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Abstract

In the present research, Niss gTi shape memory alloy has been machined by wire electric discharge machining (wire-EDM)
process. The effects of input parameters such as spark gap voltage, pulse on-time, pulse off-time, and wire feed on productivity,
i.e., metal removal rate (MRR) and surface quality, i.e., mean roughness depth (R,), have been investigated. Empirical modeling
and ANOVA study have been done after conducting 16 experiments based on Taguchi’s L4 design of experiment technique.
Ranking and crowding distance—based non-dominated sorting algorithm-II (NSGA-II) is used for process optimization. The error
percentage varies within +£6% between experimental results and the predicted results developed by NSGA-IL It has been
observed that the wire-EDM machining of Niss gTi alloy at optimum parameters resulted in improved MRR —0.021 g/min—
and surface quality with good surface finish (R,—6.2 pm) and integrity as significant reduction in the formation of cracks, lumps,

and deposited layers.
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1 Introduction

Shape memory alloys are “smart” materials that can change their
form (shape or size) and can return back to their original form
with applied heat, stress, or magnetic field. They have the ability
to produce very high actuation strain, stress, and work output due
to reversible martensitic phase transformations [1-3]. These al-
loys are compact, robust, lightweight, frictionless, quiet, biocom-
patible, environmentally friendly, and possess superior properties
in actuation, vibration damping, and sensing. Since their discov-
ery in 1932 to now, there has been extensive development in the
field and many types of alloys are commercially available for
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various applications. Nickel titanium (NiTi)-based shape memo-
ry alloys find extensive applications in biomedical and engineer-
ing fields due to their higher corrosion and wear resistance, and
superior thermal stability and biocompatibility compared to other
shape memory alloys. The material titanium present in the NiTi
alloy makes a protective layer (TiO,) and prevents the release of
Ni ions into the biofluid which makes this material suitable for
biomedical implants. The applications of NissgTi are found in
biomedical field (especially in orthodontics) where it is used
preferably over stainless steel and Co-Cu alloy [1, 4].

The machining of shape memory alloys by conventional
processes is difficult due to their high ductility, typical stress-
strain behavior, low thermal conductivity, and high degree of
work hardening [2, 5]. It results excessive tool wear, burr
formation, poor work surface integrity, very high consumption
of energy and resources, escalated cost of fabrication and pro-
cessing, and high environmental footprints.

This compels to explore advanced processes for machining
of shape memory alloys. Biomedical applications require
complex shape implants and structures made of Niss gTi al-
loys. Wire-EDM or WEDM is a well-known advanced ma-
chining process to fabricate complex shapes and features in
difficult-to-machine materials [6, 7]. Therefore, wire-EDM
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has been selected to machine Niss gTi alloy in the present
work to achieve good machinability.

Wire-EDM works on the principle of thermo-electric ero-
sion that is achieved by generation of spark between work-
piece (as anode) and wire electrode (as cathode) under the
influence of suitable dielectric fluid [8]. Figure 1 presents
the working principle of wire-EDM process. Some of the most
important WEDM parameters which influence the work sur-
face quality, cutting rate, and material removal rate are pulse-
on time, pulse-off time, servo voltage, current, and wire speed.

There has been some past work conducted on wire-EDM of
shape memory alloys. Some of the important results of recent
investigations are discussed here as under.

Manjaiah et al. [9, 10] conducted a detailed investiga-
tion on WEDM of different grades of NiTi material.
Increasing material removal rate with pulse-on and im-
proving surface roughness characteristics with pulse-off
time have been found. High discharge energy and intensity
of spark at long pulse-on time and adequate flushing in the
machining zone due to longer pulse-off time are the rea-
sons behind that. Later, desirability-based multi-perfor-
mance optimization secured optimal WEDM parameters
for the best machinability of SMA with 1.83-um average
roughness and 7.6 mm/min material removal rate.
Furthermore, the XRD study informed the presence of
thermal damage as the formation of oxide and other phases
took place corresponding to longer pulse-on time [9]. Low
pulse-on time with high voltage has been recommended for
enhanced surface quality. Another investigation also re-
ports almost same trends and additionally with higher
hardness along longer pulse-on time due to high discharge
melting and rapid solidification of molten material that
probably increased the carbide content percentage on the
machined surface of SMA. Interaction between pulse-on
time and voltage has been identified as one of the most
important factors to be considered in WEDM of SMAs.
SMA machining with coated brass wire resulted in lower
MRR compared to plain brass wire [10]. Interestingly,
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Fig. 1 Schematic representation of working principle of wire-EDM
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machining with increased wire speed caused higher mate-
rial removal rate as the molten material is splashed around
the surface by flushing pressure and discharge of large gas
volume from the molten pool increases material removal
rate [10]. Sharma et al. [11] machined the porous NigTigg
by WEDM at different parameter settings. The minimum to
maximum variations of cutting speed, surface roughness,
and dimensional deviation are 0.11 to 1.97 mm/min, 1.33—
5.75 um, and 0.0519 to 0.1397 mm, respectively. Soni
et al. [12] conducted an experimental research to study
the influence of WEDM parameters on surface integrity
of TisoNiygCO; alloy. They observed increment in MRR
and surface roughness with high pulse-on time and low
pulse-off time, while increase in servo voltage decreased
their values. Machining at pulse-on time above 125 ps and
voltage below 20 V deteriorated surface morphology and
led to the formation of a very thick recast layer.
Conclusively, wire-EDM of TisoNiysgCO;( alloy at low
pulse of time and high voltage has been recommended
for better results. Bisaria and Shandilya [13] studied the
effect of WEDM parameters on cutting efficiency, micro-
hardness, and surface roughness R, during machining of
Niso.g9Tig9.11- They found spark off-time, spark on-time,
and servo voltage as the significant parameters. It was ob-
served that the micro-hardness on the machined surface
was many times the hardness of the starting material due
to the formation of recast layer of thickness 20-35 pm.
Moreover, various oxides and chemical compounds such
as CusZng, CusO3, and TiO have been formed on the ma-
chined surface after WEDM.

