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AN INFLUENCE OF PARAMETERS OF MICRO-ELECTRICAL
DISCHARGE MACHINING ON WEAR OF TOOL ELECTRODE

To achieve better precision of features generated using the micro-electrical dis-
charge machining (micro-EDM), there is a necessity to minimize the wear of the tool
electrode, because a change in the dimensions of the electrode is reflected directly or
indirectly on the feature. This paper presents a novel modeling and analysis approach
of the tool wear in micro-EDM using a systematic statistical method exemplifying the
influences of capacitance, feed rate and voltage on the tool wear ratio. The association
between tool wear ratio and the input factors is comprehended by using main effect
plots, interaction effects and regression analysis. A maximum variation of four-fold in
the tool wear ratio have been observed which indicated that the tool wear ratio varies
significantly over the trials. As the capacitance increases from 1 to 10 nF, the increase
in tool wear ratio is by 33%. An increase in voltage as well as capacitance would lead
to an increase in the number of charged particles, the number of collisions among
them, which further enhances the transfer of the proportion of heat energy to the tool
surface. Furthermore, to model the tool wear phenomenon, a regression relationship
between tool wear ratio and the process inputs has been developed.

1. Introduction

Electrical discharge machining has been a highly effective technique for ma-
chining complex features on electrically conductive materials, irrespective of other
physical and mechanical properties. In the past, many researchers have attempted to
machine different kinds of ‘difficult-to-cut’ materials using spark machining-based
technologies [1-9]. The endeavors primarily involved optimization of the process-
ing conditions in macro electrical discharge machining [1, 4-7], micro-electrical
discharge machining [2], green electrical discharge machining [3] and other hybrid
processes using the spark machining principles [8, 9]. A few researchers [10-12]
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have focused their attention on using alternate methods for increasing the material
removal rate through chemical and mechanical actions using application of pow-
ders or surfactants. In this regard, effect of graphite powder and surfactants have
been discussed in [10]. The performance outputs such as material removal rate
and surface roughness have been investigated in [11]. The effect of using silicon,
graphite and tungsten powder on the material migration was characterized and
analyzed in detail [12].

The micro-electrical discharge machining (micro-EDM) is a novel technique
for machining precise three-dimensional features of dimensions between 1 and 500
um. In most of the recent investigations, the process characteristics and capabilities
of micro-EDM have been studied and applied for several industrial applications
[13-32]. The stainless steels are characterized by the inherent luster, high corro-
sion resistance, strength, and therefore adequate attention has been allocated to the
micro-EDM investigations on these class of materials [13-20]. Jahan et. al. [13]
has studied the capability of cemented carbide (WC-Co) against austenitic stainless
steel (SUS 304) with a focus on processing conditions and material removal mech-
anism. Generation of high aspect ratio micro-holes has always been a pronounced
research issue in micro-EDM, and has been addressed to some extent in [14]. The
appropriate choice of pulse generators and process control strategies [15, 17] has
gained importance recently. In addition, the micro-EDM process applied to finish
machining process conditions and rough machining conditions has helped to iden-
tify the best parametric requirements [16, 18-20]. The effect of process parameters
on finish machining in micro-EDM has been studied in [18]. Wong et al. [19] has
undertaken the analysis of single discharge micro-EDM for deep understanding of
the process mechanism.

The unique capabilities of micro-EDM-based processes and the correlation
between the process performance outputs and the input process settings has been
explored in detail by many researchers [21-32]. Kim et. al. [21] has developed a
novel micro-EDM hybridized with ultrasonic vibrations for machining of a straight
hole with a cylindrical tool electrode using a variable capacitance method. A
newly established micro-feed mechanism have been successfully employed for
material removal using the micro-EDM process [22]. The micro-EDM plasma
characteristics have been studied using optical spectroscopy methods [23]. The
optimization of micro-EDM process parameters at various processing conditions
was analyzed and compared [24, 25] and for ‘difficult-to-machine’ materials as
well [26]. The possibility of drilling on a high-nickel alloy using micro-EDM have
been examined in [27]. The results of this study revealed the favorable process
parameters; discharge current of 500 mA and a pulse duration of 4 s, yielding the
highest material removal rate and minimum tool wear rate. Furthermore, Amorim
et al. [28] have analyzed the effect of generator actuation modes and micro-EDM
controllable factors on the quality of machined surfaces. Natarajan et al. [29]
has carried out a detailed micro-ED hole drilling experimentation to evaluate
the surface roughness, material removal rate and tool wear ratio. The optimum
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parametric conditions were identified and the optimum values of material removal
rate, tool wear ratio and surface roughness of 0.019 mm?>/min, 0.52 um and 1.18
were respectively obtained.

