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Abstract

In electrical discharge machining (EDM), the productivity and machined surface quality is directly influenced by the properties of
the electrode surface material layer used. In the present study, a research attempt was made to find the optimal technological
parameters in EDM process with AICrNi coated electrode using Taguchi-Data Envelopment Analysis based Ranking (DEAR)
based multi-response optimization approach. From the experimental investigation, the optimal technological parameter combi-
nation in EDM using AICrNi coated electrode was found as peak current (40 A), voltage (55 V), and pulse-on-time (1000 ps) on
machining Ti-6Al-4V titanium alloy. The current was found as more principal factor in EDM process with coated tool due to the
electrical conductance of the tool coating. The better surface topography with lower surface roughness and micro cracks can be
obtained on the machined specimens with proposed parameter combination.

Keywords Titanium alloy - EDM - Coating - Surface - Optimization

1 Introduction

The invention of newer electrode materials with improved
mechanical and chemical properties can enhance the produc-
tivity, quality of machined surface, and accuracy machining in
EDM. The utilization of coated electrodes in EDM process is
still very interesting research area to overcome the limitations
of this machining method. The micro-hardness (HV) of the
machined surface has been enhanced by 163% compared to
the base material layer [1]. As compared with uncoated elec-
trode, the microscopic cracks formed on the machining
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surface in EDM using Cu-MWCNT coated electrode could
be significantly reduced. Compared with the EDM using un-
coated electrode, the use of a 5 um coating with silver on the
Cu in EDM electrode surface resulted in a significant increase
in MRR 0f26.8%, a sharp drop of TWR by 25%, dimensional
accuracy, and surface quality is significantly improved [2].
Using electrodes with different coating materials, it will give
very different machining efficiency in EDM. Compared to the
nickel coated electrode, the TWR in EDM using diamond-
nickel coated electrode has been significantly improved [3].
And the diameter size accuracy in EDM using coated elec-
trode is higher than it with uncoated electrode. TiN and TiAIN
were used to coat the surface of Cu electrode in EDM [4].
Compared with the uncoated Cu electrode, the machining ef-
ficiency of the coated electrode is better, and the TiN coated
electrode is better than the TiAIN coated electrode. And EDM
using TiN coated electrode is suitable for finishing. Coating
material has been found on the machined surface layer, which
is capable of improving the surface layer after EDM using
coated electrodes [5]. The use of coated electrodes has result-
ed in a drop in the cost of the electrode, and this will contribute
to improving the economics of the EDM machining process
[6]. Electrodes coated in EDM are a new technology solution,
which requires further research in this area including optimi-
zation of technological parameters, the types of coating
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materials used, coating thickness on electrode surface, etc. [7].
The material is used to coat the surface of the electrode; it
alters the properties of mechanical and physical chemistry of
the material layer of electrode surface. It can affect the process
of spark formation in the discharge gap. It will affect the
selection of technology parameters to enhance the machining
process in EDM. Hence, it is essential to determine optimal
technological factors for each new material coated on the elec-
trode surface for improving machining efficiency in EDM.

Since the machining mechanism is affected by many noise
factors in EDM process, it is essential to choose and derive the
optimal factors Taguchi is a commonly used solution to de-
sign experimental matrix and solve the optimal problem in
EDM [8]. Nevertheless, it is only appropriate for solving
single-target problems. It is very complicated on solving
multi-target decision problems. The result of the multi-target
decision problem can bring better technical economic efficien-
cy than single-objective problem [9]. There have been many
published research results on combining Taguchi method with
other techniques for multi-goal decision making in EDM [10,
11].