After a detailed review of the available literature, it is found
that a minute change in the composition of NiTi shape mem-
ory alloy may change its characteristics and post-machining
properties. Moreover, there is a scarcity of work on wire-EDM
of'Niss gTi alloy, and in previous work, mean roughness depth
which gives the clear indication of machined surface rough-
ness has not been considered.

The aforementioned gap is fulfilled in the present work where
wire-EDM of Niss gTi alloy has been done. Two important ma-
chinability indicators, i.e., material removal rate (MRR) that de-
picts process productivity and mean roughness depth that indi-
cates surface quality, are evaluated in the present work, and the
effects of wire-EDM parameters are analyzed on these machin-
ability indicators. Regression analysis and ANOVA study have
been done to find the significant wire-EDM parameters.
Empirical modeling has been done to establish the relationship
between wire-EDM parameters and machinability indicators.
Non-dominated sorting genetic algorithm (NSGA) [I-based op-
timization of wire-EDM process has been done to secure opti-
mum values of wire-EDM parameters for the best values of
MRR and mean roughness depth. The results have been accom-
panied by SEM investigation to study the morphology of
Niss gTi alloy surface after wire-EDM.
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2 Experimentation and measurement

In the present work, Niss gTi specimens of 2.5-mm thick-
ness each have been machined from a bar of 16-mm di-
ameter and 200-mm length. The as-received NiTi SMA
has 885 MPa tensile strength, 6.45 g/cm® density, and
333 HV micro-indentation hardness. Figure 2 presents
the composition of shape memory alloy used in the pres-
ent work. As seen in Fig. 2, it consists of 55.8% nickel,
43.9% titanium, and 0.3% carbon.

A total of 16 experiments have been conducted based
on Taguchi’s robust design of experiment technique where
L,¢ orthogonal array has been used to derive experimental
combinations. Figure 3 presents various tasks performed
during wire-EDM of Niss g Ti shape memory alloys.

The specimens have been machined on Electronica
make Ecocut (Elplus 15) computer numeric control
(CNC) wire electric discharge machine (wire-EDM) using
commercially used zinc-coated brass wire with 0.25-mm
diameter and 900 MPa tensile strength as tool electrode
under the influence of deionized water as dielectric. There
was a wide range of input machining parameters available
with the wire-EDM machine tool. The selected ranges and
four levels of machining parameters such as spark gap
voltage (SV), pulse on-time (P,,), pulse off-time (Pyg),
and wire feed (m/min) are based on literature review, ma-
chine constraints, and preliminary experiments. Table 1
presents the levels and values of variable and fixed input
parameters used in the present work.

Material removal rate (MRR) is the material removed per
unit of time during machining of SMA, and it was measured in
grams per minute using Eq. (1) as given below:

+Spectrum 1

_ mass of specimen before machining—mass of specimen after machining
B time taken for machining
(1)

Mass of specimen before and after machining is mea-
sured by Shimadzu make precise weighing balance with
0.01 mg least count. A stop watch is used to measure the
machining time. TMTech Instrument make surface
roughness (TMR200) tester is used to measure surface
roughness, and the average of five values was considered
as final result. For measurement, the cutoff and evalua-
tion lengths are 0.8 mm and 4.0 mm, respectively. The
average and maximum roughness are the two important
parameters to evaluate surface quality, but the mean
roughness depth R, is the most prominent and reliable
parameter that gives meaningful and the most appropriate
information about the surface quality [14, 15]. The mean
roughness depth is the average of maximum peak to
valley of five consecutive sampling lengths within the
measuring length. Therefore, mean roughness depth R,
has been used to evaluate the surface quality in the pres-
ent research. The micro-structure of machined surface is
evaluated using scanning electron microscopy (SEM) of
Tescan make scanning electron microscope. The voltage
during the SEM was kept at 20 kV. Before SEM, the
surface was prepared for micro-structural study. The ma-
chined surface was prepared using different SiC papers
(320, 800, 1200, 2400 grit size), starting from the cours-
er side to finer side. After grinding with SiC papers, the
samples were cleaned using acetone to remove dust par-
ticle. The cleaned samples were polished using 3-pm
Al,03 paste on polishing machine. The etching of
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Fig. 2 Elemental composition of Niss gTi using EDS
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Fig. 3 Sequence of tasks
performed during wire-EDM of
Niss s Ti shape memory alloy

