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Electrical discharge machining is a thermo-physical-based material removal technique. 25 combinations of process variables were
formulated with the aid of Taguchi technique for EDM of adsorbed Si;N,~TiN. Machining variables like pulse current, pulse-on
time, pulse-off time, dielectric pressure, and spark gap voltage varied, and impact of each variables on the performance metrics
(MRR, EWR, SR, ROGC, 6, CIR, and CYL) was assessed. MCDM strategies like grey relational analysis and TOPSIS are utilized
to find out the ideal arrangement of machining parameters to achieve most acute productivity of the multitude of reactions.
Likewise, metaheuristic algorithm in particular GRA combined with teaching-learning-based optimization algorithm is utilized
for getting global optimized input factors. Important factors like pulse current, pulse-on time, and spark gap voltage
characteristically affect the outputs. It is recognized that the pulse-on time and the pulse current are the most significant input
factors than others. The ideal machining parameters in view of GRA and TOPSIS techniques for acquiring better output
factors are I, 12 amps; PON, 7 pusec; POFF, 4 psec; DP, 12 kg/cmz; and SV, 36 volts.

1. Introduction

Thermo-physical-based material removal technique named
EDM is a modern machining methodology with phenome-
nal capacity of noncontact machining of profoundly hard
and brittle workpieces with accurate three-dimensional
complex shapes. Conceivably, surface attributes of the mate-
rials can be altered by the EDM process. The predominant
problem associated with electrical discharge machining is a
poor surface finish. By employing compacted electrodes,
particles during the machining process will be settled on

the material surface and limit the microcracks, voids, recast
layer, and so forth [1-3]. The electrical discharge machining
process guarantees legitimate carbonation and surface heat-
treatment, and a superior material hardness was acquired
with an elevated peak current and reduced duty factor [4].
The electrodischarge machining of each nonconductive
workpiece relies upon large variables. Nickel and carbon
intensify structure harmful mixtures like Ni (CN), and
(CsHs) NiINO. Nitrogen-containing ceramic materials
(nitrides AIN, SiAION, and Si;N,) are not being handled
in hydrocarbons with a nickel holding assistive electrode
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[5]. Material transmits by powder metallurgy electrodes and
by powder particles suspended in the dielectric liquid; these
two techniques offer practical option in contrast to the next
right now utilized costly strategies for surface modifications
like ion implantation and laser surface processing [6]. Both
EDM and powder-mixed EDM can support the deposition
of surface layers having novel trademark with unrivaled
capability as far as mechanical, metallurgical, and tribologi-
cal characteristics [7]. To accomplish green and healthy pro-
duction, save resources, reduce the number of experimental
trails, and improve the efficiency of experimental work,
CuSn CLEs were employed [8]. Gap-active EDM is another
methodology which gives a gap-detectable and automatic
adjustable electrode retraction set up to facilitate improved
textual attribute with reduced indentation, solidified-
agglomerates, and crack [9]. Selecting permissible dielectric
fluid is additionally indispensable in EDM since it has influ-
ence on the surface roughness. Using water as dielectric fluid
advances a safe environment. Also, the electrode wear rate
will be less, and surface finish will be better. On the other
hand, hydrocarbon oil such as kerosene will break down
and deliver harmful vapors like CO and CH, during EDM
[10]. Also, vegetable oil-based dielectric liquids, namely,
sunflower and jatropha oils, have homogeneous dielectric
properties and erosion procedure when correlated with the
traditional dielectric fluid. For sustainable manufacturing,
biodegradable and ecofriendly vegetable oil-based dielectric
liquid shall be selected [11]. TLBO algorithm is a novel
population-based nature exhilarated breakthrough, and it
has two stages specifically “teacher phase” and “learner
phase.” The modified TLBO technique also has two phases
and exploits a new population class system into a traditional
TLBO technique. The modified TLBO technique delineates
an enhanced result quality and quick intermingling ratio
than traditional TLBO. Statistical investigations on the trial
results elucidated an extensive performance for proposed
changes [12-14]. The TLBO algorithm has an extensive
likely when contrasted with the combinatorial optimization
complexity, like job-shop scheduling problems and flow-
shop scheduling problems [15]. In joint optimization of
TLBO, PSO, and GA, TLBO conferred impressive has sur-
passing amount of combination and within the fixed trails
of iterations [16].

