to carry out a real time
wear compensation method based on the discharge population
characterization. Similarly, Mahardika and Mitsui [10] estimated
the number of discharges occurring during the process and pre-
sented an innovative model for the estimation of the total energy
exchanged during the machining. Regarding the amount of energy
exchanged during the process, in [11-13] the authors made an
estimation of the amount of energy effectively absorbed by the
electrodes. In [14] it is demonstrated that during the EDM pro-
cess the amount of energy effectively absorbed by the workpiece
is between 6.5 and 17.7%, depending on the process parame-
ters.

A lack of information related to the exact amount of energy
absorbed by the electrodes emerges from the literature. The major-
ity of the models deals with a thermal approach to the material
removal mechanism of the EDM process: these are based on partial
differential equations in cylindrical coordinates describing the heat
transfer between tool and workpiece. The thermal phenomenon is
considered by the majority of the authors as the main one having
an influence on the material removal mechanism: based on this
assumption, the energy is transferred from the tool to the work-
piece and it is partially dissipated into the dielectric fluid or into
the plasma channel itself.

Di Bitonto et al. [15,16] presented a cathode and an anode
erosion model. The cathode model is based on the concept of
fraction of energy effectively converted into removed material
and it is demonstrated that the model tends to overestimate the
removed volume of the crater and the removal rates as well. In
[17,18] the authors have modeled the EDM process considering two
semi-infinite bodies, representing the workpiece and the electrode,
separated by a certain gap crossed by a heat disk representing the
plasma heating phenomenon. The process is modeled by a partial
differential equation with some boundary assumptions related to
the workpiece insulation. It is demonstrated that the diameter of
the plasma channel evolves during the process and the temperature

during the machining time remains constant, equal to the boiling
temperature of the electrode.

In several papers the authors have adopted a thermal approach
to describe the micro-EDM erosion process and to predict the final
geometry of the crater. Based on this approach a fixed amount of
electrical energy is converted into thermal energy resulting in the
melting and/or vaporizing of the material composing the work-
piece.In[19] the thermal model is used to numerically calculate the
profile of the craters left by the sparks. In [20] the authors devel-
oped a numerical model for predicting the temperature distribution
and the residual stresses resulting from a single spark discharges
EDM process. In [21] the authors considered the effect of the resid-
ual stresses, suggesting that one of the most important factors in
EDM machining is the electrostatic force occurring between the tool
and the workpiece. It was demonstrated that the stresses caused
by the electrical field are independent from the spark dimensions
and durations. In [22] the authors based the analysis on the heat
transfer equation which was solved numerically. In particular, the
effect of current, duty cycle, discharge duration and voltage was
investigated. In [23] a finite elements model aimed at describing
and predicting the temperature fields generated by a multiple dis-
charges process within the workpiece was developed. The solution
of the thermal problem led to the temperature distribution inside
the workpiece from which it was possible to estimate the shape
of the craters. Once the temperature distribution was found, the
criterion for the estimation of the crater volume was set: every
part of the workpiece which reached a temperature higher than
the equivalent temperature is supposed to be removed from the
workpiece.

The aim of this paper is to implement a new procedure and
experimental set up aimed at assessing the total amount of energy
occurring during micro-EDM and its percentage absorbed by the
workpiece, by the tool and lost in the dielectric.

For this purpose, after a review of existing theoretical EDM
models with the aim of assessing their ability to predict volume
removal in the scope of micro-scale EDM, a selection of two specific
models was carried out. Then, a section was dedicated to explain
how sparks information were acquired and analyzed in order to
estimate the total amount of energy produced during the EDM
experiments. Finally, the last section describes an experimental
campaign which was performed to demonstrate how the energy
distribution between workpiece, tool and dielectric could be esti-
mated.

2. Thermal models for micro-scale

The proposed objective here is to determine whether or not
those models developed for EDM apply on a micro-scale consid-
ering the proportion of energy that is actually delivered to the
electrodes. Most of the models include a coefficient in their for-
mulation of the heat flux to take into account the fact that energy
is lost during the process notable through the dielectric fluid. How-
ever the used values seem high (40-50%) when considering the case
of micro-EDM (<10%).

