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Abstract

Multi/Multiple-criteria decision-making methods or multiple-criteria decision analysis (MCDA) have a useful contribu-
tion to determine the optimal or the best experimental condition for a process. One of the objectives of the presented
research is the observation of the effects of the electrical parameters on the material removal rate (MRR) and the elec-
trode wear ratio (EWR) in a meso-scale EDD. The examined electrical parameters are pulse-on/off time, duty cycle/factor
and capacitance. Machining results have been investigated by analysis of variance and graphically depending on their
main effects. While pulse-on time and duty cycle have statistically significant effect on MRR, pulse-on time, capacitance
and duty cycle have significant effect on EWR for the EDD processes. VIKOR, TOPSIS (Technique for Order Preference by
Similarity to Ideal Solution) and GRA (Grey Relation Analysis) were used as MCDM methods to determine the optimum
machining result in terms of maximum MRR and minimum EWR. MCDM results have been monitored by graphically. Since
an inconsistency has been seen between the MCDM results, a second supplementary analysis has been done by Weighted
of Sum and Weighted of Product methods. By this way, a better consistency has been provided. Consequentially, it has
been seen that the results of the second modifier analysis and the results of VIKOR were closer to each other in terms of
specifying the optimal condition for the process. Hole formations were also observed by scanning electron microscopy
images in this work. As a result, it has been decided that the minimum pulse-on time and pulse off-time with 50% duty
cycle and minimum capacitance inputs gives an optimum output for MRR and EWR in the meso-scale EDD process.
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1 Introduction

Most of the machining operations, like in this study, are
not qualified by its single performance measure. Material
removal rate and electrode wear ratio are the multiple
evaluation criteria of this study. However, reality of their
expected opposite dependence makes complication in
deciding to the best machining performance. For this
reason, EDD performance of this study were analyzed
by different multi-criteria decision-making methods [1]

to identify the best or the optimal machining condition.
These procedures are VIKOR (vlsekriterijumska optimi-
zacija i kompromisno resenje), TOPSIS and GRA. These
methods are widely used in manufacturing fields [2, 3].
Electro discharge machining (EDM) is a nontraditional
manufacturing (NTM) method using thermoelectrically
energy for manufacturing geometrically complex and
hard material parts that are extremely difficult-to-machine
by conventional or traditional machining processes.
EDM is among the earliest of NTM processes having had
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its inception 1940s in a simple die-sinking application.
Although it is currently being possible to apply EDM in
the cases of some insulating materials, electrically conduc-
tive materials can be machined by EDM easily. EDM is a
non-contact machining technique and the non-contact
machining techniques have been attracting a significant
amount of industrial and research interest especially for
micro-meso scale machining applications [4].

Sometimes referred to as spark machining or spark
eroding, EDM is a thermo-electric process that machines
the materials from electrical conductive workpieces by an
array of intermittent or discontinuous and rapidly recur-
ring electric sparks between tool and workpiece.

In working principle of this process, an electric voltage
is applied to the electrodes, and this generates the elec-
tric and electromagnetic field. Electric resistance of this
field decreases by polarization. This initiates circulation
of electrons and ions between the electrodes. Amperage
increases and spark occurs. The spark is at plasma tem-
perature and surrounded by a gas sheath. High plasma
temperatures causes vaporization of the workpieces. Due
to the increase of the material temperature, the develop-
ment of a melting process and a little later vaporization
begins. The most prominent advantages of EDM include
machining of complex shapes and extremely hard materi-
als that difficult to machine with conventional methods.
However, the inability to machine electrically non-conduc-
tive materials, slow rate of materials removal and excessive
electrode wear are the most notorious disadvantage of
this method [5].

Various researches have been done in number of ways
to improve the material removal rate and electrode wear
performance of EDM. Though there are lots of approaches,
the objective remained the same in terms of achieving
more efficient material removal coupled with a reduction
in tool wear. This study aimed to analyze meso-scale EDD
performance taking into account the electrical parameters
such as pulse-on/off time, duty cycle and capacitance. EDD
is one of the two principal types of EDM sinking and a pro-
cess, widely used in the industry to generate holes in very
hard and electrically conductive materials in high speed
[61.