Square profiles in silicon nitride-titanium nitride are
made using square tungsten-copper electrodes, and the
machining input factors like I, PON, POFF, DP, and SV
are optimized using various methodologies like GRA, TOP-
SIS, and GRA coupled with TLBO algorithm [1]. Adsorbed
silicon nitride-titanium nitride CMCs are best suited for
high temperature applications because of their admirable
properties. Contributions by numerous researchers in the
area of mechanism of electrical discharge machining, influ-
ence of EDM parameters, selection of tool electrode, selec-
tion to dielectric fluid, influence of powder particles mixed
with dielectric fluid, after machining surface morphology,
etc., were considered for identifying the research gap in
the previous work. In continuation to the previous work,
currently circular profiles are made in silicon nitride-tita-
nium nitride using cylindrical tungsten-copper electrodes,
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and the machining input factors like I, PON, POFF, DP,
and SV are optimized using joint optimization techniques.
The response factors like MRR, EWR, SR, ROC, 6, CIR,
and CYL are considered. The optimum electrical discharge
machining ranges were attained by means of the Taguchi
optimization technique for circular profiles. The optimal
group of electrical discharge machining factors was
attained through MCDM techniques like GRA and TOP-
SIS. Also, global optimization approach GRA coupled with
the TLBO algorithm was preferred. The optimal combina-
tion model bestows more prominent anticipated outcomes
than estimated.

2. Experimental Procedure

Figure 1 depicts flawless exploration procedure of which the
experimental work and electrical discharge machining
parameter optimization are done. Commercially available
silicon nitride-titanium nitride composites are used as
workpiece material for the current research. Usually, silicon
nitride-titanium nitride composites are fabricated by hot
pressing and SPS process by mixing of Si;N, and Ti powders
at 1350°C temperature [17-19]. Si;N,-TiN has been selected
because of its superior properties like high melting point,
increased thermal shock resistance, high strength retention
at elevated temperatures, excellent corrosion and wear resis-
tance, improved surface hardness, and low density. It finds
extensive applications in wear resistant parts, heat
exchangers, gas turbines, extrusion dies, ball bearings, shot
blast nozzle, level sensors in molten metal, and aircraft
engines parts. In the Si;N,-TiN workpiece, electrical dis-
charge machining is led utilizing electronic die-sinker
(500 x 300 series) ED machine. Circular holes of 3mm
diameter are shaped on the Si;N,-TiN workpiece which is
of 2 mm thickness and 50 mm diameter. The machining pro-
cess was finished with tungsten-copper (W-Cu) material
electrode of 3mm diameter and 15mm length. The Si;N,—
TiN workpiece subsequent to the process is delineated in
Figure 2. For every circular pocket, one new cylindrical-
shaped electrode was chosen, and the tool electrodes before
and after processing are shown in Figures 3(a) and 3(b),
respectively. The deionized water is employed as dielectric
liquid for safe environment [10].

2.1. Design of Experiments. The design of experiments is
an organized way for regulating the correlation in disper-
sion through input factors impacting the process and out-
put factors of that cycle. DOE facilitates to get convenient
data around the process by directing least number of trails.
The experimentations were accomplished using five input
parameters differed at five positions as shown in Table 1.
The DOE with 25 machining run order as obtained from
the Taguchi methodology was produced using Minitab
19.0 statistical tool [1]. The order on which the experi-
mental work is carried out and also the time taken for
machining is shown in Table 2. The experimental results
are portrayed in Table 3.
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FIGURE 1: Proposed research plan (Srinivasan et al. [1]).

2.2. Measurements and Calculations of Response Factors. The
MRR and the EWR were determined using Equation (1) and
Equation (2), respectively. The radial overcut and taper
angle were calculated using Equation (3) and Equation (4),
respectively.

W

initial —

w
Material removal rate, MRR = MT final (gm/min),
(1)
Wem— W
Electrode erosion rate, EWR = — =M AM (om/min),
MT
(2)
DT - DE
Radial overcut, ROC (mm) = tan™" { f}, (3)

(4)

DT - DB
Taper angle, 0 (deg) = tan™" {T}’

where W, ,,q and Wy, are the weights of the workpiece
before and after machining (g), Wy, and W,,, are the
weights of the electrode before and after machining (g), MT
is the time taken for machining (min), DT is the top diameter
of drilled hole (mm), DB is the bottom diameter of drilled
hole (mm), and DE is the diameter of electrode (mm).