The micro-EDM research works have shown that the tool electrode wear is one
of the key issues during the machining, which directly reflects on the accuracy of
the machined features. Therefore, in order to resist quick consumption of the tool
electrodes, a few researchers have attempted to fabricate electrodes using advanced
techniques such as electrochemical deposition and multi-EDM grinding, however,
were effective only to some extent [30, 31]. Furthermore, LIGA technique and
micro-EDM techniques were combined aiming at generation of high aspect ratio
micro-features [32]. It is based on conception elaborated by authors of the paper
[29].

Micro-EDM drilling has been recognized as the most suitable technique for
effectual generation of high aspect ratio micro-holes. One of the recent studies
[29] have demonstrated the capabilities of the process and evaluated the process
outputs, however, the research issue concerning tool electrode wear remains un-
solved. Therefore, the objective of this paper is to present an altered discussion on
the results of tool wear ratio through a systematic modeling and analysis approach.
Statistical tools have been used to develop a correlation between the tool wear ra-
tio and the input parameters. Furthermore, two-dimensional individual parameter
plots have been developed to understand the parameter effects on the tool wear
ratio.

2. Methodology

The methodology for modeling the micro-EDM process for prediction of the
tool electrode wear is shown in Fig. 1a. As can be seen, the feed rate, capacitance
and voltage controls the input to the process. The measurable outputs are further
construed as a single process response in terms of the tool electrode wear ratio.
The stages and parameters of the experiments are presented in Fig. 1b.

This work involves process-modeling attempts to generate a correlation be-
tween the tool wear ratio and the inputs to the micro-EDM process. The techniques
employed in this investigation are: i) main effects plots, ii) interaction plots, and iii)
regression analysis. As far as the tool wear ratio is concerned, the magnitudes were
more than zero, indicating that the tool electrode wear was positive in the micro-
EDM process in all the experiments conducted. The variations in the magnitudes
of tool wear ratio are graphically represented in section 3.

3. Tool wear ratio
To improve the accuracy of the micro-EDM process at various processing

conditions, a control of the magnitude of the tool electrode wear is necessary based
on a response variable named as ‘tool wear ratio’. Tool wear ratio is defined as the
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Fig. 1. a) A schematic of the basic experimental set-up [29] for evaluating the effect of micro-EDM
inputs illustrating the methodology, b) stages and parameters of the experiments

ratio of tool wear rate to the material removal rate for the current tool-workpiece
combination at all processing conditions for the current micro-EDM configuration,
mathematically expressed as

Tool wear ratio = TWR/MRR, (1
where
TWR = Volume of tool electrode wear/Machining time )
and
MRR = Volume of removed material/Machining time. 3)

The magnitudes of the tool wear ratios for all the trials is presented in Fig. 2.
The average tool wear ratio is calculated as 1.97 for the entire trails presented here.
The maximum tool wear ratio corresponds to trial #25 as 3.16 and the minimum is
0.54 at trial #2. Therefore, a maximum variation of four-fold in the tool wear ratio
could be observed. This indicates that the tool wear ratio varies significantly over
the trials and therefore, a thorough analysis is necessary by taking into account the
effect of each input parameter independently. Nevertheless, from the trends in the
plot shown here, it can be observed that an increasing trend occurs between trial
#3 and trial #27. Furthermore, after trial #28, for the remaining trials, the tool wear
ratio decreases sharply.
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Fig. 2. The data of tool electrode wear ratio for all the experimental trials and an illustration of the
causes of tool wear in the micro-EDM process