Numerous studies have been done on EDM/EDD to
investigate the effects of electrical parameters on the
results. Yu et al. [7] made a comprehensive study on the
effect of various parameters such as open circuit volt-
age, capacitance, electrode feed and layer depth on the
material removal rate and the electrode wear ratio. They
found that the MRR and EWR increases with increase in
capacitance. Kuppan et al. [8] conducted an experiment
in EDM of small deep hole drilling of Inconel 718 to study
the effect of input parameters like the peak current, pulse-
on time, duty factor and electrode speed on MRR. By the
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experiments, they found that the MRR is more influenced
by the peak current, duty factor and electrode rotation.
Ko-Ta Chiang [9] conducted experiments on the effect of
machining parameters on the performance of EDM pro-
cess. He chose four machining parameters (the discharge
current, pulse-on time, duty factor and open discharge
voltage) to study the performance characteristics of MRR
and EWR. Through his study, while he found out that the
discharge current and duty factor are the main influencing
parameters on the value of MRR, EWR is more influenced
by the discharge current and pulse-on time. Jahan et al.
[10] investigated different kinds of electrode performances
in micro-EDM. Mahardika et al. [11] worked on micro-EDM
performance. Kachab et al. [12] investigated performance
evaluation of different electrode geometries in EDD.
Nevertheless, tool wear is inevitable outcome of EDM
and EDD processes due to their thermoelectrically mecha-
nism. Moreover, it is a proven truth that higher MRR means
also higher EWR in this process. Therefore, it is required to
apply MCDM methods to qualify the process performance
in the case of both machining results, MRR and EWR. Simi-
lar studies have been done in literature widely [13]. Kumar
and Soota [14] proposed grey relation analysis to optimize
EDM process parameters. Payal et al. [15] employed GRA to
optimize the process input parameters during EDM of an
Inconel material. Pradhan [16] suggested GRA and TOPSIS
to assess process parameters of EDM. Bhuyan et al. [17]
optimized process parameters by VIKOR for EDM process
of a metal matrix composite. Pattnaik et al. [18] used fuzzy
TOPSIS in order to optimize EDM parameters for a stainless
steel. Guo et al. [19] used gray relation analysis method
for another EDM drilling process. They selected peak cur-
rent, pulse duration, duty factor and flushing pressure as
the machining parameters. Machining time, electrode
wear and surface roughness were chosen to evaluate the
effects of machining. Manivannan and Kumar [20] used
TOPSIS method for multi attribute decision making of
micro-EDM drilling process parameters. The input param-
eters were current, pulse on/off durations and gap voltage.
The observed outputs were geometrical characterizations,
material removal rate, tool wear rate and average rough-
ness. Bhosle and Sharma [21] applied GRA to investigate
multi-performance optimization of micro-EDM drilling
process of Inconel 600 alloy. They varied five process
parameters such as voltage, capacitance, EDM federate,
pulse-on time and pulse-off time in drilling process using
tungsten carbide tool. They determined optimum material
removal rate and minimum taper, overcut and diametric
variation by this way. Sapkal and Jagtap [22] examined
optimization of micro EDM drilling process parameters for
titanium alloy by copper tungsten electrode. They used
response surface methodology based central composite
design. They analyzed the process parameters like pulse
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on time, discharge voltage, capacitance and electrode
rotation speed depending on material removal rate, side
gap width and taper ratio.

In this study, firstly, experimental results have been
analyzed by analysis of variance (ANOVA) and graphically.
However, due to nonlinear of some results, secondly,
multi-criteria decision-making (MCDM) methods, VIKOR,
TOPSIS and GRA were employed to evaluate and compare
the machining results of EDD in terms of their MRR and
EWR results for the most appropriate options. Since these
first group of examination was unsatisfying for the aim, a
second group of screening was also practiced by weighted
sum (WS) and weighted product (WP) methods as a third
stage. Hence, a satisfactory result was obtained and it was
decided to optimal machining condition of EDD process
in this study. So, the aim of this study is not only to deter-
mine optimal machining conditions of an EDD process by
MCDM methods, but also to make a comparison between
these methods and to normalize their result to achieve the
most reliable result. SEM images of the created holes are
also given a separate section in the study. Flow diagram
of the whole study is given in Fig.1.

2 Experimental procedure
2.1 Machine and electrical parameters

Experiments were conducted on a ZNC/50A electro
discharge drilling machine (hole popper) produced by
Corisma Inc. in Taiwan. The effect of the input parameters
such as pulse-on/off time, duty cycle and capacitance were
examined in terms of their effects on material removal rate
and electrode wear.

Fig. 1 Flow diagram of the
study

Pulse-on time is the amount of current or discharge that
flow into the gap between the two electrodes. Pulse of
time is the amount of interval, the power and so discharge
is interrupted during the EDM cycle. Capacitance is the
measure of amount of electric charge stored for a given
electric potential. Duty cycle is an indicator of the relation-
ship between on-time and off-time and the efficiency of
the process. It is determined by the Eq. 1,

DC_tO—”

= * 100 m
ton + toff

where DCis the duty cycle (%), t,,, is pulse-on time (us) and
to is pulse-on time (us).

