
https://doi.org/10.1007/s12008-022-01121-7

ORIG INAL PAPER

Multi-objective optimization in micro-electrical discharge machining
using titanium nitride coatedWC electrode

Phan Nguyen Huu1 · Ly Nguyen Trong1

Received: 9 December 2021 / Accepted: 14 November 2022
© The Author(s), under exclusive licence to Springer-Verlag France SAS, part of Springer Nature 2022

Abstract
Even though the coated electrode can enhance the machining efficiency in micro-EDM process, it is essential to introduce
optimization approach for further enhancing the process. Hence the present study was performed with multi-criteria optimiza-
tion in micro-EDM using TiN coated tungsten carbide electrode for machining titanium (Ti–6Al–4V) alloy. The Z coordinator
and tool wear rate were used as the quality parameters to evaluate the machinability. The voltage, capacitance and spindle
rotational speed were considered the technological parameters. The Technique for order preference by similarity to ideal
solution method was a suitable solution to determine the optimal result with the help of S/N analysis and by ranking. It was
found that capacitance hasmore significant nature in the process. The optimal process parameters combination was foundwith
better accuracy and lower prediction error of 1.03%. The better machined surface quality was also observed under optimal
conditions.
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Abbreviations

V Voltage
C Capacitance
EDM Electrical discharge machining
WEDM Wire electrical discharge machining
MCDM Multi-objective decision techniques
RSM Response surface methodology
ANN Artificial neural network
GRA Gray relational analysis
S/N Signal-to-noise ratio
GA Genetic algorithm
TOPSIS Technique for order preference by similarity to

ideal solution
AHP Analytic hierarchy process method
SR Surface roughness
TWR Tool wear rate
MRR Material removal rate
EWR Electrode wear ratio
TA Taper angle
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Z Z Co-ordinate
SEM Scanning electron microscopy
XRD X-ray diffraction

1 Introduction

It is very important to find the optimal set of technologi-
cal parameters in traditional or non-traditional machining
technology. It has special practical significance for multi-
objective problems. In micro-EDM, the complexity of the
number and range of changes of the technological param-
eters, and the mechanism of spark formation are precisely
controlled. The influence of interference factors include the
uniformity of the dielectric solution, the chip particles exist-
ing in the discharge gap, the conductivity of the electrode,
etc. This has led to the need of optimizing the technolog-
ical parameters in micro-EDM. The quality parameters in
EDM using coated electrode at optimal conditions have been
significantly improved with better machined surface quality
[1]. The optimization studies in micro-EDM using coated
electrode were very few. Many optimization techniques have
been applied in EDM andmicro-EDM.However, the method
of determining the optimal set of parameters was different,
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and the optimal results of each different method were also
different. This has led to a decrease in the reliability of the
optimal results. Therefore, it is necessary to study and eval-
uate the suitability of each method in each specific technical
problem.