4. Variations of the tool wear ratio

The analysis of the tool wear ratio involves the main effects as well as the
interaction effects on the tool electrode wear ratio. The main effect plots represent
the individual and straight effect of the inputs on the tool wear ratio, whereas the
interaction plots show the combined effects of the inputs on the tool wear ratio. The
magnitude of tool wear ratios presented here are the calculated means or averages of
tool wear ratios at various levels of the input parameters, viz. feed rate, capacitance
and voltage. Fig. 3a-c shows the main effect plots for tool wear ratio, with the
mean or average along the ordinate and the parameters along the abscissa. The
capacitance and voltage follows increasing trends. The plots indicate that these two
factor significantly control the tool wear ratio in the micro-EDM drilling process
and influences the tool wear mechanisms.

The trend of variation of the tool wear ratio with the capacitance is observed
to be in an increasing way. The plot between tool wear ratio and the capacitance
is presented in Fig. 3b. As the capacitance increases from 0.1 to 1 nF, the increase
in tool wear ratio is by 6%. It is known that an increase in the capacitance causes
an increase in the discharge energy and consequently, a proportional increase in
the heat energy transferred to the tool electrode. Further, the capacitance increases
by 10 times to 10 nF. As a result, the increase in tool wear ratio is by 33%, i.e.
5 times the increase observed earlier. This phenomenon could be attributed to the
particularities of the charging and discharging of the capacitor in the case of a
micro-EDM process. A similar effect of diverse effect of capacitance of the circuit
as well as the stray capacitance on the tool wear ratio has been evident in [33].
Therefore, under normal micro-EDM process conditions, an overall increase in
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Fig. 3. Main effects plot for tool wear ratio with: a) feed rate, b) capacitance and c) voltage

discharge energy, and consequently the tool wear ratio has been proven. Through a
capacitor, charge flows, as mathematically represented by:

0=C-V. 4)
Differentiating on both sides
dQ dv
= _Cc=. 5
dr dt )
Therefore, discharge current / is obtained as
do dv
I=—=C—. 6
dr dr ©

The discharge energy E causing material removal from the tool electrode surface
in the micro-EDM process is obtained as

E=icv2. (7
2
Thus, the discharge energy E increases directly with the capacitance and with
the square of the voltage. The effect of an increase in capacitance is to enhance
the number of charged particles travelling towards the cathode in the micro-EDM
plasma, and is schematically illustrated in Fig. 4. An increase in the number of
charged particles increases the number of collisions, which further enhances the
transfer of the proportion of heat energy to the cathode [34].
The analysis of means plot presented in Fig. 3¢ shows a linear increase in
tool wear ratio with voltage. The overall increase in tool wear ratio has been 22%.
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Fig. 4. Effect of capacitance on the micro-EDM discharge plasma

A similar effect was evident in the macro EDM process with the aid of vibrations
[33]. As the voltage increases from 80 to 100 V, the tool wear ratio increases by
10%.A further increase in voltage from 100 to 120 V causes an increase in tool
wear ratio by 12%. This clearly indicating that though voltage has a favorable effect
on the material removal rate, at the same time; it adversely affects the consumption
of the tool electrode. The discharge energy in the case of micro-EDM process
varies as the square of the discharge voltage [19], and as a result, the tool wear ratio
increases, see eq. (4) for explanation.

A plot of the effect of feed rate on the tool wear ratio is shown in Fig. 3a. The
lowest tool wear ratio can be seen at a feed rate of 4 um/s. However, an overall
decrease in the tool wear ratio is observed with feed rate in this study. This indicates
that the tool wear ratio could be affected by the rate of material removal during
the micro-EDM drilling process. The normal probability plot, residual plot and
histogram for the trials of tool wear ratio is presented in Fig. 5.

5. Effect of parametric interactions on wear of tool electrode

The interaction plots of the effects of the three significant interactions: feed
rate x capacitance; voltage x capacitance and feed rate x voltage are presented in
Fig. 6.

The results of interaction effects on the tool wear ratio indicate that when feed
rate and capacitance interact, a maximum increase in tool wear ratio of 200% is
observed, which is critical for micro-EDM operation. The increase of tool wear
ratio was evident at all levels of the capacitance and a feed rate of 6 um/s. The
increase in feed rate may affect the stability of the micro-EDM plasma, than might
have caused a higher transfer of discharge energy to the cathode (tool electrode).
The results of the effects of feed rate x capacitance interaction is presented in Fig. 6,
and summarized in Table 1.

