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Electrode wear and metal removal exhibited nonlinear behavior in the Electrical Discharge Machining (EDM) of Hastelloy B2
plate. Hence, mathematical modeling was used to solve this problem. The hole size, pulse duration, duty cycle, and current were
selected as inputs. Squareness and taper angle were considered as responses. Therefore, the Modified-Additive Ratio Assess-
ment Method (M-ARAS) based Adaptive Neuro Fuzzy Inference System (ANFIS) method was used to find the optimum EDM
process parameters. The overall analysis showed that the M-ARAS-based ANFIS algorithm provided a good fit for optimization
of the process parameters and could be used for further multi-objective optimization problems.
Keywords: EDM, ANFIS, M-ARAS, squareness

Avtorji so pri mehanski obdelavi plo{~e iz superzlitine Hastelloy B2 s potopno elektri~no erozijo (EDM; angl.: Electrical Dis-
charge Machining) ugotovili, da prihaja do obrabe elektrode in neenakomernega odvzema materiala. Da bi re{ili ta problem, so
uporabili matemati~no modeliranje. Za vhodne parametre so izbrali velikost odprtine, trajanje impulza, delovni cikel in jakost
elektri~nega toka. Za odzivne parametre so upo{tevali kvadratnost in kot sto`ca. Za ugotavljanje optimalnih parametrov EDM
procesa so uporabili modificirano metodo ocenjevanja dodajalnega razmerja (M-ARAS; angl: Modified-Additive Ratio Assess-
ment Method), ki temelji na metodologiji prilagodljivih nevronskih mre` in logike mehkega sistema identifikacije oz. sklepanja
(ANFIS; angl: Adaptive Neuro Fuzzy Inference System). Celotna analiza je pokazala, da je algoritem ANFIS, ki temelji na
M-ARAS, primeren za optimizacijo procesnih parametrov in da ga je mogo~e uporabiti za nadaljnje ve~ objektno re{evanje in
optimizacijo problemov.
Klju~ne besede: EDM, ANFIS, M-ARAS, kvadratnost

1 INTRODUCTION

The conventional machining of Hastelloy B2 is a dif-
ficult task because of the high tool wear, high surface
roughness and poor surface integrity.1–3 The electrical
sparking machine4 achieved a surface roughness of
2.32 μm on Hastelloy C-276 through the copper elec-
trode diameter of 14 mm, pulse duration of 25 μs, current
of 8 A and pulse interval of 44 μs. A copper electrode
wear of 0.0005 g/min was obtained on machining
Hastelloy using EDM by the addition of aluminium pow-
der with a concentration of 12 g/L and a grain size pow-
der varying from 300 μm to 400 μm in the dielectric
fluid.5 In another research, peak current and pulse dura-
tion are observed as strongly influencing parameters.
The least surface roughness6 for Inconel 718 was ob-

tained using a peak current of 4 A and a pulse duration
of 20 μs. The integration of artificial neural networks
with non-dominated sorting genetic algorithm-II was
employed for modeling the tool wear and it was found
that experimental results are closer to the predicted re-
sults.7 A comparative model analysis between polyno-
mial and adaptive neuro-fuzzy inference systems
(ANFIS) was performed based on the material removal
rate. The results found that the ANFIS model produced
better performance.8 A literature review reveals that the
research work is more focused on computational EDM
models, namely, fuzzy logic, ANFIS, regression and
ANN. There is, however, no evidence of study on the im-
provement of squareness and taper angle of square hole
drilled on Hastelloy B2 by using the Modified-Additive
Ratio Assessment Method (M-ARAS) based on the
Adaptive Neuro Fuzzy Inference System (ANFIS)
method. The proposed algorithm is compared to standard
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methods. The flow chart of the proposed work is shown
in Figure 1.

2 MATERIAL AND METHODS

2.1 Experimental details

Table 1 shows the selecting of these process parame-
ters, copper micro-electrodes were fabricated through
vertical machining center and dimensions were measured
using a coordinate measuring machine. The mean widths

and standard deviations for (0.5; 0.6; 0.7; 0.8) mm
square electrodes were in the dimensions of (0.5048 ±
0.048) mm, (0.5969 ± 0.031) mm, (0.7029 ± 0.029) mm
and (0.8045 ± 0.0045) mm, respectively. The works were
performed as per design of the experiments to study the
effects of machining process parameters on squareness
and taper angle. A voltage of 50 V, nozzle gap of
0.158 mm and pressure of 55.15 kPa were used in all the
EDM tests.

2.2 Modified-Additive Ratio Assessment Method
(M-ARAS)

M-ARAS is a new multi-criteria decision-making
procedure asserted by Zavadskas and Turskis in 2010. It
determines the performance of alternatives and sets a
comparison between the scores of those alternatives and
the ideal alternative. It relies on quantitative evaluations
and the utility theory of value.