Many multi-objective decision techniques (MCDM) were
introduced in EDM and micro-EDM [2]. However, the solu-
tion has not been clarified to determine the optimal set of
parameters. Artificial neural network (ANN) was used to
optimize single-objectives in EDM [3, 4]. As compared with
response surface methodology (RSM), ANN gives higher
accuracy in the process [5].Single-objective optimization
models of material removal rate (MRR) and surface rough-
ness (SR) in EDM have been identified. BBO and PSO
techniques were used to decide simultaneously MRR and
SR in EDM for EN31 [6]. As compared with the optimal
result by PSO, it’s BBO’s was observed as better with the
simpler computational technique. The MRR, tool wear rate
(TWR) and overcut (OC) in EDM for Al alloy were decided
simultaneously by Unitily [7].The study used S/N analysis
to determine the optimal value of the analyzed machined
surface topography and quality parameters.However, the
properties of the machined surface layer have not been ana-
lyzed includingWLT, micro cracking, surface layer structure
organization composition, etc. MOORA technique was used
in EDM and optimal results were determined by S/N analy-
sis [8].Machining efficiency at optimum condition is good.
Machining efficiency inmicro-EDMfor 304 steel at optimum
conditions has been significantly improved [9].Taguchi’s
rating—GRA was used to determine the optimal set of tech-
nology parameters in concurrent decision. MRR, TWR, OC
and profile of holes in micro-EDM were observed as bet-
ter. Grey relational approach (GRA) was a multi-objective
decision technique suitable for micro-EDM for Cp Tita-
nium, and themachining efficiency at optimal conditionswas
improved by 13.66% [10].Taguchi-GRA has been applied in
other multi-objective problems in EDM [11–15].Although
the effectiveness of GRA has been validated, many other
computational techniques such asTOPSIS, genetic algorithm
(GA) and Ant Colony optimization (ACO) need to be con-
sidered. Many quality parameters in micro-EDM have been
simultaneously determined by Taguchi-TOPSIS technique
[16, 17]. It was shown that the Taguchi—TOPSIS technique
was simplest and bestmethod inMCDM.TOPSIS-Fuzzywas
used for simultaneous decision ofMRR, TWR,OC andTA in
micro-EDM [18–20]. The optimal result was determined by
the rank, and the computational technique was very complex
[21].This technique was also used in some other multi-
objective optimization problems in EDM [22].The technique
using Taguchi-GRA has improved the machining efficiency
in EDMfor Ti–5Al–2.5Sn by 44.23%, and the surface quality
at optimal conditions is good [4].Optimal results are deter-
mined by S/N, and this technique contributes to a significant

reduction in experimental time and cost. Determining the
optimal parameter set by S/N in TOPSIS is better than it
by ranking [23].Compared with GRA, the multi-objective
optimization results in micro-EDM for magnesium Alloy by
Taguchi—TOPSIS are better [24, 25].

The above research results have shown that differ-
ent multi-objective optimization solutions were applied in
micro-EDM.But still a considerable enhancement are needed
in the approached. In this study, depth of cut (Z) and TWR
in micro-EDM using TiN coated Tungsten carbide elec-
trode for Ti–6Al–4V were determined simultaneously. The
Taguchi method combined with TOPSISwas used asMCDM
approach. The surface quality at optimal conditions was also
analyzed and evaluated.

2 Materials andmethodology

2.1 Selection of process parameters and variables

Tungsten Carbide electrode was coated with 6.663µm thick-
ness of Titanium Nitride. The mean diameter of coated Tita-
niumNitride electrode was found as 503.326µm. The work-
piece used in this study was Titanium alloy (Ti–6Al–4V)
Specimens. Ti–6Al–4V belongs to the group of materials
that are difficult to process by traditional machining meth-
ods, since it is used a lot in aerospace, nuclear and medical
fields. In this study all the experiments were conducted on
Hyper 10 Micro Electric Discharge Machining. The techno-
logical parameters and their levels in the study have been
chosen as per in Table 1.

2.2 Topsis basedmulti-objective optimization

Currently, the Taguchi method is most commonly used to
design experiments in EDM and micro-EDM [26].This can
be attributed to the suitable choice of technology parameters
and its level in EDM and micro-EDM, and the experimen-
tal cost is also minimized. In order to make multi-objective
optimization in EDM and micro-EDM easy, Taguchi has
been combined with the TOPSIS method [18]. TOPSIS is
a very common method used in the multi objective optimiza-
tion. This method provides a more realistic way of selecting
problems in the multi objective optimization. This is a multi-
objective decision method in order to derive the best (best
ideal) indicators from the best and the worst (the worst neg-
ative) indicators from the bad indicators, and the steps to
implement this combination are as shown in Fig. 1.

However, solving eachmulti-objective optimization prob-
lem by different methods, it leads to often different results
[28, 29]. On the other hand, the method to be able to deter-
mine the optimal results in the publications is also different,
namely it can be determined by the optimal index ranking or
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Table 1 Performance measures
of the present study under L9
based approach

Expt. no Process parameters Response variables

Voltage (V) Capacitance (pF) Spindle rotation (rpm) Z (mm) TWR (mg/min)

1 120 100 200 0.534 0.00834

2 120 1000 400 1.2214 0.045

3 120 10 × 104 600 1.9078 0.075

4 140 100 400 0.762 0.0234

5 140 1000 600 1.3956 0.05

6 140 10 × 104 200 2.2538 0.0883

7 160 100 600 1.2933 0.015

8 160 1000 200 1.2092 0.0416

9 160 10 × 104 400 2.3833 0.0983

Fig. 1 Steps involved in
Taguchi—TOPSIS method
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the S/N analysis of the optimal index. Therefore, the imple-
mentation method is inconsistent and it makes it difficult to
apply in practice. Some recent studies show that it is neces-
sary to use S/N analysis techniques to determine optimal
technological parameters in problems solved by combin-
ing Taguchi with other multi-objective decision methods [4,
22–24].