The SR is measured using Mitutoyo (SURFTEST SJ-210)
surface roughness tester. The geometrical tolerance results
obtained from PC-DMIS metrology software are depicted in
Figure 4 that is utilized to quantify the circularity and cylindri-
city for circular holes contrived in Si;N,-TiN workpiece.

3. Results and Discussions

3.1. Taguchi Methodology for Response Factors. In this inves-
tigation, negative polarity is selected as it increments the
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FIGURE 2: Machined Si;N,-TiN workpiece.
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FIGURE 3: Cylindrical shaped electrodes: (a) before machining; (b) after machining.

MRR and reduces the EWR by bombarding the electrode by
electrons present in the discharge section and workpiece by
positive ions [1]. The MRR increases as the PON and the
pulse current increments. It is ascertained that the dielectric
pressure and the POFF does not impact mostly on the out-
put factor and also the SV has average output factor. To
get increased material removal rate, the pulse current and
the PON should be increased. The EWR has effects similar
to that of MRR. In this scenario also, as the PON and the
pulse current increments, the electrode erosion rate reduces.
It is noticed that the dielectric pressure and the POFF does

not impact much on the output factor and SV has average
impact. To decrease the electrode erosion rate, moderate
pulse-on time and pulse current are enforced. To achieve
good surface, moderate pulse-on time and high gap voltage
are enforced. From the main effect plot, it is evident that
the surface quality decreases as the pulse current increments.
The gap voltage increases the overall ROC, and the top
radial would be reduced by employing lower discharge
current and DP and higher SV. The 6 could be reduced by
decreasing pulse current and average DP. It is also observed
that the low pulse current increases the taper angle



Adsorption Science & Technology 5
TaBLE 1: Experimental input parameters.

Variables Symbols Units Levels

1 2 3 4 5
Pulse current I amps 4 6 8 10 12
Pulse-on time PON usec 5 6 7 8 9
Pulse-off time POFF usec 2 4 6 8 10
Dielectric pressure DP kg/cm® 12 14 16 18 20
Spark gap voltage NY Volts 28 30 32 34 36

drastically. To decrease the circularity, moderate discharge
current and PON are employed, and the voltage should be
maintained low. The effect of the DP and the POFF is high
in circularity. The cylindricity is less at moderately high
pulse current, and the main effect plot proves that decreasing
pulse current increments the cylindricity profoundly. On the
other hand, the lower PON increases the cylindricity, and SV
should be continued low.

3.2. GRA Optimization. Grey relational analysis transforms
the single-objective condition into an individual response
optimization [1]. The GRA proceeds through the accompa-
nying advances.

Step 1. Normalization is done for all the experimental output

parameters by the successive equations.
Normalization for higher-the-better,

gi(k) — min g;(k)

0= g, (8~ min 6,6 )
Normalization for lower-the-better,
max g.(k) - g,(k
%, (k) = 9:(k) -~ 9,(k) (©)

~ max g,(k) — min g,(k)”

where x;(k) is normalized value for obtained response, min
g;(k) is the least value of g,(k) for kth response, max g;(k)
is the highest value of g;(k) for kth response, “i” is the exper-
imental number, and “k” is the comparability sequence.

Step 2. Grey relational coefficient delineates the correlation
among the desired and actual normalized experimental
response. The GRC value is determined as follows:

Amin + (PAmax (7)

%)= R )+ g

max

where A(k) is a deviation sequence, ie., A(k)=]g;(k) -
x;(k)|; ¢ is a unique coefficient which sustains between 0
and 1 (usually assumed as ¢ =0.5); k is a GRC; A, ;,, (least
deviation sequence) is the lowest value of A(k); and A, ,,
(highest deviation sequence) is the highest value of A (k).

TaBLE 2: Table design and time taken for machining.