Similarly, the individual effect of the voltage is to increase the tool wear rate,
however, for interaction feed rate x voltage, at feed rate of 4 pm/s and for all
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Fig. 5. The normal probability plot, residual plot, histogram and observation plot for tool wear ratio
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Fig. 6. Interaction effects on the tool wear ratio (interactions: feed rate x capacitance, voltage x
capacitance and feed rate x voltage)

the levels of voltage, a decrease in the tool wear ratio is observed. A decrease in
discharge energy at higher voltages has been observed earlier in the macro EDM
investigations [35—-37]. Therefore, in the micro-EDM, a lower tool electrode wear
ratio could be achieved at higher magnitude of voltages in combination with feed
rates. A summary of the interaction effects is presented in Table 2.

The effect of the voltage x capacitance interaction on the tool wear ratio is
shown in Fig. 5 and summarized in Table 3. As can be observed from Fig. 5, the
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Table 1.

A summary of the results of feed rate x capacitance interaction

Interaction: feed rate x capacitance on tool wear ratio
Capacitance Feed rate (um/s)
Inferences
(nF) 2 4 6
0.1 - 79% decrease | 200% increase | Between (1 nF, 2 um/s) and (10 nF,
2 um/s), smallest increase in tool
1.0 16% increase | 50% decrease | 66% increase | wear ratio is observed. The largest
decrease in tool wear ratio of 79%
10.0 7% increase | 46% decrease | 100% increase | is obtained at (0.1 nF, 4 pm/s).
Table 2.
A summary of the results of feed rate x voltage interaction
Interaction: feed rate x voltage on tool wear ratio
Voltage Feed rate (um/s)
Inferences
V) 2 4 6
80 - 54% decrease | 150% increase | e gmallest increase in tool wear
100 23% increase | 44% decrease | 66% increase | ratio is observed between (2 um/s,
120 11% increase | 56% decrease | 100% increase 100 V) and (2 pm/s, 120 V).

effect of voltage and capacitance on the discharge energy is reflected on the tool
wear ratio. Therefore, at (80 V, 0.1 nF), (100 V, 1.0 nF) and (120 V, 10.0 nF), the
predominant effect is to linearly increase the tool wear ratio. This is in accordance
with the physical phenomenon mathematically exemplified in eq. (4). Moreover,
the effect of this interaction is schematically presented in Fig. 7. An increase in
tool electrode wear ratio could be due to an enhanced ionization and mobility of
the charged particles that causes an increase in the energy of sparks. As a result,
an enlargement of each discharge crater by an increase in the diameter as well as
depth, on the tool electrode surface would cause an overall increase in the tool wear

ratio.
Table 3.
A summary of the results of capacitance x voltage interaction
Interaction: capacitance x voltage on tool wear ratio
Voltage Capacitance (nF)
Inferences
V) 0.10 1.0 10.0
80 - 40% decrease | 15% increase | The highest level of capacitances

- - causes increase in the tool wear

100 33% increase | 10% decrease | 50% increase . .
ratio irrespective of the level of

120 15% increase | 10% decrease | 38% increase | the voltage.
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Fig. 7. A schematic illustration of the effect of capacitance x voltage interaction on the tool
electrode wear ratio

6. Regression analysis of tool wear ratio

Regression analysis is a statistical modeling procedure for estimating the re-
lationship among the variables governing a physical phenomenon [38]. In this
micro-EDM investigation, tool wear ratio is the dependent variable; voltage, ca-
pacitance and feed rate are the independent variables. The regression relationship
between tool wear ratio and the process inputs are therefore established, and the
results are presented in Table 4.