2.2 Workpiece, tool and dielectric medium

Workpiece specimen was Protherm C17500 Copper—Beryl-
lium (Cu-Be) Alloy with 26 mm x26 mmx 13 mm in dimen-
sions. Chemical composition of the workpiece includes
0.6% Be and 2.6% Co and the rest Cu by weight. Lower
beryllium content of Protherm material differs from Mold-
max material. Density of the workpiece is 5.109 kg/m?,
elastic modulus is 20 x 10° psi, thermal expansion coeffi-
cient 9.8x 1078 in./in./°F, 70-400 °F. Thermal conductivity of
the material is 115 Btu/(ft.hr.°F). Melting point of the mate-
rial is 1850-1930 °F [23]. Workpiece was placed properly on
a special fixture mounted on the magnetic bed.

Electrode tool was single hole copper tube with @1
mm outer diameter, 30.3 mm inner diameter and 400 mm
length in dimensions. Chemical composition of the copper
electrode includes 99.9% Cu and 0.015-0.04 Phosphorus
(P) by weight. Density of the electrode is 8.94 g/mm?>.

EDD Test Results
(MRR, EWR)

SEM image of the
holes

Analysis of Variance

|Mean Results Charts
for MRR and EWR
Results

Application of
MCDM (VIKOR,
TOPSIS, GRA)

(ANOVA)

Percentage

(PCR)

Contribution Ratio

Application of WS
and WP to VIKOR,
TOPSIS and GRA
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Deionized water was used as dielectric medium. Some
properties of the medium are, density is 8.34 Ibs/Gal, die-
lectric strength is 13 MV/m, dynamic viscosity is 0.92 g/
ms, thermal conductivity is 0.606 W/mK and specific heat
capacity is 4.19 J/gK. Both side and inside flushing method
was used in the experiments. Dielectric nozzle position for
the side flushing was adjusted so that it would properly
flush the debris or removed material. Dielectric flushing
pressure was set as 25 kg/cm? under whole condition.

2.3 Machining tests and outputs

Figure 2 depicts the photograph of the machine and mate-
rials used for the experimentation. For the electrode, a
proper distance was set between the tool holder and tool
guide so that oscillation of the tool was minimized while
rotating. An appropriate distance between the electrode
and workpiece was also set (~ 2.6 mm) automatically from
the control unit of the machine. Depth of 10 mm was set
for the Z-axis to drill the hole.

The material removal rates (MRR) and the total elec-
trode tool wear ration (EWR) were measured for each set
of parameters from the weight difference concepts of the
parts both before and after the EDD process using a sen-
sitive micro-level balance (Sartorius precision scale type
E-1200S) having 1210 g capacity and 0.001 g resolution.
MRR was calculated by the Eq. 2,

[Wwb - Wwa]
P * Toec

MRR = )

where W,,,, is the weight of the workpiece before EDD,W,,,
is the weight of the workpiece after EDD, p is the density
of the used workpiece material and t; is the time of the
EDD process. On the other hand, EWR was calculated by
the following Eq. 3,

Ver
EWR = v * 100 (3)

w

where V,, is the volume difference of the electrode tool
andV,, is the volume difference of the workpiece before
and after EDD process for both materials.

Table 1 summarizes the EDD parameter settings
adopted for the present study. It can be seen that the
capacitance ranges from 1 to 11, the pulse durations are
25-75 and duty cycles are 25-75. Hence, the totally 27
main experiments with one repetition were adapted for
the study based on randomized full factorial design (3°).
The other parameters such as working voltage, working
current, GAP voltage, spindle speed, servo feed speed
were fixed as 150V, 25 A, 16 V, 6 rpm and 50 mm/min
respectively according to the supplier recommendations.

Fig.2 Electro Discharge Drilling (EDD) machine (hole popper), Protherm C17500 copper-beryllium alloy specimen machined with EDD and

a sample copper tube electrode

Table 1 Design of experiment

(DOE) EDM inputs Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7
Pulse-on duration (us) 25 50 75 - - - -
Pulse-off duration (ps) 25 50 75 - - - -
Capacitance (pF) 1 6 11 - - - -
Duty factor (%) 25 33 40 50 60 67 75
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3 Analytical procedure
3.1 Analysis of variance (ANOVA)

Univariate Analysis of Variance (ANOVA) for the depend-
ent variables material removal rate (MRR) and electrode
wear ratio (EWR) was used for the statistical analysis of
the numerical results to determine the significance of the
independent electrical factors. ANOVA was supported by
PCR (Percentage Contribution Ratio) to specify contribu-
tions of each factor and interactions between them. Equa-
tion 4 gives PCR,

S.Sﬁ - [M.Se k dfﬁ]

where PCRg, is the percentage contribution of the related
factor, SSg is the sum of squares of each factor in the source
column, MS, is the error of mean square, dfy, is the degree
of freedom of each factor and SS.; is the corrected total
of the sum of squares.