After the collection of all the physical models, a selection of the
thermal ones was carried out. In particular two main models were
selected (DiBitontoetal. [15] and Beck et al. [24]) based on the heat
transfer equation formulation. The initial heat transfer equation is
reported in Eq. (1):
aT o

at
where T is the temperature (in kelvin), t the time (in seconds), v2
is the Laplace operator and « is the thermal diffusivity (m2s-1). It

is important to consider that the heat equation is written with the
Laplace operator to make the equation general for any coordinate

VT =0 (1)



Table 1
Input and initial assumptions of the thermal models.

Input Description Value

K Thermal conductivity [J/s mK] 220

p Material density [kg/m?] 2700

G Specific heat [J/kgK] 910

T; Initial temperature [K] 293

Ty Boiling temperature [K] 2792

o Thermal diffusivity [m? s~']=K/pCp, 8.95x 1073

Ro [16] Radius of the insulated surface of the 0.0041
workpiece [m]=50R.

R:[16] Heat source radius at the cathode surface 8.23x 107>
[m]=0.778 x ;314

we Percentage of energy absorbed by the tool [%] 3.6

t; Spark duration [s] 5

system. The studied models provide a temperature distribution
in the workpiece under different assumptions mainly concerning
the heat flux that is the plasma channel forming between both
electrodes. In order to assess the validity of said models on a micro-
scale, a comparison between predicted and experimental crater
shapes was done. As an example, Di Bitonto’s model is summarized
in Eq. (2):

Feuele r

=T+ ke2mrg er] CZM 2)
where ris the radial distance from the heat source (in meters), Ty is
the initial temperature (in kelvins), k; is the thermal conductivity
(Wm~1K-1), erfc is the complementary error function, Fc is the
fraction of energy transferred to the cathode, u, is the discharge
voltage (in volts), ie is discharge current (A) and rg is the radius of
the cylindrical workpiece that is considered.

A very similar formulation of the thermal distributions was
taken into account for the models. Based on these thermal equa-
tions, it was possible to plot the thermal distribution into the
workpiece allowing the collection of information about the tem-
peratures reached during the machining.

Instead of using the coefficients provided by the various authors
in their models, energy distributions values for micro-EDM avail-
able in Shao and Rajurkar [5] were used. A value for t; (pulse
duration) was selected in accordance with experimental data. All
chosen model input values are presented in Table 1. Figs. 1 and 2
show an example of the temperature distribution in Beck’s and Di
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Fig. 1. Temperature distribution in Beck’s model.
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Fig. 2. Temperature distribution in Di Bitonto’s model.

Bitonto’s models respectively (the time of the temperature distri-
bution is 5 ws).

While the disparity between both models in terms of distribu-
tion shape and amplitude is not surprising due to the very different
assumptions that were made in each case, it is noticeable that the
maximum temperature reached in the material does not attain the
melting temperature, even less so the boiling one.

Good results were obtained previously in the case of macro-
scale EDM for the prediction of crater dimensions by these models.
In the case of micro-EDM, however, the models’ validity can be put
into question here. A proposed solution to adapt said models to
the micro-EDM context would be to apply a scaling coefficient to
the temperature distribution. However, it is unlikely that a single
value for that coefficient would be relevant to all materials and a
wide-range of machining parameters.

Following this observation, theoretical crater models will not
be used for the analysis of the following experimental campaign.
Instead relations based on the specific heat of the involved materi-
als will be used.

3. Sparks information acquisition
3.1. Data collection automation

The gap voltage and current waveform were acquired during the
experimental campaign using a Tektronix digital oscilloscope. The
connection between the Sarix SX200 machine and the oscilloscope
was achieved through the use of a current probe for the measure-
ment of the current and two wires connected to both polarities of
the machine. The Tektronix oscilloscope’s operating system being
Windows®, it was possible to use Matlab® directly on the oscillo-
scope without the need of a connection to a personal computer.

A software toolbox was developed in order to have a semi-
automatic recording of EDM single discharges. It automatically
carried out the setting up of the oscilloscope according to the
machine parameters and launched a series of data acquisitions,
during which each EDM test allowed for the recording of limited
patches of discharges at regular times, as described below.

A VISA (Virtual Instrument Standard Architecture) object in
Matlab® associated with the GPIB (General-Purpose Interface Bus)
controller supported the communication with the oscilloscope. The
input buffer size limited the amount and precision of discharges
that could be recorded in each patch. It had to be large enough to
contain enough discharge records while still being able to be trans-
ferred in a short amount of time, allowing for enough records to be
spread evenly throughout the erosion process. The input buffer size
was set to a value equal to 12,000,000 bytes, which was considered
a good compromise between speed and quantity of information
exchange. It allowed for the recording of 0.5 s of discharges every
20s.