polished samples was done in a mixture of HF, HNO;,
and H,0 in the proportion of 10%, 40%, and 50%,
respectively.

3 Results and discussion

Table 2 shows the 16 experimental combinations and corre-

Pareto Analysis Taguchi and Analysisusing

Validation
Experiments Regression Integrated Taguchi
and NSGA-II

mean is used for the analysis purpose. ANOVA is used for the
investigations of the significant and non-significant process pa-
rameters, the percentage contribution of each process parameter
affecting the responses, standard deviation, and the percentage of
outcomes that are close to the fitted regression line.

The percentage contribution of each individual parameter
was calculated by using SS as from Eq. (2).

sponding Values. of MRR and R, (?btamed after expenmentatlor}. Percentage contribution = —* x 100 (2)

For each experiment, three readings were recorded, and their hY

Table 1 Wire-EDM process parameters used in the present work

Variable process parameters

SI no. Process parameter Unit Level 1 Level 2 Level 3 Level 4

1 Spark gap voltage “SV” v 20 30 40 50

2 Pulse-on time “P,,” us 0.35 0.55 0.8 1

3 Pulse-off time “P,g” us 9 11.5 15 24

4 Wire feed rate “WF” m/min 3 6 9 12
Fixed process parameters

1 Workpiece Ni55‘8Ti SMA

2 Electrode Zinc-coated brass wire (0.25-mm diameter)

3 Dielectric Deionized water

7 Dielectric temperature 20-24 °C

5 Working temperature 25 °C

6 Wire tension 11.8 N

7 Dielectric pressure 7 kg/em?

@ Springer
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Table 2  Experimental design matrix and results

Stno. SV P, Py WF  MRR(g/min) R, (um)
1 20 035 9 3 0.007 6.13
2 20 0.55 115 6 0.024 6.73
3 20 0.8 15 9 0.026 7.54
4 20 1 24 12 0.027 7.26
5 30 0.35 115 9 0.009 7.13
6 30 055 9 12 0.028 8.16
7 30 0.8 24 3 0.017 6.40
8 30 1 15 6 0.032 8.14
9 40 0.35 15 12 0.011 7.59
10 40 055 24 9 0.021 691
11 40 0.8 9 6 0.032 7.30
12 40 1 115 3 0.029 8.26
13 50 035 24 6 0.009 6.37
14 50 0.55 15 3 0.025 7.45
15 50 0.8 11.5 12 0.036 8.76
16 50 1 9 9 0.044 9.70

where S; is SS of individual process parameters and S, is total SS.

For example, S; for SV is 0.000132 and S; is 0.001722.
Therefore, using Eq. (2), the percentage contribution of SV
is calculated. The F values and P values are used to identify
significance of parameters [16]. The larger the F value, the
higher will be the contribution of the process parameter for
particular response, and reverse is true for P values. So, the
smaller the P value, the larger will be the contribution of
parameter. In this way, F' values and P values are inversely
proportional to each other. Also, the P value must be less than
0.05 to keep a process parameter significant for 95% confi-
dence interval. Table 3 shows that all values are less than 0.05;
therefore, all wire-EDM parameters significantly affect MRR.
The standard deviation in this work is 0.001023 that shows
that the maximum variation of MRR from the mean value is
equal to the 0.001023. The value of R signifies our data fitness
in the model for significant and non-significant parameters. It
is also termed as coefficient of determination. Therefore,

Table3 ANOVA for means (MRR)

Parameters DF SS p (%) MS Fvalue P value
SV 3 0.000132  7.65 0.000044 41.97 0.006
Py 3 0.001318 76.53 0.000439 419.38  0.000
Py 3 0.000184 10.68 0.000061  58.53 0.004
WF 3 0.000086 498 0.000029 27.40 0.011
Residual error 3 0.000003  0.16 0.000001

Total 15 0.001722

§=0.001023; R=99.8%; adjusted R=99.1%

DF degree of freedom, SS sum of square, p percentage contribution, MS
mean square, P value probability value

99.8% future outcomes of the model can be predicted by the
use of present data. Adjusted R is alike R with a difference that
it shows future outcome or fitted regression due to significant
terms only. Table 4 gives the MRR value corresponding to the
particular level of a process parameter along with the rank of
parameter and the difference between maximum and mini-
mum value of MRR for a particular process parameter.