3.2 Performance measures with VIKOR

This technique, which is depending on the particular
measure of “closeness” to the “ideal” solution, was devel-
oped by Opricovic [24]. The ranking procedure of this tech-
nique can be determined by the following steps [25].

1. Determination of weightage of the machining results.
Table 6 shows the numerical solutions that MRR is
the beneficial criterion and EWR is the unbeneficial
criterion.
2. Finding best and worst values for each criterion.
Best is (Xjj)max for beneficial and (X;),i, for unbenefi-
cial criterion. Worst is (X;)) i, for beneficial and (X;).x
for unbeneficial criterion.
3. Calculation of S, uniquely measure by the Eq. 5,

P lp
n X —X;
MRREWR __ i I
R ? <Wf ' XT> ®

j=1 i i

where n is the number of the alternatives, X, is the
best alternatives of MRR and EWR, X;™ is the worst
alternatives of MRR and EWR. X;; is each alternative of
MRR and EWR. If p=1 then all criterion deviations are
weighted equally. If p=2 then the criterion deviations
are weighted based on their magnitudes.

4. Calculation of total S; by the Eq. 6

S = S/ 4 STUR ©6)

5. Determination of R, which is maximum value of S;*®
and SEYR row.

6. Finding out S*, S~, R* and R™ values by the following
equations,

S* =minS;_S™ = maxS;_R* = minR._R™ = maxR;
(7)
7. Calculation of Q; by the Eq. 8,

Qi:V*Si_S#

# -—R#

+(1+v) R
ES
YRR

(8)

where v is the weight for strategy of maximum group
utility, which is taken as 0.5 in the analysis. Because
generally, it takes the value 0.5 [25].

8. Determination of the ranking based on Q; values.

The minimum value of Q; will be the best solution.
However, the following two conditions must be satis-
fied simultaneously.

C1 (Acceptable advantage): Q(A%) — (A') > DQ,
where A" and A? are the alternatives with the first and
second highest rank in the ranking list respectively and
DQis ]_% where j is number of the alternatives.

C2 (Acceptable stability in decision making): A’
should also be the best ranked by S; or/and R;.

Unfortunately, these two conditions mostly cannot
be achieved simultaneously. Then a set of following
compromise solutions is proposed.

S1 If condition C1 is not satisfied, A" in alterna-
tives A", A%..., A" is determined by the relation
Q(a") — Q(a") < DQ for maximum n (the positions of
these alternatives are“in closeness”).

S2 If only condition C2 is not satisfied, the alterna-
tives A’ and A? are the compromise solutions.

3.3 Performance measures with TOPSIS

The ranking procedure of this method can be determined
by the following steps [26].

1. Determination of weightage of the machining results.
MRRis the beneficial criterion and EWR is the unben-
eficial criterion. Their weightages are equal as 0.5 as in
VIKOR technique.
2. Calculation of Normalized Matrix by Eq. 9,

X,

[

n 9)
X2
VE? g
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where X;; each value of MRR and EWR results.
3. Calculation of weighted Normalized Matrix by Eq. 10,

Vi =X; =W, (10)

4. Determination of ideal best and ideal worst values of
Vi

5. Calculation of Euclidean distance from the ideal best
and worst by Eq. 11,

n ,105
5t = lz(vi._vﬂ] (1)

6. Calculation of Performance Score by Eq. 12,

S-

I

p. =
St st

(12)

7. Determination of the best ranking value depending
on the biggest performance score value

3.4 Performance measures with GRA

The ranking procedure of this method can be determined
by the following steps [27].

1. The experimental results of the MRR and EWR have
been normalized in the range between 0 and 1 by grey
relational generating. The best normalized result will
be equal to 1, which express the better performance.
The normalized experimental values of the MRR (Y;(n))
were calculated by Eqg. 13 with regard to higher-the-
better performance characteristic,

Y (n) = X;(n) — min X;(n) (13)

max X;(n) — min X;(n)

where Xi(n) is the nth experimental result in the ith
experiment, minX;(n) and maxX;(n) are the minimum
and maximum values of X;(n) respectively. And the
normalized experimental results Y;(n) of EWR can be
calculated by Eq. 14 with regard to lower-the-better
performance characteristic,

max X;(n) — X;(n)

Yim = max X;(n) — min X;(n) "

2. The grey relational coefficients expressing the rela-
tion between the best and actual normalized values
are calculated by the following Egs. 15 and 16,

Ayi(n) = ”Yo(n) - Y,-(n)|| (15)

SN Applied Sciences

A SPRINGER NATURE journal

Amin + g * Amax

‘):i(n) - AOi(n) + é‘ * Amax

(16)

where A(n) is the absolute differences of two compar-
ative sequence, Y,(n) is the reference sequence which
is equal to 1 and Y;(n) is the comparison sequence in
the analysis, §(n) is the grey relational coefficient, A,
and A, is the minimum and the maximum values of
Ag(n) respectively, Cis the weight coefficient defined
as 0.5 as in the other methods. (k) is the grey rela-
tional coefficient and the highest value of &;(k) repre-
sents that the related experimental result is closer to
the best normalized value for the single performance
characteristic.