Input machining factors Machining time

Run 1 pON POFF DP SV (t) in min
1 4 5 2 12 28 29.09
2 4 6 4 14 30 27.33
3 4 7 6 16 32 24.45
4 4 8 8 18 34 21.36
5 4 9 10 20 36 19.53
6 6 5 16 34 30.29
7 6 6 18 36 28.04
8 6 7 8 20 28 26.25
9 6 8 10 12 30 2347
10 6 9 14 32 20.25
11 8 5 20 30 32.25
12 8 6 12 32 30.12
13 8 7 10 14 34 25.43
14 8 8 2 16 36 23.45
15 8 9 18 28 19.23
16 10 5 8 14 36 2829
17 10 6 10 16 28 26.32
18 10 7 2 18 30 24.11
19 10 8 4 20 32 2135
20 10 9 6 12 34 18.25
21 12 5 10 18 32 31.23
22 12 6 2 20 34 27.25
23 12 7 4 12 36 2345
24 12 8 6 14 28 19.58
25 12 9 8 16 30 17.45

Step 3. The grey relational grade is obtained from average
value of GRC. The GRG is calculated as follows:

0= HZG";’U‘% (8)

where 0, is the GRG of ith trial, n is a number of trials, and
¢;(k) is a GRC.
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TaBLE 3: Experimental results for responses after EDM.
Run MRR (g/min) EWR (g/min) SR (pm) ROC (mm) 0 (deg) CIR (mm) CYL (mm)
1 0.00298 0.00098 1.44 0.30 0.0488 0.0744 0.1282
2 0.00240 0.00032 0.71 0.24 0.0810 0.0491 0.0299
3 0.00172 0.00053 2.53 0.23 0.0985 0.0436 0.0545
4 0.00444 0.00111 0.56 0.18 0.0848 0.0525 0.0685
5 0.00220 0.00058 4.80 0.15 0.3140 0.0260 0.0272
6 0.00139 0.00065 0.87 0.38 0.0612 0.1752 0.1549
7 0.00280 0.00073 1.51 0.15 0.5622 0.0190 0.0094
8 0.00275 0.00083 2.87 0.19 0.3540 0.0376 0.0392
9 0.00409 0.00080 1.69 0.20 0.3667 0.0441 0.0748
10 0.00192 0.00069 0.92 0.16 0.0550 0.1465 0.0520
11 0.00198 0.00085 1.38 0.19 0.1229 0.0429 0.0763
12 0.00256 0.00079 3.99 0.20 0.0611 0.0320 0.0496
13 0.00204 0.00040 3.83 0.17 0.5150 0.1121 0.0973
14 0.00281 0.00116 1.27 0.21 0.0268 0.0509 0.0313
15 0.00312 0.00145 0.69 0.23 0.0893 0.0573 0.0818
16 0.00199 0.00059 3.26 0.20 0.0761 0.0205 0.0203
17 0.00151 0.00062 2.60 0.20 0.0871 0.0183 0.0320
18 0.00255 0.00123 1.15 0.12 0.0877 0.0303 0.0410
19 0.00207 0.00073 1.17 0.18 0.0951 0.0168 0.0277
20 0.00183 0.00029 2.52 0.19 0.0210 0.0473 0.0230
21 0.00117 0.00060 0.93 0.21 0.0244 0.0778 0.0307
22 0.00093 0.00079 0.65 0.06 0.0486 0.0557 0.0313
23 0.00219 0.00058 0.77 0.15 0.1098 0.0309 0.0120
24 0.00267 0.00040 1.42 0.24 0.2073 0.0137 0.0231
25 0.00186 0.00037 3.44 0.19 0.0355 0.0111 0.0216
In GRA, the GRG which is highest was given top rank- a, ap, a; a,
ing, and lower GRG is given last rank [1]. The calculated
GRG for 25 experimental run orders is shown in Table 4. p - | ™ 92 %on (9)
Figure 5 outlines the GRG for 25 experimental run orders, m ’
and Table 4 portrays the impact of input factor on the
GRG. From Tables 4 and 5, it is evident that A;B;C,D,E; A1 A2 O3 Dnn

are the optimal input factor levels. Consequently, the 23rd
experimental run order is the optimized group of input fac-
tors for best output response.

3.3. TOPSIS Optimization. Technique for order of preference
by similarity to ideal solution is an ordinary MCDM optimi-
zation methodology that assists with selecting the better
input factors among the enormous number of options which
is having the shortest point from positive ideal solution and
the largest point from negative ideal solution [1]. The
MCDM using the TOPSIS methodology proceeds through
the accompanying advances.