Figure 4 shows that the MRR increases with SV. The rea-
son behind this is the increase in discharge energy per unit of
spark due to high amount of ionization of the deionized water.
So, for a specific duration of time, the number of spark re-
mains the same while the intensity of discharge energy for
each spark increases [17]. This increases the erosion rate of
material and finally increases the MRR. The main mechanism
of material removal from the workpiece is the conversion of
discharge energy into thermal energy and thereby melting and
vaporization of material. The higher the discharge energy, the
higher will be the thermal energy. The discharge energy can be
calculated by Eq. (3).

te
Discharge Energy (DE) = V/,(¢) x i.(?)
0
X 1=V I 1, (3)

V, is the discharge voltage; [, is the discharge current; 7, is
the discharge time.

The value of discharge voltage in WEDM varies from 15 to
30V, while in the present work, its value is equal to 28 V. The
value of /, in this research work is kept at 12 A. The delay time
in zero ignition is equal to zero, so the discharge time (#,) in the
present work becomes equal to the pulse-on time. Mostly, the
value of V, is kept constant (28 V), but in this work, the value
of 1, is also kept constant. Hence, the discharge energy totally
depends upon the P,, value in the present case. Equation (3)
after incorporating values converts to Eq. (4) as below:

DE =28 x 12 x P,, (4)

So, higher P, value increases the discharge energy in the
circuit. This discharge energy is the main source of thermal
energy which removes the material in the form of debris. The

Table 4 Response table for means

Level SV P, Pogr WF

1 0.021 0.009 0.028 0.020
2 0.022 0.024 0.024 0.024
3 0.023 0.028 0.023 0.0255
4 0.028 0.033 0.018 0.0259
Delta 0.007 0.024 0.009 0.005
Rank 3 1 2 4
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Fig.4 Variation of MRR with the
input parameters
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0.030

0.025

0.020

MRR (g/min)

0.015

0.010

20 30

amount and intensity of discharge energy both are increased
with increase in P,,. Therefore, high material removal rate is
achieved.

P is the time interval for deionization of dielectric and
removed material to be expelled out from the machining
zone [17]. For higher pulse-off duration, the number of
active sparks decreases, which are responsible for dis-
charge energy and hence reduces the MRR. So, as the
P.¢ value increases, the MRR decreases, because of reduc-
tion in spark and hence amount and intensity of discharge
energy.

Wire feed rate WF is the rate by which a new wire comes
into play to remove the material. At low value of WF, already
used wire with low machining abilities remains in the machin-
ing zone for a longer period and hence low MRR. But, at high
value of WF, a fresh wire (with high cutting abilities) comes in
contact with the workpiece that removes the material at a
faster pace. Therefore, increase in WF increases MRR.

Fig. 5 Contour plot of Py, Pogr,
and MRR

@ Springer

Main Effects Plot for MRR (Mean value)

N

Data Means

Pon Poff WF

/
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Contour plots where different colors are used for different
range of response are used for the prediction of the effect of
two factors simultaneously on a single response. Figure 5
shows the effect of P,, and P,; on MRR. The range of re-
sponse according to color coding is also depicted in Fig. 5. At
low value of P, (i.e., up to 0.45 us) and all P,gvalues (from 9
to 24 us), the MRR range varies from 0.015 to 0.02 g/min.
Low value of P, and high value of P, reveal the maximum
MRR. The reason of high MRR during the high P, and low
P has already been explained in the previous text. This is
due to high amount of discharge energy in the circuit at high
P, and low P, for that cycle duration.

Figure 6 shows combined effect of P,,, and SVon MRR. It
has been observed from Fig. 6 that MRR varies from 0.015 to
0.020 g/min, when the P, increases from 0.4 to 0.5 us and 0.7
to 0.85 us. Both of these MRR ranges only are found at se-
lected values of SV. If P,, kept constant in between 0.7 to
0.85 us, but SV is increased from 32 V, then the range of

Contour Plot of MRR (g/min) vs Pon, Poff

MRR (g/min)
[ ] < 0.010
Il 0.010 - 0.015
0.015 - 0.020
0.020 - 0.025
Il 0.025 - 0.030
I 0.030 - 0.035
Il 0.035 - 0.040
[} > 0.040

22 24

Poff
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Fig. 6 Contour plot of P, SV, Contour Plot of MRR (g/min) vs Pon, SV
and MRR 0 MRR (g/min)
m < 0.010
I 0.010 — 0.015
0.015 — 0.020
0.020 — 0.025

MRR is 0.02 to 0.025 g/min. Similarly, keeping P,,, within the
same range and further varies SV, the MRR increased up to
0.04 g/min by observing the color coding of contour plots.
The reason of increase in MRR with SV has also been clarified
in the previous text.