3. The grey relational grade is calculated by the Eq. 17 for
evaluation of the multi process characteristics by find-
ing the mean value of the grey relational coefficients,

— 22;1 él(m)

m

Yi (17)
where Yy, is the grey relational grade and m is the num-
ber of performance characteristics. The higher grey
relational grade refers the higher rank for the multiple
performance characteristic.

4 Results and discussion

Experimental results have been discussed based on the
main effects of the electrical parameters on MRR and EWR
by ANOVA and by graphically. Numerical results of the
experiments made it compulsory to carry out an optimi-
zation study. Therefore, VIKOR, TOPSIS and GRA methods
were used to determine optimum result in terms of MRR
and EWR. SEM images of the meso-scale drilled holes have
been also shown in a separate section.

4.1 The effects of the electrical parameters on MRR

Tables 2 and 3 shows univariate analysis of variance
(ANOVA) results. The analysis of variance including the two
levels interaction shows better fitting results for full fac-
torial design of experiments. Therefore, a second analysis
was implemented to determine the significance of duty
cycle and capacitance. Thus, the only parameters that
have significant effect on the material removal rate is the
pulse-on time and duty cycle based on 0.05 significance
level and 95% confidence interval. Their PCR results on
the variation are 24.1% and 63.5% respectively. This result
of duty cycle is coherent with results of Kuppan et al. [8]
and Ko- Ta Chiang [9]. The capacitance and the pulse-on
time have no main effect on the material removal rate. The
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Table 2 Univariate analysis

of variance (ANOVA) for Source I:E;I;Issum of df Mean square F Sig
dependent variable MRR based
on two levels interactions of Pulse_On_Time 56,484 2 28,242 13,011 003
g’;‘;ia‘;gz:gf‘c z“'se'c’ﬁt'me Pulse_Off_Time 11,422 2 5711 2631 132
Capacitance 10,660 2 5330 2456 147
Pulse_Off_Time*Capacitance 16,988 4 4247 1957 194
Pulse_On_Time*Capacitance 12,988 4 3247 1496 .290
Pulse_On_Time*Pulse_Off_Time 90,008 4 22,502 10,367 .003
Error 17,365 8 2171
Total 1277,281 27
Corrected total 215914 26

R Squared=,920

Table 3 Univariate analysis of variance (ANOVA) for dependent var-
iable MRR based on two levels interactions of capacitance and duty
cycle

Source Type lll df Meansquare F Sig
sum of
squares
Capacitance 9528 2 4764 1586 .280
Duty cycle 155,191 6 25865 8610 .010
Capacitance*Duty 32,038 12 2670 .889 596
cycle
Error 18,025 6 3004
Total 1277,281 27
Corrected total 215,914 26

R Squared=,917

interactions between the pulse-on time and the pulse-off
time has also a significant effect on the material removal
rate with 37.7% PCR. However other interactions between
the other parameters have no significant effects on MRR.

Figure 3 shows the interactive graphs of the main
effects of the electrical parameters, pulse-on/off times,
duty cycle and capacitance, on MRR respectively. That
means, for example, MRR formation at 25 s is obtained
at mean values of three different pulse-off times (25, 50
and 75 us), three different capacitances (1, 6 and 11 uF)
and three different duty cycle (25, 33 and 50). Based on the
mean results, MRR was 5.31 mm>/min at 25 us pulse-on
time. MRR increased to 8.31 mm3/min at 50 ps pulse-on
time with 56.5% variation. However, it decreased again
to 5.18 mm>3/min at 75 us pulse-on time with 37.7% vari-
ation. Theoretically the higher pulse-on time means the
larger the craters or pits and the faster cut. Therefore, it
is expected an increase with increasing pulse-on time.
Because, the influence time of the total energy to the
workpiece by working current extends by increasing of
pulse-on time. In longer pulse durations, the plasma has
enough time to increase its radius with an increase in pulse

duration, as determined in lots of study [28]. However, the
short pulses cause less vaporization from the workpiece
and long pulses cause the plasma channel to expand.
The expansion of the plasma channel lead to reduction
of spark energy density (i.e. energy per unit volume). The
supply of low spark energy will reduce the heat input for
crater volume, which means insufficient to melt and vapor-
ize the workpiece material [8]. Therefore, material removal
rate will decrease after reaching maximal effort like in this
study. Similar trends were put forward by other research-
ers[12,29-32].