An important point resides in the fact that the data capture of
both channels (current and voltage) can only be performed sequen-
tially and not simultaneously. In order to be sure that both channels
were synchronized, a falling edge trigger was set on the oscilloscope
with a holding time of seven seconds.

Each 0.5 s patch contained 10,000,000 points, which gave suffi-
cient resolution on the voltage and current waveforms recorded by
the oscilloscope. Matlab® was then used to read and transfer the
binblock data, which was saved into a “.mat” format file for further
investigation.

3.2. Data analysis

The analysis of ten millions points at the same time requested a
segment of memory from the operating system (32-bits) that was



larger than what was available. For this reason, the points matrix
was divided into five sub-parts. The process limit of the operating
system was 3 GB.

Before any further analysis, the data was filtered using a lowpass
filter in order to reduce the signal noise.

The search for discharges is made while considering both chan-
nels at the same time. A discharge is considered to start at a point
where the voltage is below a certain threshold of the process nom-
inal voltage and the current to be above a set value. The discharge
ends when the current goes below another set value.

It was then possible to calculate the following parameters:
discharge voltage (ue); discharge current (ic); pulse duration (t;);
discharge duration (t.); ignition delay time (t;); discharge energy
We.

By multiplying the discharge voltage by the discharge current
and then integrating it during the discharge duration (t.), it was
possible to estimate the amount of energy produced by each spark.

4. Experimental campaign

The experimental campaign was executed on a Sarix SX200
micro-EDM machine with a tungsten carbide tool electrode. In
particular, two different tool shapes were used, a triangular and
a rectangular based parallelepipeds as described in Fig. 3. Those
shapes were realized by means of a wire-EDM machine (AGIE
AgieCut Vertex) using a @100 wm wire. The dimensions of the tool
features are reported in Table 2 (in both cases the thickness of
the electrode was equal to 2.5 mm), while the physical and ther-
mal properties of the material composing the tool are reported in
Table 3. The triangle and square features were used individually
in a die sinking machining process on an ultrafine grain aluminum
workpiece; the material properties are reported in Table 4. The die
sinking process was performed on the z axis from the top surface
of the workpiece down to a depth of 150 wm.

4.1. Process parameters

The tests were executed with two different parameters com-
binations, a first characterized by a lower energy index (Energy:

200 pm
Fig. 3. Tungsten carbide tools.

Table 2

Dimensions of the tool features.
Feature Base [um] Height [jum]
Triangle 100 200
Rectangular 100 200

Table 3

Tungsten carbide physical and thermal data.
Property Value
Melting temperature [K] 3096
Latent melting heat [J/kg] 445,000
Vaporization temperature [K] 6273
Latent heat of vaporization mol [K]/mol] 824,000
a.m.u. [kg/mol] 0.196
Latent heat of vaporization [J/kg] 4,204,082
Specific heat [J/kg K] 238
Density [kg/m3] 15,800

Table 4
Aluminum physical and thermal data.

Property Value
Melting temperature [K] 933

Latent melting heat []J/kg] 321,000
Vaporization temperature [K] 2792
Latent heat of vaporization [J/kg] 10,530,000
Specific heat [J/kg K] 910
Density [kg/m3] 2700

114; Voltage 60V; Peak Current: 20) and a second one character-
ized by a higher removal rate due to a higher energy index (Energy:
200; Voltage 90 V; Peak Current: 50). It is important to remark that
in Sarix EDM machine, peak current is expressed as an index, its
relation with the actual value of current (expressed in Ampeére) is
correlated to the other process parameters and it is unknown. The
only way to obtain an actual value of the current is the direct mea-
surement during each single EDM process. Similarly, the energy
level is an index that establishes the shape of the pulse. Some
other parameters were kept fixed during the machining: frequency
(100 kHz), gain (80), gap (65), regulation (02-01), polarity (-), width
(5 pws).

For each parameters combination, two repetitions were exe-
cuted. The first one was aimed at assessing the total number of
sparks occurring between the tool and the workpiece during the
entire machining. The second one was executed in order to col-
lect patches of discharges (current and voltage waveforms), as
described in Section 2, which can then be used to estimate the total
amount of energy involved during the machining.