Table 5 provides the statistical analysis for the mean values
of R,. This analysis gives the DF, SS, and percentage contri-
bution, MS, F values, and P values for the process parameters.
From the analysis, it is evident that all the P values are below
0.05, so all the process parameters are significant and play a
major role in the variation of R,. The percentage contribution
in the R, is computed using Eq. (2).

It is evident from Fig. 7 that the major contributing factor
for R, is P, followed by P, SV, and WF. The standard
deviation for R, is 0.2942 which signifies that the maximum
variation of R, from the means value is equal to 0.2942. The
coefficient of determination (R) shows that the 98.1% out-
come can be envisaged by the empirical model developed
by this data due to controllable and non-controllable parame-
ters. But adjusted R shows that 90.3% outcome can be envis-
aged by controllable factors only. Therefore, the value of ad-
justed R is always less than the R. As R, is smaller, the better
type quality attribute, so smaller value corresponding to the
process parameter suggests its best level for minimum R.. The

Table 5 ANOVA for means (R,)

Source DF SS p (%) MS Fvalue P value
SV 3 2,670 1998 0.890 10.29 0.044
Py, 3 4884 36.54 1.628 18.81 0.019
Pog 3 3.068 2296 1.022 11.82 0.036
WF 3 2483 18.58 0.827 9.56 0.048
Residual error 3 0.259 1.94 0.086

Total 15 13.364

§=0.2942; R =98.1%; adjusted R =90.3%

I 0.025 — 0.030
I 0.030 — 0.035
Il 0.035 — 0.040
u > 0.040

35
sV

results obtained (ranks of the input parameters) from Table 6
are in lined with ANOVA.

The surface quality largely depends upon the size of craters
formed by debris erosion during machining. The erosion of
material or debris is the result of thermal energy developed by
discharge energy of the combination of input process param-
eters. Figure 8 presents the variation of important surface
roughness parameter mean roughness depth R, with respect
to the input process parameters (i.e., SV, Py, Posy, and WF) of
wire-EDM in the present research. It can be observed from
Fig. 8 that SV, WF, and P, have the negative effect on surface
quality of SMA. This happens due to the high thermal energy
in the circuit whose main source is the discharge energy [17,
18].

It has been observed that the surface quality is deteriorating
with the growth of spark gap set voltage. This happens due to
the ionization of deionized water by which the discharge en-
ergy increases, and that causes increment in thermal energy. It
overall results in formation of large and deeper craters on the
machined surface. This makes the machined surface rough,
i.e., increases R,. In other words, the high surface irregularities
occurred due to non-uniform crater formation after the effect
of high thermal energy and deteriorate the machined surface.

Residual Error
WF
Poff

36.54

Process Parameters

N 19.98

u Percentage Contribution (%)

Fig. 7 Percentage contribution of each parameter for R,
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Table 6 Response table for means

Level SV Pon Py WEF

1 6.918 6.811 7.825 7.066
2 7.463 7.314 7.724 7.139
3 7.519 7.503 7.684 7.821
4 8.072 8.344 6.740 7.946
Delta 1.154 1.533 1.085 0.880
Rank 2 1 3 4

As shown in Fig. 8, high values of P,, also making the
machined surface rough, as P,, is the main source of dis-
charge energy as per Eq. (4). Low P, values govern good
surface morphology and hence the low roughness R., because
the thermal energy generated due to discharge results in shal-
low and small craters.

Figure 8 depicts that surface roughness decreases with in-
crease in Pug. Increasing P,g minimizes the spark intensity
that results in low discharge and thermal energy, and hence,
small shallower craters are formed that improves the surface
conditions.

Good surface quality with lower roughness R, has been
observed with low wire feed rate WF. Because availability
of fresh wire (having good cutting ability) at high feed rates
increases the occurrence of spark and spark intensity, and
thereby thermal energy which prompts, bigger crater forma-
tion, high amount of material removal, and surface
deterioration.

Figure 9 illustrates the collective effect of P,, and P,
on R, using contour plot. The color coding designated a

Fig. 8 Variation of R, with wire-

EDM parameters
SV
8.5
8.0 ’
/'/
/
~ /
e /i
o 75 4+-—=--- .*/J ********
w /
/

7.0 /

6.5
20 30 40 50
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035 055 080 100 9.0 15

range of R, values. The best surface finish can be predict-
ed from the values less than 6.5 um. This R, can be
obtained at three conditions viz. P,, 0.35 us and P
9 us, Poy 0.35 us and Pyer 24 ps, and P,, 0.72 to
0.85 us and P 22 to 24 us. By this way, only projecting
a point on contour graph and checking the corresponding
color reveals the values of Rz along the combination of
process parameters. Similarly, the contour plot has been
obtained for R, corresponding to P,, and SV (Fig. 10).
The interactive relationship in between the P,, and SV
has been studied considering R, as a response variable.
For every range of R_, there are number of ranges of P,,
and SV.