Taguchi-Utility has been used to determine multiple targets
simultaneously in EDM for AA6061/10% Al203 AMMC
[12]. The productivity and surface quality at optimal condi-
tions have been significantly improved by optimization ap-
proaches. The material-removal-rate (MRR) and surface-
roughness (R,) for machining EN31 material have been opti-
mized simultaneously by the BBO algorithm and PSO method
using EDM process [13]. The results showed that machining
cost owing to the BBO algorithm is smaller than PSO. Hence,
multi-target optimization using the BBO algorithm was as-
sumed as better one. The quality indicators (MRR, tool-
wear-rate (TWR), and overcut (OC)) for 304 steel at the opti-
mum condition were significantly improved [14]. The grey
relational approach (GRA) was used to simultaneously decide
goals, and the GRG coefficient was improved by approxi-
mately 10.9%. The quality properties of nickel super alloy
(white layer thickness (WLT), SR, and cracks) in EDM have
been significantly improved at the optimum conditions [15].
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Fig. 1 EDX of aluminum chromium nickel thin film coating
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Fig. 2 Thin film coating of aluminum chromium nickel

The weights of quality indicators are determined by PCA
method in Taguchi-GRA method [16]. However, the weights
of MRR, TWR, and OC were selected experimentally to en-
hance the scientific significance of the optimal result for
obtaining lower recast layer thickness in EDM process [17].
The machining efficiency at the optimum conditions was im-
proved by 44.23% under Taguchi—GRA, since it could signif-
icantly reduce the cost and time of the experimental process
[18-21]. The optimum efficiency determined by the S/N anal-
ysis of GRG was increased by 24.3% in EDM process [22].
It is highly tedious in choosing the optimal and common
decision-making method for machining engineering materials
using EDM process in practice. The artificial neural network
(ANN) was used for optimal technological parameters in
EDM [23]. It was found that the accuracy of the optimal result
in EDM by ANN method is higher than response surface
methodology (RSM) owing the ability of producing lower
prediction of 8% [24]. The RSM-Fuzzy-Topsis has been in-
corporated for obtaining maximum target optimization in
EDM on machining titanium (Ti-6Al-4V) alloy to achieve
lower TWR, taper angle (TA), and overcut with higher
MRR as the quality indicators [25]. Although the productivity,
machining accuracy, and surface quality at optimal conditions
have been significantly improved, the number of experiments
to experiment with RSM and ANN is high [26-28]. The num-
ber of experiments in the multi-target optimization study in
EDM green using the Taguchi-Topsis combination technique
has been significantly reduced [29]. However, the weight of 5
quality indicators (machining time, pulse energy, REWR,
concentration, and dielectric consumption) was determined
by the Fuzzy method efficiently [30]. The Topsis method
was used to obtain better quality targets in the multi-target
decision in EDM process with better surface quality and im-
proved efficiency of 14.3% [31]. The adhesion particle size

Table 1 Input process parameters and their levels

Parameters Symbol Levels

Peak current (A) 1 10, 20, 30, 40

Gap voltage (V) Ve 40, 45, 50, 55
Pulse-on-time (us) Ton 100, 500, 1000, 1500
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was observed as uniform with lower number of adhesion par-
ticles and microscopic cracks [32]. Taguchi-Fuzzy is a tech-
nical solution for better target optimization problem in EDM
[33]. However, the process of setting up the optimization
problem by this method is very complicated. An effort was
made to combine Taguchi with TGR for multi-purpose opti-
mization for many non-traditional machining methods
[34-38]. The optimal results were observed with good accu-
racy. This method for optimal problem is very simple with
lower steps. Therefore, it can be applied in practice very eas-
ily. It can significantly contribute on reducing the experimen-
tation cost and optimal problem solving time to improve pro-
ductivity and lower product costs.

From the detailed literature survey, it was inferred that few
research works were performed to apply optimization prob-
lems in coated electrode employed EDM. It was also observed
that number of studies aimed on determining the optimal tech-
nology parameter in EDM for machining titanium alloy spec-
imens using DEAR approach was very little. Hence, an at-
tempt has been made to introduce Taguchi-DEAR based
multi-target decision approach on machining titanium speci-
mens with AICrNi coated electrode in EDM process.