On the other hand, MRR was 6.72 mm?3/min at 25 V]
pulse-off time. MRR decreased to 5.35 mm?>/min at 50 s
pulse-off time with 20.4% variation. However, it increased
again to 6.74 mm?3/min at 75 us pulse-off time with 25.9%
variation. This tendency seems to be a mirrored condition
of pulse-on time graph. Similar trends were also seen in
a recent research [12]. The decrease in MRR with increase
pulse-off time is an expected situation due to longer
machining times. Intensity of discharge sparking also
decreases with longer pulse-off times. However, increase
in MRR with longer off-time could be explained by flush-
ing efficiency and so removing debris from the machining
zone effectively. The variation of the effect of duty cycle
on MRR seems to be like a harmonic motion in the graph.
The variation is not linear and therefore the effect of duty
cycle on MRR seems not stable. MRR was 5.72 mm?*/min at
1 WF capacitance. MRR increased to 5.94 mm?>/min at 6 pF
capacitance with 3.8% variation. It continued to increase
to 7.15 mm>/min at 11 uF capacitance with 20.4% varia-
tion. Increase of capacitance increases discharge energy.
This result of the effect of capacitance on MRR is coherent
with results of Yu et al. [7], Jahan et al. [10] and Mahardika
etal. [11].
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Fig. 3 The effects of the electrical parameters, pulse-on/off times, duty cycle and capacitance, on MRR

4.2 The effects of the electrical parameters on EWR

Table 4 and Table 5 shows univariate analysis of variance
(ANOVA) results based on 0.05 significance level and 95%
confidence interval. A second analysis was also imple-
mented to determine the significance of duty cycle and
capacitance on EWR. The parameters that have effect on
EWR are the pulse on-time, capacitance and duty cycle.
Their PCR results on the variation are 14.6%, 19.9% and
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51% respectively. Pulse off-time has no main effect on
the EWR. The only interaction that has effect on EWR is
between the pulse on-time and pulse off-time with 27.6%
PCR. Other interactions are seeming insignificant.

Figure 4 shows the interactive graphs of the main
effects of the electrical parameters, pulse-on/off times,
duty cycle and capacitance, on EWR respectively. Based
on the mean results, total wear was 39.1% at 25 ps pulse-
on time. Total wear decreased to 33.8% at 50 ps pulse-on
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Table 4 Univariate analysis

of variance (ANOVA) for Source I;/E;I(I?I:um of df Mean square F Sig
dependent variable EWR
Pulse_On_Time 7616 2 3808 6648 .020
Pulse_Off_Time 2386 2 1193 2083 187
Capacitance 10,019 2 5009 8745 .010
Pulse_Off_Time*Capacitance 2799 4 .700 1222 374
Pulse_On_Time*Capacitance 2439 4 610 1065 433
Pulse_On_Time*Pulse_Off_Time 14,529 4 3632 6341 .013
Error 4583 8 573
Total 178,707 27
Corrected total 44,370 26
R Squared =,897
Tablefj Univariate analysis Source Type Il Sum of df Mean square F Sig
of variance (AN.OVA) for squares
dependent variable EWR
Capacitance 8676 2 4338 17,363 .003
Duty_Cycle 24,145 4024 16,106 .002
Capacitance*Duty_Cycle 8708 12 726 2904 .100
Error 1499 6 .250
Total 178,707 27
Corrected total 44,370 26

R Squared =,966

time with 13.6% variation. It decreased again to 28.6% at
75 us pulse-on time with 15.4% variation. Longer on time
means longer exposure to thermal energy for the work-
piece as well as for the electrode tool. For this reason,
it is expected to increase in wear of electrode tool with
increase of pulse-on time. However, EWR or relative wear
was decreased with increase of on time. Higher on-time
also means lower discharge frequency. Efficient flushing
from the meso-scale tube electrode could also improve
EWR. On the other hand, total wear was 31.69% at 25 pus
pulse-off time. Total wear increased to 33.44% at 50 us
pulse-off time with 5.5% variation. It increased again to
36.36% at 75 ps pulse-off time with 8.7% variation. Longer
off-times mean longer machining times and lower machin-
ing efficiency. This also means higher EWR related to lower
MRR. Another reason could be that, secondary erosion
along the sides of tubular electrodes could be increased
at off-time periods. The effect of duty cycle on total wear
seems to be decrease with increasing percentage of the
factor in the graph. According to its equation, duty cycle
is inversely proportional to the pulse-off time. Higher duty
cycle means more discharge spark and so increased MRR.
Hence, it is expected decrease in EWR. The maximum EWR
was obtained as 39.36% by minimum duty cycle (25%).
However, the minimum EWR was obtained as 20.19% by
maximum duty cycle (75%). Therefore, it is suggested to