3 Results and discussion

Experimental results with TiN coated tungsten carbide elec-
trode in micro-EDM for Ti–6Al–4V are given in Table 1.
Experimental readingswere recorded for L9 orthogonal array
(three input parameters and three levels) to study depth of
machining (Z coordinator) and tool wear rate (TWR).

3.1 Effect of process parameters on (Z and TWR)

The change of Z could affect the time and cost ofmicro-EDM
machining as shown in Fig. 2. C can significantly affect the
Z in micro-EDM using TiN coated electrode. The increase of
the parameters leads to an increase in Z. As compared to V
� 120 V, Z at 140 V and 160 Vwas increased by 20.42% and
33.40%, respectively, since the higher V led to higher energy
of the discharge process. However, the change of discharge
energy according to V � 120-160 V was not significant.
As compared with C � 100pF, Z at 1000pF and 10nF was
increased the most by 44.76% and 152.76%, respectively.
This may be owing to direct effect of C on the charging and
discharging processes in the EDM. In addition to it, it affects
the number of sparks formed in a pulse. The change in spindle
rotational speed, it led to Z being changed insignificantly.
As compared to spindle rotational speed � 200 rpm, Z at
400 rpm and 600 rpm was increased by 9.25% and 15.0%,
respectively. It was also possible that the rotational speed
of the electrode has an effect on the suction or discharge of
the dielectric solution and the chip in the gap between the
electrode and the workpiece. It could also affect the stability
of the machining process. And the results showed that, in the
range of spindle rotational speed � 200-600 rpm, there was
no significant effect on this effect in micro-EDM.

The result of the change of TWR with the change of V,
C and spindle rotational speed in the micro-EDM has been
shown in Fig. 3. In general, the change of V and spindle rota-
tional speed led to a negligible change in TWR. It could be
owing to the V and spindle rotational speed survey range,
which led to a negligible improvement in the spark energy
and stability of the discharge. The lower TWR was observed
under V � 120 V and spindle rotational speed � 160 V.
Where it was maximum at V � 140 V and spindle rotational
speed � 400 rpm.The effect of C on TWR in micro-EDM
with coated electrode was the same as that of Z. The increase

of C led to a significantly increased TWR. This could be
explained similarly to the increase of Z. C could most signif-
icantly affect TWR. As compared to C� 100 pF, the TWR at
1000 pF and 10 nFwere increased by 192.23% and 459.69%,
respectively.

3.2 Computation by ranking of indexing

Step 1 Quality indicator matrix The quality indicator matrix

is defined as follows:X =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

Z1 TW R1

Z2 TW R2

Z9 TW R9

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
.

Step 2 Normalize the matrix The results of the calculation
process are performed according to step 2 in Fig. 2, and the
results are in Table 2.

Step 3 Weighting of quality criteria The weight of qual-
ity indicators is determined by the AHP method, and it is
depicted in Fig. 1.In this study, micro-EDM machining effi-
ciency is very important, so it is considered to be more
important than electrode wear. And the results of the weights
include WZ � 0.667 and WTWR � 0.333. Values of weights
are assigned to quality criteria according to step 3 in Fig. 2.

Step 4 Determine the best solution (A+) and the worst
solution (A−): The values of these solutions are determined
by the formulas in step 4 in the diagram of Fig. 3 and A+ �
{ Z � 0.34; TWR � 0.016} and A− � { Z � 0.076; TWR �
0.188}.

Step 5: Determine S+i and S−
i : Perform the calculation

according to the formula in step 5 in Fig. 3 and These results
in Table 3.