2 Experiments and methods
The experiments were performed on CNC type Electro

Discharge Machine manufactured by Electronics India
Private Limited. A die sinking ZNC type EDM was used for

Ti-6Al-4V alloy. Two types of electrodes were used such as
uncoated electrode and thin film AICrNi coated aluminum
electrode for machining purpose and comparative study were
carried out to observed influence of AICrNi coating on ma-
chining performance (Figs. 1 and 2). Thin film coating of
AICrNi on aluminum tool electrodes was performed at
Oerlikon Balzers Coating India Pvt. Ltd., Pune by physical
vapor deposition (PVD) process. Average diameter of uncoat-
ed aluminum tool electrode was 9.95 cm, and uniform layers
of AICtNi coating of 500 microns were achieved using PVD
process. Coating thickness of AICrNi was measured by sur-
face rugosity meter available at Oerlikon Balzers Coating
India Pvt. Ltd. The process variables were chosen based on
low, medium, and high level of process parameter available at
machine. All experiments were systematically planed with
four level Taguchi method. The levels of process parameters
in this study are described in Table 1. Since the work deals
with three factors and four levels, orthogonal array (L;¢) was
selected in the present study.

The assessment of MRR and TWR was conducted on weight
basis using high precision weight balance Contech available in
Indian Chemical Technology (ICT), Mumbai. The surface
roughness (R,) of machined workpiece surface was measured
by contact type surface roughness tester (Taylor Hobson ma-
chine, Surtronic S-100 Series Surface Roughness Tester) with
the cutoff length of 0.8 mm. Assessment was performed on
surface of workpiece machine (four directions; outside to inside).
Each surface was assessed four times and then noted average
value of surface roughness. Prob tip radius was 5 um, and

Table 2 Results of the experiment in EDM Table 3  Weights and MRPI
Exp. no. Input factors Response criteria Trial Weights MRPI

1 Ve Ton MRR (g/min) TWR (g/min) R, (um) MRR TWR R,
1. 10 40 100  0.004 0.0001 6.111 1 0.025332 0.365015 0.078042 0.000212
2. 10 45 500  0.0093 0.0002 6.162 2 0.058898 0.182507 0.077396 0.001148
3. 10 50 1000 0.0086 0.0002 6.251 3 0.054465 0.182507 0.076294 0.000982
4. 10 55 1500 0.0065 0.0003 6.294 4 0.041165 0.121672 0.075773 0.000561
5. 20 45 100  0.0053 0.0014 6.874 5 0.033566 0.026072 0.06938 0.000373
6. 20 40 500 0.0107 0.0022 6.976 6 0.067764 0.016592 0.068365 0.00152
7. 20 55 1000 0.0089 0.0011 7.648 7 0.056365 0.033183 0.062358 0.001052
8. 20 50 1500 0.0148 0.0022 7.669 8 0.09373 0.016592 0.062187 0.002908
9. 30 50 100  0.0077 0.0031 8.045 9 0.048765 0.011775 0.059281 0.000787
10 30 55 500 0.0106 0.0041 8.338 10 0.067131 0.008903 0.057198 0.001492
11 30 40 1000 0.0098 0.0037 8.768 11 0.062065 0.009865 0.054393 0.001275
12 30 45 1500 0.0099 0.0046 8.946 12 0.062698 0.007935 0.05331 0.001301
13 40 55 100 0.0133 0.0074 9.013 13 0.084231 0.004933 0.052914 0.002349
14 40 50 500 0.0125 0.0081 9.112 14 0.079164 0.004506 0.052339 0.002075
15 40 45 1000 0.0139 0.0089 9.313 15 0.08803 0.004101 0.05121 0.002566
16 40 40 100 0.0121 0.0095 9.623 16 0.076631 0.003842 0.04956 0.001944
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Table 4 Calculation of optimal process parameters

Parameters L1 L2 L3 L4 High—Min

1 0.00072599 0.00146337 0.00121397 0.00223328 0.00150729
Ve 0.00093038 0.00155884 0.00146865 0.00167875 0.00074837
Ton 0.00123801 0.00134709 0.0016881 0.001363387 0.00045009

sampling length was 2.5 mm. In the present study, MRR, TWR,
and R, have been selected as quality measures under DEAR
Methodology mentioned as follows.