benefit from the maximum duty factor to get minimum
electrode tool wear in EDD operations depending on
machine capacity. This means, to operate higher pulse-on
time and lower pulse-off time in EDD operations especially
during drilling with meso-scale electrode tools, which
causes working with lower frequency and higher power
combination. Total wear was 27.42% at 1 uF capacitance.
It increased to 31.42% at 6 pF capacitance with 14.6%
variation. It continued to increase to 42.65% at 11 pF
capacitance with 35.7% variation. Increase of capacitance
increases the discharge energy. This result of the effect of
capacitance on EWR is coherent with results of Yu et al.
[7], Jahan et al. [10] and Mahardika et al. [11]. Hence it is
suggested to work with minimum capacitance to get mini-
mum electrode tool wear in EDD operations.

4.3 MCDM analyses

The determined optimal conditions depending on the
different MCDM methods have been shown in Fig. 5 by
their rankings. According to this graph, the best machin-
ing condition to get optimal MRR and EWR performances
is achieved by test 1 (25 us pulse-on/off time 50% duty
factor and 1 pF capacitance) depending on the VIKOR. The
condition C1 is not provided in this study by VIKOR, but
alternative A is the best ranked by R;, which provides the
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Table 6 Performance score results based on different MCDM methods

Alternatives Experimental machining variables Performance scores based on  Performance Rank

different MCDM methods scores scores

Pulse-on Pulse-off Duty cycle (%) Capac. (uF) VIKOR  TOPSIS GRA
time (us) time (us) .

Weightage values WS WP WS WP

0.33 0.33 0.33
1 25 25 50 1 0.065 0.649 0.588 0917  0.028 1 1
2 25 25 50 6 0.382 0.546 0.552 0576  0.004 10 10
3 25 25 50 1 0911 0.265 0400 0337  0.001 24 24
4 25 50 33 1 0.786 0.413 0493 0456  0.001 18 19
5 25 50 33 6 0.815 0.246 0397 0329  0.001 25 25
6 25 50 33 1 1.000 0.210 0379 0298 0.000 27 27
7 25 75 25 1 0.478 0.417 0.463 0.461 0.002 17 16
8 25 75 25 6 0.758 0.310 0420 0373  0.001 23 23
9 25 75 25 1 0.873 0.213 0386 0306 0.000 26 26
10 50 25 67 1 0.221 0.591 0.555  0.641 0.007 6 4
1 50 25 67 6 0.093 0.670 0.615 0840  0.021 2 2
12 50 25 67 1 0.488 0.554 0.689  0.631 0.004 8 8
13 50 50 50 1 0.340 0.501 0.502 0538  0.004 14 13
14 50 50 50 6 0.240 0.600 0.572 0645 0.007 4 5
15 50 50 50 1 0.127 0.678 0716 0829 0.018 3 3
16 50 75 40 1 0.360 0.528 0.523 0558  0.004 12 1
17 50 75 40 6 0.711 0.432 0.504 0.473 0.001 16 17
18 50 75 40 11 0.470 0.517 0.543 0.548 0.003 13 14
19 75 25 75 1 0.576 0.519 0.676  0.601 0.003 9 12
20 75 25 75 6 0.724 0.408 0479 0449  0.001 19 18
21 75 25 75 1 0.758 0.386 0462 0429  0.001 21 21
22 75 50 60 1 0.756 0.389 0465 0432  0.001 20 20
23 75 50 60 6 0.518 0.446 0484 0482  0.002 15 15
24 75 50 60 1 0.765 0.313 0.421 0374  0.001 22 22
25 75 75 50 1 0.296 0.517 0.509 0559  0.004 M 9
26 75 75 50 6 0.246 0.593 0566 0637 0.007 7 6
27 75 75 50 1 0.393 0.578 0.667  0.643  0.005 5 7

condition C2. Since Q(A%) — Q(A") > DQ, both A’, A> are
assumed compromise solutions in terms of VIKOR [33]. On
the other hand, the rank of this test condition is 3 and 6
depending on TOPSIS and Grey Relation Analysis respec-
tively. These methods show that the test 15 (50 us pulse-
on/off time 50% duty factor and 11 pF capacitance) shows
the best performance (rank 1) in terms of optimal MRR and
EWR performances. However, the rank of this test is 3 in
regard of VIKOR technique.
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It is obvious that there is an inconsistency between
these methods and it is essential a supplemental exami-
nation to decide for the optimal performance measure.
For this purpose, weighted sum and weighted product
models [34] were implemented to performance scores of
VIKOR, TOPSIS and GRA methods. These two methods are
also used for solving multi-criteria decision-making prob-
lems. In these analyses, performance scores of VIKOR tech-
nique, whose lower value is desired, was categorized as
unbeneficial criterion. Conversely, performance scores of
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Fig.4 The effects of electrical parameters, pulse-on/off times, duty cycle and capacitance, on EWR