4 Modeling and optimization

As given in Egs. (5) and (6), empirical models based on re-
gression analysis have been developed to establish the rela-
tionship between wire-EDM parameters and responses.

MRR = @ (SV, P,,, Poy, WF) (5)
Rz = p(SV, Pyy, Poyr, WF) (6)

Various researchers have used regression analysis for
modeling of machining processes [19, 20]. The main chal-
lenge is the prediction of regression coefficient using regres-
sion analysis.

Equations (7) and (8) are the regression equations devel-
oped for MRR and R..

Main Effects Plot for SR (Mean Value)

Data Means

Pon Poff WF

15.0 240 3 6 9 12
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Contour Plot of Rz vs Pon, Poff

Pon

A9

Rz
[ ] < 6.5
W65 - 70
70-75
75 - 8.0
W80 -85
W85 -90
W0 -95
[ ] >95

10 12 14 16
Poff
Fig. 9 Contour plot of R, with P, and P,

MRR = —0.0033 4 0.0002 SV
+0.0346 P,,—0.0005 Py + 0.0006 WF (7)

R. = 5.08 + 0.035 SV + 2.15 Py, —0.074 Poyr
+0.111 WF (8)

The residual plots for MRR and R, have also been ob-
tained. Figure 11 depicts the residual plots for MRR which
includes normality, fitted versus predicted, histogram, and
time-variance analysis. These analyses are mandatory for
the verification of good ANOVA. The first test is the nor-
mality test in which all the residuals are laying on straight
line as shown in Fig. 11. So, this verifies that there is no
clustering of residuals and these are normally distributed.
In residual versus fitted plot, it is found that all the resid-
uals are randomly allocated, which claims a good statistical

Fig. 10 Contour plot of R, with

18 20 22 24

analysis by ANOVA. The parabolic structure is considered
as the best solution for residual and ANOVA. So, the his-
togram test in the present work signifies satisfactory results
of ANOVA. The time-variance plot in the ANOVA test
does not represent any erratic change in the graph. This is
mandatory for a significant ANOVA. Therefore, the entire
four tests confirm the suitability of results of ANOVA for
future outcome. Similarly, residual plot obtained in case of
R, (Fig. 12) verifies ANOVA results and their testing.

The development of non-dominated sorting algorithm
(NSGA) was made my Srinivas and Deb [21] using ranking
and non-dominating sorting procedure to solve a problem and
attempts them to keep in the populations. NSGA has problems
in selecting the optimal parameter from the sharing parame-
ters, deficiency of elitism, and computationally complex.
NSGA-II is the modified version of NSGA developed by
Deb et al. [22] to overcome the drawbacks of NSGA. So,
NSGA-IT is computationally efficient, fast, non-elitism

Contour Plot of Rz vs Pon, SV

P, and SV
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Fig. 11 Residual graph for MRR using regression analysis
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Fig. 12 Residual graph for R, using regression analysis
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preventing, non-dominating sorting, and less governed on
sharing parameters to keep its diversity preservation. In the
present work, two response variables viz. MRR and R, have
been investigated. These two responses are contradictory in
nature. MRR has higher the better type attribute, while R_ has
smaller the required type attribute. So, to predict the solutions
by NSGA-II, the objective 1 (MRR) is modified according to
negative for minimization. The objectives in the present work
are given in Egs. (9) and (10).

Objective 1| = —(MRR) 9)

Objective 2 = (SR) (10)

The operator considered for the present work is given in
Table 7. The procedure of NSGA-II is described in the flow
chart (Fig. 13). The steps describing the detailed method of
NSGA-II is summarized in the below paragraphs.

Step 1. Population initialization

The population has been initialized based on the population
range and the constraints.

Step 2. Non-dominating sorting procedure

After the initialization of the population as per the step (1),
it is sorted by domination. It is critical during non-domination
that one member exhibits better characteristics than the other.

(a) Solution p in population “P” can be obtained by follow-
ing points,

(i) First point in this is the investigation of domination
count (a,). This a, leads the p and is equal to the
number of solutions.

(ii) Identify the set of solutions (Sy) from point (7). Also

find S, which represents a value greater than p.

(iii) Now for each individual » in population P

» Ifsolution p dominates the individual 7, then addition of S
with r takes place; else if p does not lead r, then new a-
= (ap + 1)-

* Ifa,=0,1ie., no solution dominates p, so p becomes first
front “F1.” Now give rank 1 to this p. The new F1 be-
comes (F1 +p).

(b) All individuals were solved as per the point “a” in the

population P.

(c¢) Reduce the denomination counts of » from S, by 1 for
solution p with a,=0. After this, if still ,=0 for any
member, place this in a separate list Q. The member in
the list Q will belongs to the second front F2 (non-
dominated).

(d) The points “a” to “c” are repeated till all the fronts in the
population have been defined.