Step 6 Determine the ideal solution.
Step 7 Ranking and selecting the best solution.
*The best experiment The analysis results show that C* of

Exp.09 is the largest, and parameter process are V � 160 V,
C � 10nF and spindle rotational speed � 400 rpm.

3.3 Computation of process parameters

The results of the S/N analysis ofC* are shown inTable 3.The
results show that the optimal set of technological parameters
was obtained at V � 160 V, C � 10nF and spindle rotational
speed� 600 rpm, and the results of the quality parameters at
optimal conditions were determined by Eq. (1). The calcu-
lated and experimentally verified values of the quality criteria
are shown in Table 4, and the maximum error between exper-
imental and calculated was 1.03%.

(Z , TW R)opt � V3 + C3 + Spindlerotationalspeed3 − 2.T
(1)
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Fig. 2 Influence of process
parameters on Z versus
a Voltage, b capacitance,
c spindle rotational speed
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Fig. 3 Influence of process
parameters on TWR versus
a voltage, b capacitance,
c spindle rotational speed
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Table 2 Normalization of
performance measures Exp. no Voltage (V) Capacitance (pF) Spindle rotational speed (rpm) Vector

normalization

XZ XTWR

1 120 100 200 0.1143 0.0480

2 120 1000 400 0.2614 0.2590

3 120 10 × 104 600 0.4082 0.4317

4 140 100 400 0.1631 0.1347

5 140 1000 600 0.2986 0.2878

6 140 10 × 104 200 0.4823 0.5083

7 160 100 600 0.2767 0.0863

8 160 1000 200 0.2587 0.2395

9 160 10 × 104 400 0.5100 0.5658

Table 3 Computation of Ranking in the present study

Exp. no y’Z y’TWR y+Z y+TWR y–Z y−
TWR Si+ Si– Ci

* Ranking S/N ratio

1 0.076 0.016 − 0.264 0.000 0.000 − 0.172 0.2639 0.1724 0.395 8 − 8.06487

2 0.174 0.086 − 0.166 0.070 0.098 − 0.102 0.1801 0.1416 0.440 7 − 7.12644

3 0.272 0.144 − 0.068 0.128 0.196 − 0.045 0.1447 0.2011 0.582 3 − 4.70768

4 0.109 0.045 − 0.231 0.029 0.033 − 0.144 0.2332 0.1472 0.387 9 − 8.24630

5 0.199 0.096 − 0.141 0.080 0.123 − 0.093 0.1620 0.1539 0.487 5 − 6.24589

6 0.322 0.169 − 0.018 0.153 0.245 − 0.019 0.1544 0.2462 0.615 1 − 4.22779

7 0.185 0.029 − 0.156 0.013 0.108 − 0.160 0.1561 0.1930 0.553 4 − 5.14831

8 0.173 0.080 − 0.168 0.064 0.096 − 0.109 0.1793 0.1453 0.448 6 − 6.98301

9 0.340 0.188 0.000 0.172 0.264 0.000 0.1724 0.2639 0.605 2 − 4.36697

Table 4 Improvement of quality measures using TOPSIS

Methods Quality
criteria

Ranking S/N ratio Improvement
(%)

Optimal process parameters Value Optimal process parameters Quality criteria

Cal. Exp.

TOPSIS Z (mm) V � 140 V; C � 10 nF;
Spindle rotational speed �
200 rpm

2.2538 V � 160 V; C � 10 nF;
Spindle rotational speed �
600 rpm

2.502 2.496 10.74

TWR
(mg/min)

0.0883 0.0866 0.0875 − 0.90

A comparison between the ranking optimal results and the
optimal results by S/N analysis showed that the results deter-
mined by the S/N analysis were more efficient. Compared
to Zopt and TWRopt of ranking, Zopt of S/N is increased by
10.74% and TWRopt of S/N is decreased by 0.9%, Table 4.