3 RESULTS AND DISCUSSION

3.1 Squareness

In Figure 2a it is clear that the squareness value is
greater than the one due to the major axis being higher
than the minor axis. The direction of flushing of EDM
oil and square electrodes greatly affects the dielectric
thermal properties. The significant parameter has been
identified as the duty cycle. By increasing the significant
parameters, there are changes in the squareness. The rea-
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Figure 1: Flow chart for modified-ARAS based ANFIS

Table 1: Selection of process parameters

Parameters Symbol/Unit
Levels

Problems observed
1 2 3 4

Hole size HS/mm 0.5 0.6 0.7 0.8 Circular hole formed by reducing
below 0.5-mm square hole

Pulse duration Ton/μs 20 40 60 80 Based on the machine limit
Duty cycle DC/% 2 4 6 8 Machine limit
Current A/I 3 6 9 12 Above 12 A dangerous

Figure 2: Process parameters over: a) squareness, b) taper angle



son for the increase in the squareness of holes when us-
ing circular electrodes is due to the uniformity of the
spark density. It is found that the squareness improved to
21.43 %. Compared with the electrode shape, irregular
shape electrodes produce an unstable discharge. The dif-
ferent electrode shapes also produce similar results.9

Similarly, triangle, square and pentagonal blind holes are
fabricated on samples using micro-EDM. It was found
that the metal-removal rate is increased by reducing the
electrode wear.10 According to the observed results, the
shape of the electrodes is found to greatly affect the
metal-removal rate and electrode-wear rate. A cylindrical
electrode produces a higher metal-removal rate com-
pared to the non-cylindrical electrodes with sharp cor-
ners.11 Therefore, the selection of process parameters,
electrodes shape and its material properties greatly affect
the squareness of the holes.

3.2 Taper angle

Figure 2b shows the taper-angle variations. The hole
size/electrode shape is the most significant parameter.
Theoretically, round electrodes produce uniform spark-
ing, whereas non-round electrodes produce non-uni-
form/unstable sparking over the sample. Hence, square
electrodes produce a higher taper angle. The taper angle
is increased by increasing the current and duty cycle, due
to the electrode wear effect on the exit of the hole and
the non-uniform spark. It is found that the taper angle
improved to 31.71 %. The taper angle of the hole is re-
lated to electrode wear and electrode shape wear in-
creases by increasing the current. The non-uniform
shaped electrodes also exhibit similar trends.9 The shape
of the electrodes affects the electrode-wear rate in this
result. The cylindrical electrode exhibits less electrode
wear and taper angle compared to the non-cylindrical
electrode with the sharp corners.11 The micro-EDM with
a 0.5-A current is used to obtain the least taper angle on
Ti6Al-4V. This result is in good agreement with present
taper angle result (EDM with 3 A current).12

3.3 Computation of the best process parameters

The major benefit of modification of the ARAS
method is that it reduces the number of steps and the
computational time. The optimum value is identified by
considering higher Si value. As per M-ARAS calculation
procedure, the optimum factors are selected. The 0.5
weightage is selected for both squareness and taper an-
gle. The higher optimality value is represented as the op-
timum process parameters and it is found in the alterna-
tive 11 (experimental number). The rank is formed based
on the optimality value. In the ANFIS model, 12 experi-
mental values for training and 4 experimental values for
testing are considered. The weighted normalized value of
the squareness and taper angle is given as input to the
sugeno ANFIS model, whereas the optimality function
value is considered as the output. The 'trimf' membership

functions with 4 rules are used in the ANFIS architec-
ture. The weighted normalization squareness and taper
angle are given as the input to the ANFIS model for
achieving fewer than 0.005 errors. The model-evaluation
parameters such as mean absolute percentage error
(MAPE), mean square error (MSE), absolute fraction of
variance (R2) and mean average error (MAE) are calcu-
lated and it is presented in Table 2 and found to be ac-
ceptable values.

Table 2: Model evaluation

Model fac-
tors MAPE MSE R2 MAE

Sq. ness 0.015 0.665 0.995 0.67
TA 0.038 0.026 0.138 0.03

3.4 Comparison of this result with other standard
methods

In order to validate the applicability and stability of
proposed algorithms, a comparative study is required to
other standard methods and it is shown in Table 3. Al-
though this algorithm presents the first integration of
M-ARAS-based ANFIS approaches, the present results
are compared with other standard methods obtained
from.13–16 It is found that the alternative result (experi-
mental number: 11) is the same for both the proposed al-
gorithm and other standard methods.

Table 3: Standard algorithm result with proposed work

ARAS
Ref.13

GRA
Ref.14

MOORA
Ref.15

VIKOR
Ref.16

Proposed
work

15 2 15 2 2
9 6 9 5 5

13 4 13 6 6
8 11 8 12 14
2 14 2 11 12
6 7 6 7 8

12 5 12 4 4
11 9 11 10 11
1 16 1 16 16
3 15 3 15 13

16 1 16 1 1
14 3 14 3 3
4 13 4 14 15

10 8 10 8 7
5 10 5 9 9
7 12 7 13 10

4 CONCLUSIONS

A new algorithm of M-ARAS-based ANFIS model
has been used in the EDM. The findings are given below.

• The M-ARAS-based ANFIS model is proposed and
the best EDM parameters are selected by applying
the M-ARAS ranking method.

• The 0.7-mm electrodes produced a squareness of 2.2°
and a taper angle of 0.017°.
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• The results of the adopted method are compared to
some existing methods proposed by the previous re-
searchers in the literature for validation purposes.13–16

• The comparison reveals that M-ARAS based ANFIS
models are better and more consistent than other
standard approaches and also demonstrates the appli-
cability of the proposed algorithm.
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