Step 3. Crowding distance

The crowding distance can be investigated depending
upon the density of solutions adjacent to a solution in pop-
ulation. This requires categorization of the population as
per the objective function in an increasing order
(magnitude) for each front. The infinite distance values
are allocated to the highest and smallest function values.
The intermediate solutions have been assigned a normal-
ized distance value, which is equal to the variance of two
contiguous solutions. Now the crowding distance becomes
equal to the summation of all distance values for each ob-
jective. This evolutionary algorithm does not need any
type of user-defined factor for keeping the diversity in
the population.

Step 4. Selection

Each individual in the population depicts two type of qual-
ity characteristics viz. crowding distance (kgisiance) @nd non-
dominated rank (k). The following relation was kept in
mind during the selection of any individual.

(krank < Irank) or (krank = Irank) and (kdistance > Idistance)

The solution suggested in this way will reveal better rank
with great diversity.

Table 7 Operators selection

during NSGA-II Operator Type Value
Crossover Simulated binary 0.9
Selection Non-dominating sorting and crowding distance -
Mutation Polynomial 0.1666
Generation - 100
Population - 500
Time taken 402 s (Average of 10)
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Initialize population of size N; Gen= 0

v

Find out the fitness value of the objective
function

v

Non-dominated sorting on the basis of
crowding distance and ranking

v

Execute selection, crossover & mutation
for the production of offspring

v

By combining the population of parents
and offspring, a new population of size
2N is generated

'

Depending upon the crowding distance
and ranking, select population of size N

Gen=Gen+1

¥

Is generation greater
than the maximum
number of

generations?

Stop

Fig. 13 NSGA-II flow chart

Step 5. Genetic operators

Reproduction is made according to simulate binary
crossover (SBX). The working principle of SBX is
single-point crossover on binary string. It will create two
offspring by two parent solutions.

Step 6. Recombination and selection

The current generation population is combined with the
offspring for the next generation. The elitism was ensured
due to the involvement of current and previous population.
This will run lasts till population size increases from current
population.

The empirical models obtained from Egs. (7) and (8) were
incorporated in the objective functions of Egs. (9) and (10).

@ Springer

The upper and lower limits of process parameters (SV, P,
P, and WF) were given in Egs. (11), (12), (13) and (14).

20<SV<50 (11)
0.35<P,,<1 (12)
9§Poff524 (13)
3<WF<12 (14)

There are two methods to check the computation effort (i)
by using stop watch (ii) in-built commands of “tic” and toc at
the starting and end of function. So, the mean elapsed time for
10 computations is 122 s (population 300, generation 80). The
computation is also made for increasing the population (500)
and generation (100) with a mean elapsed time of 402 s. So,
with increasing the population and generation, the computa-
tional efforts become complex.

The Pareto optimal solution front is shown in Fig. 14.
The X and Y axes in Pareto optimal front represent the SR
(i.e., mean roughness depth) and MRR, respectively. It is
clear from Fig. 14 that with the change of one response,
the other response is also changed. It is obvious that the
increase in MRR will deteriorate the surface characteris-
tics of shape memory alloy. The predicted solutions sug-
gested by NSGA-II are given in Table 8. These solutions
have not been arranged on the basis of their superiority.
Every suggested solution gives a value of MRR and R,
corresponding to the process parameters. Therefore, it is
up to the operator or technician to select the responses
(MRR and R),) first, and according to the selected re-
sponse, they will select the process parameters setting.
NSGA-II provides a number of solutions, and according
to the requirement of any industry, they will select the
combination. So, to verify the results obtained from
NSGA-II, five confirmatory experiments were performed
on random basis (experiment numbers 1, 9, 17, 23, and
27). The suggested parametric settings given in Table §
are in decimals. So, due to machine tool limitation, the
nearby possible value was set for validation. It was found
from the validation run that the MRR and R. values are
close to the predicted solutions (see Table 9), which
claims successful process optimization by evolutionary
algorithm NSGA-II.

The morphology of machined surface has also been
studied at different combinations of parameter settings
that generate different discharge energy. At low discharge
energy level (Fig. 15a), the formation of deposited layer,
surface cracks, and micro-pores is less as compared to
high discharge energy level (Fig. 15b). The reason as
discussed is the fast heating and cooling at high discharge
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Fig. 14 Pareto optimal solution
for 100 generations

(/min)