To evaluate the suitability of TOPSIS in this study, the
optimal results in the study were compared with the results
of some commonly used methods in EDM today. The results
have shown that the results of different methods can be the
same or different, Table 5. The result of TOPSIS is differ-
ent from the results of GRA, Deng’s, VIKORS, COPARS
methods. In addition, the value of the quality parameters at

optimal conditions is the largest, althoughwith the priority of
machining productivity in this study. It is a versatile approach
involving a simple mathematical model [24]. Furthermore,
relying on computer support, it is a very suitable practical
method. It has shown that TOPSIS may be the most suitable
solution (Fig. 4).

3.4 Analysis of surface quality under optimal
conditions

Figure 5 shows that the accuracy of the shape of the machin-
ing hole after micro-EDM was not high. The profile of the
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Fig. 4 Effect of parameters
process on performance
measures

Table 5 Comparison of different optimization approaches

Methods Quality
criteria

S/N ratio

Optimal process
parameters

Quality
criteria

GRA Z (mm) V � 160 V; C �
1000 pF; Spindle
rotational speed
� 600 rpm

1.492

TWR
(mg/min)

0.0521

TOPSIS Z (mm) V � 160 V; C �
10 nF; Spindle
rotational speed
� 600 rpm

2.496

TWR
(mg/min)

0.0875

Deng’s Z (mm) V � 160 V; C �
100 pF; Spindle
rotational speed
� 600 rpm

1.2933

TWR
(mg/min)

0.015

VIKORS Z (mm) V � 140 V; C �
100 pF; Spindle
rotational speed
� 400 rpm

0.762

TWR
(mg/min)

0.0234

COPARS Z (mm) V � 120 V; C �
100 pF; RPM �
200 rpm

0.534

TWR
(mg/min)

0.00834

Fig. 5 Surface morphology of specimen using SEM under optimal
parameters

hole profile was biased quite large, and the circularity of the
hole was also large. The higher number of particles adhered
at the bottom of the machining hole. The chip and the ejected
debris were more difficult to push out of the gap between the
electrode and the workpiece in this area. The sizes of the par-
ticles adhering to themachined surface were very different as
shown in Fig. 5. Those particles were distributed irregularly
on the machined surface and this has resulted in the topol-
ogy of the machined surface in micro-EDM to be different
from it in traditional machining methods [27]. The shapes of
the adhesion particles include spherical and arbitrary poly-
hedrons as shown in Figs. 6 and7. The micro cracks and
micro-voids are common on the machined surface as shown
in Fig. 8.
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Fig. 6 Heat affected zone analysis using SEMunder optimal parameters

Fig. 7 Adhesive particles analysis of machined surface under optimal
parameters

4 Conclusion

In the present study, a multi-criteria optimization study in
micro-EDM using TiN coated tungsten carbide electrode for
Ti–6Al–4V was performed. The TOPSIS method was used
in this study and the research results helped the author to
come to the following conclusions:

• Among the investigated technology parameters, capaci-
tance (C) has a significant influence on Z and TWR, and
Voltage (V) and spindle rotational speed have a negligible
influence on the quality parameters.

• Compared to the best experimental results determined by
ranking in TOPSIS, the optimal results by S/N analysis
yield higher efficiency. Z and TWR at optimal conditions

Fig. 8 Analysis of micro-cracks and micro-voids of machined surface
under optimal parameters

improved over it in ratings by 10.74% and 0.9%, respec-
tively.

• Results of TOPSIS conclude that the optimal parameter
setting is voltage optimal at level 3 (160 V), capacitance
optimal at level 3 (10nF) and Spindle rotation optimal at
level 3(600 rpm). The quality criteria at optimal conditions
are Z� 2.496 mm and TWR� 0.0875 mg/min. The accu-
racy of the model determining the quality criteria is good
(max error � 1.03%).

• Comparing the suitability of TOPSIS with some other
optimization techniques showed that TOPSIS is the appro-
priate method in this study. And each technical solution
needs appropriate optimal solutions.

• The analysis of surface quality after micro-EDM includes
many defects such as microcracks, micro craters, micro-
voids, micro-adhesive particles, etc. Therefore, it is neces-
sary to have more thorough and clearer analysis and eval-
uation studies of the surface layer after micro-EDM,and
it is intended to determine the suitability of the machined
surface to the workability of the product.
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