Table 4.
Results of the regression analysis
Regression coeflicients
Term Coefficient | SE coefficient | T-value | P-Value | TIF Inferences
Constant 0.86 4.11 021 | 0.835 | 0 |Regression
constant is 0.86,
Feed rate (um/s) —-0.0303 0.0800 —-0.38 | 0.708 | 1.00
and therefore,
Capacitance (nF) 0.0691 0.0286 241 0.023 | 1.01 | model is adequate.
Voltage (V) 0.0104 0.0622 0.17 | 0.868 | 60.44 | Capacitance is the
most significant
Voltage x voltage 0 0.000002 -0.02 | 0.984 | 60.45 input factor.
x voltage

In the regression model, the contributing factors for prediction of the tool wear
ratio (TWR) are the parameters feed rate, capacitance, voltage and an interaction
voltage®. The other two-factor and three-factor interactions associated with the
current micro-EDM process those are assumed to influence the process are found
to have no significant effect in prediction of the tool wear ratio in the model.

The regression constant of 0.86 shows that the model is adequate enough to
make further predictions on the tool electrode wear ratio with capacitance, feed
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rate and voltage. The capacitance has been observed to be significantly influencing
the tool wear ratio at all the levels and other processing conditions.

Based on the regression analysis, input-output relationship has been obtained
in coded units. The mathematical expression is:

Tool wear ratio (TWR) = 0.86 — 0.0303 x Feed rate (um/s)+

8
+0.0691 x Capacitance (nF) + 0.0104 x Voltage (V). ®)

°
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Fig. 8. Graph representing the relationship between predicted tool wear ratio and experiemntal tool
wear ratio

Fig. 8 shows a plot between the calculated values of the tool wear ratio based
on the regression analysis and the experimentally observed tool wear ratio.

7. Conclusions

This paper investigates the effect of feed rate, capacitance and voltage on the
wear characteristics of the tool electrode in micro electrical discharge machining
through a combined analysis and modeling approach, focusing on the influence
of the parameters. The analysis involved the effects of micro-EDM parameters
on variations in the magnitude of tool electrode wear ratio. The effect of each
individual input factor on the tool wear ratio have been independently analyzed.
The plausible causes for a significant increase or decrease in the tool wear ratio
have been explained using the physics of the process. The explicit conclusions of
this work are enumerated as follows:

* A systematic modeling and analysis approach have been used to study the

tool electrode wear phenomenon in the micro-EDM process. Statistical tools
involving main effects plots, interaction plots and regression analysis are used
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to examine the data and to develop the process input-output relationships. In
the data, maximum tool wear ratio corresponds to trial #25 as 3.16 and the
minimum is 0.54 at trial #2.

* Main effects plots based on analysis of means are used to investigate the
independent effects of capacitance, voltage and feed rate on the tool electrode
wear ratio. As the parameter capacitance increases from 0.1 to 1 nF, the
increase in tool wear ratio is by 6%. Further, the capacitance increases by
10 times to 10 nF. As a result, the increase in tool wear ratio is by 33%, i.e.,
5 times the increase observed earlier. This effect could be attributed to the
particularities of the charging and discharging of the capacitor in the case of
a micro-EDM process for the current configuration.

* As the voltage increases from 80 to 100 V, the tool wear ratio increases
by 10%. A further increase in voltage from 100 to 120 V causes a higher
increase in tool wear ratio by 12%. This clearly indicates that though voltage
has a favorable effect on the material removal rate, at the same time; it
adversely affects the consumption of the tool electrode. The effect could be
attributed to an increase in discharge gap at higher voltages, to maintain the
minimum electric field necessary to initiate a discharge.

* The results of interaction effects on the tool wear ratio indicate that when
feed rate and capacitance interact, a maximum increase in tool wear ratio
of 200% is observed, and the variation is critical for micro-EDM operation.
Thus, it is evident that even a small fluctuation in the feed rate controls the
capacitance charging and discharge phenomena in the micro-EDM process.
The individual effect of the voltage is to increase the tool wear rate, however,
for interaction feed rate x voltage, at feed rate of 4 um/s and for all the levels
of voltage, a decrease in the tool wear ratio is observed.

* A regression relationship between tool wear ratio and the process inputs have
been established. The regression constant of 0.86 shows that the model is
adequate enough to make further predictions on the tool electrode wear ratio
with capacitance, feed rate and voltage. The capacitance has been observed
to be significantly influencing the tool wear ratio at all the levels and other
processing conditions. A plot between predicted tool wear ratio and actual
tool wear ratio has been developed.
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