Material removal rate

Table 8 Predicted solutions suggested by NSGA-II

L L L L L L L L

St.no. SV P, Posr WF MRR R,
1 5000  1.00 900 1200 0045  9.65
2 2000 035  24.00 300 0001  5.09
3 2000 035  24.00 300 0001  5.09
4 5000  1.00 900 1200 0045  9.65
5 2000 041  24.00 300 0003 523
6 2000 100 1298 300 0030 730
7 2004 100 1245 300 0030 734
8 2000 040  24.00 300 0003 520
9 2003 089  24.00 305 0020 627
10 4943 1.00 9.00 620 0041 899
1 2734 1.00 9.00 300 0034 785
12 2787 1.00 9.00 312 0034 7.89
13 2000 088  24.00 300 0019 624
14 3143 1.00 9.09 300 0035  7.99
15 29.12 1.0 9.03 300 0034 791
16 4923 1.00 9.00 968 0043 937
17 2537 1.00 921 300 0033 7.77
18 2000 056  24.00 300 0008 554
19 2000 056  24.00 300 0008 556
20 2970 1.00 9.00 300 0034 794
21 2004 100 1941 301 0026 683
22 2000 049 2395 300 0006 541
23 2037 100 19.96 300 0026  6.80
24 2615  1.00 9.20 300 0033 7.80
25 2000 061  24.00 300 0010 5.65
26 20.11 100 20.92 300 0025 672
27 4844  1.00 9.00 606 0040  8.94
28 4962  1.00 9.00 6.54 0041  9.03
29 2000 059  24.00 300 0009  5.62
30 2000  0.60  24.00 300 0010  5.63

6 6.5 7 7.5 8 8.5 9 9.5

Mean roughness depth
(nm)

energy level. The temperature in the circuit becomes very
high due to the thermal energy induced at high discharge
parameters as compared to the temperature obtained at
low discharge parameters. At high temperature, material
started to melt and evaporate and eventually came to the
contact of dielectric. This dielectric reduced the tempera-
ture and quenched the material. Due to this quenching
effect, the deposited layer, surface cracks, and sub-
surface have appeared. Moreover, the excessive material
removal made the debris particles to stick in the machin-
ing zone in the absence of proper flushing and that
redeposited on the machined surface.

But, at low discharge parameter combinations, the
quenching effect and material deposition are not as severe
as in high discharge parameters. The surface morphology
of the suggested (NSGA-II) solutions has also been inves-
tigated. Figure 15¢, d shows the SEM micrograph at pre-
dicted solution 1 and predicted solution 9, respectively.
The presence of micro-pores, micro-crack, lumps, and de-
posited layer is found. At every setting of the process
parameters, there is some discharge energy level, so the
formation of micro-pores, lumps, deposited layer, and
sub-surface cannot be eliminated completely. But process
parameter optimization can significantly reduce the sur-
face morphology deterioration at a great extent as ob-
served and discussed in the present research work.

5 Conclusions

In the present paper, the important results of the investi-
gation on wire-EDM of Niss gTi shape memory alloy are
reported and discussed. The following conclusions can be
drawn from this work:
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Table 9  Validation runs on predicted solutions

Sr. SV P,, Poy WF Predicted  Experimental Error (%)
no.

MRR R, MRR R, MRR R,
1 50 1 9 12 0.045 9.65 0.044 952 244 14
9 20 09 24 3 0.020 627 0.021 620 —-495 1.16
17 25 1 9 3 0.033 7.77 0.033 7.53 238 3.15
23 20 1 20 3 0.026 680 0.027 7.15 —-3.43 —5.08
27 48 1 9 6 0.040 894 0.042 926 -3.17 —3.56

pores \
A ok

" Deposited.-.
‘Layer

G

s
Det: SE
VEGA3 XMU

SEM MAG: 4.00 kx
WD: 10.51 mm

Lumps

Pl [

10 pm

View field: 47.7 pm |Date(m/d/y): 09/18/18

>y
SEM MAG: 3.00 kx
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10 pm

View field: 63.6 ym Date(m/d/y): 09/18/18

1

University of Johannesburg

VEGAS ‘I'ESCAN

University of Johannesburg

VEGA3 TESCAN

Wire-EDM of NissgTi at higher voltage, pulse-on time,
and wire feed rate resulted in higher material removal rate,
i.e., high productivity.

High discharge energy parameter settings deteriorated the
surface quality with high occurrence of cracks, deposited
layers, and lumps, and generated rough surfaces on the
machined Niss gTi samples.

The developed empirical models accurately predict the
MRR and R, values.

NSGA-II successfully envisage the solution, i.e., process
parameters corresponding to different MRR and R..

Sub-
surface

:
-~ :
SEM MAG: 4.00 kx Det: SE
WD: 10.52 mm VEGA3 XMU
View field: 47.7 ym |Date(m/dly): 09/18/18

10 pm
University of Johannesburg
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View field: 63.6 ym Date(m/dly): 09/18/18

10 pm
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Fig. 15 SEM micrographs of SMA samples machined by wire-EDM at a low discharge energy: experiment 1, b high discharge energy: experiment 16,
¢ validation run of predicted solution 1, and d validation run of predicted solution 9
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*  Wire-EDM of Niss gTi at parameters optimized by NSGA-
II resulted in improved surface quality (R,—6.20 um) and
process productivity (MRR—0.021 g/min) at a single set.
Based upon the requirements, the NSGA solutions as ob-
tained in the present work can be referred for better pro-
cess performance.
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