For the selection of the process parameters a hierarchical
approach was adopted. It is well known from the literature that
the machine parameters governing the erosion process are energy,
peak current, voltage, frequency, width, gain, gap, polarity and reg-
ulation. In particular, for the voltage parameter, the maximum and
minimum values are influenced by the energy level (represented by
an index value on the machine). Similarly, the peak current param-
eter boundaries are set by the voltage and for the same reason the
energy parameter itself is supposed to have an influence on the
peak current parameter boundaries. Regarding the frequency, it
is influenced by the peak current, and for the same reasons it is
also influenced by the voltage and by the energy level, as well.
Finally, the pulse on time is influenced by the energy level and
by the frequency (and for the same reasons it is influenced by the
peak current and the voltage as well). Based on these assumptions,
three parameters (energy, current, voltage) were varied on two lev-
els. The experimental campaign resulted in a total amount of eight
tests.

4.2. Experimental setup

After the selection of the process parameters the experimental
set up was implemented. A 3R® clamping system was used to hold
the workpiece in order to minimize the positioning misalignment.
This system allows for a proper placement of the workpiece thank
to a screw based system which can compensate the misalignment
in two directions (Fig. 4).

With this device, the alignment was performed on a “trial
and error procedure” using a standard cylindrical micro-EDM tool
(@290 pm). Since micro-EDM is an electrically based technology,
it is possible to exploit the short circuit occurring when the tool
and the workpiece are in contact to measure the misalignment.
The 150 wm deep die sinking process (for the execution of slits)
was then performed while recording peak current and voltage data
as explained in Section 3. The machining time was 19.0s for the
triangular feature and 72.6 s for the rectangular feature.
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Fig. 5. Current/voltage waveforms and energy calculation.

4.3. Estimation of the amount of energy

After the execution of the experimental campaign it was possi-
ble to calculate the total amount of energy that occurred during the
recorded patches of discharges. As the total number of sparks occur-
ring between tool and workpiece was also recorded, and assuming
that nearly the same number of sparks occurred in the two repe-
titions mentioned in Section 4.1, it was then possible to estimate
the total amount of energy that occurred during the entire die sink-
ing process. In Fig. 5 a typical distribution of current and voltage is
reported together with the power trend as a function of the time.

Since the energy is distributed between the tool, the work-
piece and the dielectric, in order to evaluate the actual distribution
of energy, it was decided to estimate the energy effectively lost
into the tool and into the workpiece from the volume of mate-
rial actually removed from the tool and from the workpiece. These
volumes were measured using an optical coordinate measuring
system, namely the Mitutoyo Quickvision Pro QVC20. Regarding
the tool, the volume removed was simply estimated by measuring
the dimensions of the features (triangle and square features) before
and after the machining. Fig. 6 shows a profile of the triangular and
rectangular tools after erosion.

Fig. 6. Tungsten carbide tools after erosion.

For the workpiece, it was necessary to execute a transversal
cut for each feature in order to collect reliable information about
the depth of the features. For both of the electrodes, the volume
removed was estimated by the measurement of the cross-sections’
areas and the use of the hypothesis that the wear was constant
along the third direction. The multiplication of the area and the
length of the third dimension (2.5 mm) provides with the volume
of the electrode.

Based on the information related to the total volumes removed,
itis possible to calculate the amount of energy necessary to remove
that amount of material using the following theory.

In this experiment, the estimation of the energy (heat, Q) is based
on the definition of specific heat, as reported in Eq. (3) and in Eq.
(4):

Q=c-m-AT (3)
Qe =A-m (4)

where c is the specific heat, m is the mass of the material removed
from the workpiece/electrode, A is the latent heat of melting or
evaporation and ATis the temperature variation between the start-
ing and the final state. Starting from the volume (V) of the material
removed from the workpiece/tool, it was possible to calculate the
mass (m) of the material removed (knowing the workpiece material
density), as reported in Eq. (5):

m=V.p (5)

where p represents the density of the material expressed in kg/m?3.

Since the temperatures reached during the process are consider-
ably higher than the melting temperature (see Section 2), two main
phenomena are supposed to take place during the material removal
process, both the melting and the vaporization of the material. The
following equations simplify the formulation of the problem: Eq.
(6) relates to the heat necessary to increase the temperature of
the material from the room temperature to the melting tempera-
ture (E;), Eq. (7) expresses the formula of the latent heat necessary
to completely melt the material (Ejzs), Eq. (8) describes the heat
necessary to increase the temperature of the workpiece from the
melting to the vaporizing temperature (Ey) and Eq. (9) describes the
latent heat of vaporization (Ejyqp).