1. Determine the weights (w) for each response under de-
signed parameters. Weight of response is the ration be-
tween response at any trial to the summation of responses

2. Transform the response date into weighted data

3. Divide the larger the better data with smaller the better
data

4. Treat this value as multi-response performance index
(MRPI) as per following Egs. 1-7

MRPI = Biic (1)
A = MRR X Wyrr (2)
B =R, x Wg 3)
C = TWR X Wryr (4)
Wit = —oRR (5)
YMRR
Wr, = n (6)
" Y
/wr
Wrwr = (7)

2 rwr

3 Results and discussion
3.1 Optimal technological parameter combination

The experimental observations are described in Table 2. The
values of the weight and MRPI for each experimental result
were computed based proposed approach and tabulated as
shown in Table 3, and MRPI of this problem is described in
Table 4. The values were computed by including values of
MRPI for corresponding level of each technological
parameters.

@ Springer

Due to larger value of MRPI of each technological param-
eters indicates the value of the optimal technology parameter,
I (Level 4), V, (Level 4), and T, (Level 3) can create better
quality measures as shown in Table 4, and the combination is
formed by the optimal combination of the process parameters
in this optimization problem (Table 5).

3.2 Confirmation experiment

The experimental results at the optimal conditions show that
the deviation of the MRPI of the quality indicators at the
optimal conditions is 2.6% compared with the maximum
mean value. This value is lower than the acceptable tolerance
value which is 5% [25-28]. Hence, the prediction accuracy of
the present approach was observed as acceptable limit.

3.3 Significant technological parameter in EDM
process

The highest Max—Min value has shown that the more
significant influence on the determination of the quality
parameters in the machining processes. The current is
more principal factor in EDM process with coated tool
due to the electrical conductance of the tool coating.
Since the electrical conductivity of spark column pro-
duces across the machining zone in EDM, the conduc-
tivity of the tool coating can modify the crater size and
discharge energy. Due to its optimal energy, MRR and
surface quality have been significantly improved in
AICrNi coated tool electrode employed EDM.

3.4 Analysis of machined surface under optimal
process parameter combination

The SEM analysis of surface of Ti-6Al-4V workpiece
after EDM is observed at Fig. 3. The roughness profile

Table 5 Optimal process

parameter combination Factors Parameter values
1 40 A
v, 55V
T on 1000 Hs
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Fig. 3 Machined surface
topography with AICrNi coated
electrode
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obtained is directly dependent on amount of material to be
removed. This could be controlled by the spark plasma
column. This plasma is characterized by the discharge
current flow. The current is modified by coating owing
to the electrical conductivity of the tool coating. The cra-
ters, globules of debris, micro-cracks, etc. are covered on
the machined surface. The lower machining power and
craters with a small depth and diameter are formed. The
increase in the size and length of the micro-crack is influ-
enced by enhancing pulse energy. This is caused by an
increase in heat transferred to the workpiece surface for
producing more molten material. Therefore, the thermal
stress generated at the machining surface layer is larger,
so the size of the micro-crack is larger.

The EDX characterization was conducted on Ti-6Al-4V
using AICrNi coated tool, as in Fig. 4. It is clearly observed
that presence of Al, Cr, and N on machined surface; hence,
it can be concluded that thin film coating material gets
dispersed on surface due to high temperature at pulse on
time [39]. The appearance of Al, Cr, and Ni elements in
machined surface layer and it can give the coating with
good mechanical properties [40, 41]. And it could be the
new solution to replace other expensive surface spray
methods such as PVD, PVC, etc. The results of surface
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layer analysis of Ti-6Al-4V after EDM with AICrNi coated
electrode, it will be the basis to open the way to improve
surface quality of materials with simple and low cost
implementation.

4 Conclusion

In the present study, Taguchi-DEAR assisted multi-target de-
cision was utilized to obtain optimal technological parameters
on machining titanium alloy specimens in AICrNi coated tool
electrode employed EDM. The research results have shown
the following conclusions.

» The optimal technology parameter has been selected on
the basis of input technology parameters including 7 (40
A), V(55 V), and T, (1000 ps).

» The current is the most influence factor among the input
parameters in EDM with coated electrode due to its rela-
tionship with the electrical conductivity of the electrode
coating.

* The topography of machined surface at the optimum con-
dition combination has been significantly improved
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including the lower value of R,, and the number and size
of microscopic cracks are smaller.
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