TOPSIS and GRA methods, whose higher value is desired, Min(X;)
were categorized as beneficial criterion. In order to make N,V'KOR = -
all these criterions comparable, the normalization decision i
procedure was applied to performance scores of the first

MCDM methods by the following equations.
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TOPSIS,GRA _ X

i MGX(X,-j) (19)
where X;; is the performance value of ith alternative over
jth criterion (performance score). The weightages were
assigned equally for the all criterion as 33%. Then, nor-
malized values of each criterion were multiplied by the
weightages to find weighted normalized decision matrix.
Eventually, in order to obtain performance scores and
ranks of the alternatives, all weighted normalized perfor-
mance values of each alternative were summed by the
following equation.

n
Jj=1

where w; is the weightage (0.33) of the criterion. In the
case of weighted product model, the following equation
was employed in order to obtain performance scores and
ranks.

n
wp =X’ (21)
j=1

Figure 6 shows ranking scores of WS and WP analyses. It
is clear that the consistency of the performances of these
two methods are better than first analyses. This graph in
Fig. 2 indicates that machining test of number 1 is resulted
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Fig. 6 Results of rank scores depending on weighed sum (WS) and
weighted product (WP) models

with the optimal condition as in VIKOR analysis. It has been
claimed that in comparison to other methods, VIKOR tech-
nique has many advantages in using the MCDM problems
especially with opposite criteria [25].

Table 6 shows the experimental interactions of 27
test alternatives. Calculated performance scores by the
MCDM methods with respect to these interactions and
determined optimal machining conditions with their
ranking scores were also shown in this table.

4.4 Hole formations by meso-scale EDD

Figure 7 shows sample SEM images of hole formations for
capacitances of 1,6 and 11 pF at 25 ys pulse-on/off dura-
tions. Distinctly, there is a projection of inside diameter
of the electrode tool to the workpiece as seen in Fig. 2 c).
While the material removal rate was higher in that condi-
tion (5.179 mm?3/min), the machining time was lower (47 s)
in comparison to others (2.342 and 3.457 mm3/s-236 and
122 s). Therefore, the depth of this hole is lower than the
others and probably the projection of inside diameter of
the electrode tool becomes visible. This results should
be considered. Because these unwanted formations in
manufacturing could require post machining processes
to eliminate it.
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Fig. 7 Hole formations at 25 ps pulse-on/off durations for different capacitances a 1 pF, b 6 pF, ¢ 11 pF

5 Conclusions

In this study, a machining test (EDD) was done and per-
formance of this test was measured with related to its
machining speed (MRR) and tool wear (EWR). Electrical
parameters, pulse-on time and duty cycle and inter-
action of pulse-on/off time have statistically signifi-
cant effect on MRR for EDD operations. Although, MRR
increases with increase of capacitance, its effect on varia-
tion of MRR seems to be insignificant. On the other hand,
the electrical parameters, pulse-on time, capacitance
and duty cycle and the interaction between pulse-on/
off times have significant effect on EWR. For the optimi-
zation procedure, MCDM methods (VIKOR, TOPSIS, GRA)
were applied to MRR and EWR performance indexes first.
VIKOR, one of the multi-criteria decision-making (MCDM)
techniques, has proved that the lowest pulse-on/off
time values with the 50% duty cycle and the lowest
capacitance value provide the optimum MRR and EWR
results for the meso-scale EDD. However, it could not be
decided which condition is better in terms of MRR and
EWR with the other MCDM methods. Therefore, a sec-
ond analysis was performed by MS and MP methods. A
harmony was achieved by these analyses. Consequently,
it has been decided that the test 1 (25 ps pulse-on/off
time 50% duty factor and 1 uF capacitance) showed the
best performance in terms of machining results of this
study. This outcome is also compatible with the result of
VIKOR technique. In terms of hole formations, projection
of the electrode hole to the workpiece in using of tube
electrode should be taken into consideration in EDD
operations. For the future aspect, other MCDM methods
such as PROMETHEE (preference ranking organization
method for enrichment evaluations), ELECTRE (elimi-
nation et choice translating reality) and AHP (analytic
hierarchy process) could also be experienced and made
a comparison for similar machining test conditions. It

is suggested that independent and dependent vari-
ables could be diversified more for these tests. Results
of this study will be beneficial for the manufacturers and
researchers working on EDD.
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