Ei=c-m-(Tymp — Tfus) (6)
Ejfus = Apys -m (7)
Ef =c-m-(Tys — Tevap) (8)
Elvap = Avap - M (9)

During the erosion process the material is not completely vapor-
ized, because a part of the material is only melted and re-solidified
into little particles (called debris) removed by the dielectric flush-
ing.

Moreover, a percentage of the melted material is re-solidified
on the workpiece and for this reason is not properly removed from
the workpiece by the dielectric flushing. This phenomenon has an



Table 5
Estimation of the energy amount (tool/anode).

Table 7
Summary of energy repartition.

Property Triangular Rectangular
feature feature

Average energy per spark [p]] 5.40 47.7

Estimated total energy E [J] 2.57 8.66

Tool’s volume removed [mm?] 0.0145 0.0759

Energy to remove the volume 0.261/0.309 1.36/1.61

[J]: min (0.57%)/max (4.7%)

Percentage going to the tool: 10.1% 15.7%

min/max 12.0% 18.6%

Table 6
Estimation of the energy amount (workpiece/cathode).

Property Triangular Rectangular
feature feature

Average energy per spark [p]] 5.40 47.7

Estimated total energy [J] 2.57 8.66

Workpiece’s volume removed 0.0122 0.0579

[mm?]

Energy to remove the volume 0.0299/0.0316 0.142/0.150

[J]: min (0.06%)/max (0.48%)

Percentage going to the 1.16% 1.63%

workpiece: min/max 1.20% 1.73%

effect on the volume characteristics of the crater and on the energy
amount.

The melted material in fact, can be re-solidified on the work-
piece surface because of the temperature decrease caused by the
dielectric flushing.

For this reason this material needs to be re-melted and even-
tually to be re-vaporized in order to be removed by the following
sparks. This aspect was then taken into account for the energy esti-
mation procedure. Let r be the percentage of the melted material
which is supposed to be re-solidified on the workpiece. For this
reason, if the r parameter is equal to 1 all the melted material is
considered to be re-solidified on the workpiece. On the contrary,
for r=0 the material is considered to be completely melted and
removed from the workpiece surface.

The total amount of energy required to remove the material
from the workpiece can be summarized as follows:

Etor = E; + El,fus + Ef + EquﬂP (10)

Tables 5 and 6 report the amounts of energy for the tool and
workpiece material removal respectively. The results provided here
were obtained for the low level energy parameters as those resulted
in better, more regular surface finishes and were more easily mea-
sured.

As an example, the calculation for the material removed from
the tool (triangular shape) is reported as follows. It is possible to
assume that the material can be both melted and vaporized [25]. As
seen before, the percentage of the material melted and vaporized is
included between 0.57% and 4.78%. For the calculation itis assumed
that the percentage of the vaporized material is equal to 0.57% (the
lower boundary). For this reason the total volume of the material
removed can be divided in two different contributions, the material
effectively vaporized and the material only melted:

Viap = Vior - £ = 8.27 x 1074 m3 (11)
And for the volume only melted the equation is the following:
Vinet = Veor - (1 —g) =144 x 107" m3 (12)

Knowing the two amounts of volume it is possible to estimate
the corresponding mass:

Myap = Voap - 0 = 2.27 x 107" kg (13)

Energy repartition (in %)

Triangular Rectangular
feature feature
Tool (anode) 11.09 17.15
Workpiece (cathode) 1.19 1.69
Dielectric 87.72 81.16
Miet = Ve - £ = 1.30 x 10~ kg (14)

Based on these calculations the four amount of energy involved
during the process are reported below:

E; =0.153] (15)
Ejfus = 0.102] (16)
Ef =0.001] (17)
E}ygp = 0.005] (18)

The total amount of energy necessary to remove the material
from the triangular feature with the “gentler parameters combina-
tion is reported in Eq. (19). Table 7 resume the data concerning the
energy repartition.

Eror = E; + Ej fus + Ef + Ej yqp = 0.261] (19)

It is important to remark that the present experimentation is
consistent with the literature [1].

5. Conclusions and future works

In this paper, a method has been developed for the efficient
recording of micro-EDM pulse discharges and has been used in the
determination of energy repartition between tool, workpiece and
dielectric. Experimental results are in accordance with previous
results available in the literature.

The validation of the presented acquisition method will enable
the use of information related to energy repartition in the simula-
tion of the micro-EDM process being developed by the authors.
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