Step 1. First, all the information gathered from experimental
run was utilized for developing decision matrix which com-
prises of n number of response factors which are complex-
ions and m number of experimental runs that are the
substitute result.

where a;; is the measure of jth attribute to ith alternative.

Step 2. The accompanying condition gives the result for nor-
malization of decision matrix.

Yii = —_, (10)

where y,; is normalized solution for i=1,2,3,--,m and j =
1,2,3, -+, n.

Step 3. The weights of every characteristic are fixed, and for
the whole attributes, the total sum of weightage should be
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equivalent to 1. By utilizing the accompanying condition, the ~ Step 4. The positive ideal solution (PIS) and negative ideal
weighted normalized decision matrix is determined. solution (NIS) can be determined by

Py = WiYip ) e = (o3 90)
= {(max p;li€ ]1), (min pili€)»i=1,2, n) },
where Y7 w; = 1. (12)
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FIGURE 5: GRG for experimental run.
TABLE 5: Factor effect on GRG.
Parameter 1 ) Grey relatl;)nal grade 5 Optimal level Difference Rank
I 0.66371 0.64245 0.63298 0.70915 0.71766 5 0.08469 1
PON 0.67402 0.68213 0.68941 0.64122 0.67469 3 0.04819 2
POFF 0.69341 0.69833 0.69287 0.67524 0.66610 2 0.03224 4
DP 0.69017 0.66121 0.67479 0.68365 0.66613 1 0.02896 5
N 0.66349 0.67773 0.67350 0.65383 0.69741 5 0.03392 3

¢ = (919 9,)
= {(min (pij|j€]1), (max<pij|j€]2,i: 1,2, n) },
(13)

where J, and ], are sets of beneficial attribute and nonbene-
ficial attribute, respectively.

Step 5. Separation proportions of the entire options are
determined from PIS and NIS

(14)

where i=1,2,3, ---, m.

Step 6. The relative similarity index (SI) of every parameter is
determined utilizing the accompanying equation
S

SI=_ i . (16)
ST—SI-

In TOPSIS, the first part is to change the outcomes to a
decision matrix comprising of output responses (attributes)
in columns and exploratory trials (alternatives) in rows as
delineated in Equation (9). By utilizing Equation (10), the
decision matrix is normalized, and relative weightage is
doled to all entities. Then, equivalent relative weightage is
fixed to entire seven responses, viz., material removal rate,
electrode wear rate, surface roughness, radial overcut, taper
angle, circularity, and cylindricity. The weighted normaliza-
tion numbers were determined by using Equation (11).
Using Equations (12) and (13), the positive ideal solution
and negative ideal solution are obtained from the normaliza-
tion matrix. Equations (14) and (15) are utilized to ascertain
the separation measures of every alternative from PIS and
NIS. Likewise, Equation (16) is employed to ascertain the
similarity index for all the options by finding the separation
measures [1].

Based on the TOPSIS optimization, the normalized
matrix, weighted-normalized matrix, separation evaluated
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TABLE 7: Mean similarity index of each parameter at entry level.
Parameter ] ) Slmllan;y index 4 5 Optimal level Difference Rank
I 0.89806 0.89722 0.89843 0.90108 0.90175 5 0.00453 1
PON 0.89922 0.89657 0.90029 0.90001 0.89845 3 0.00373 2
POFF 0.90072 0.90118 0.89895 0.89835 0.89835 2 0.00283 4
Dp 0.90008 0.89897 0.89856 0.89999 0.89994 1 0.00111 5
NY% 0.89803 0.89787 0.90001 0.89955 0.90108 5 0.00321 3
TaBLE 8: Initial random population.

Run POII?Iput POFF “bp SV MRR  EWR SR Ref%)gse 0 crR  cyL  ORG  Rank
1 4 5 2 12 28  0.00298  0.00098 1.44 0.30 0.0488  0.0744  0.1282  0.67019 15
2 4 6 4 14 30 0.00240 0.00032 0.71 0.24 0.0810 0.0491 0.0299 0.69752 10
3 4 7 6 16 32 0.00172 0.00053 2.53 0.23 0.0985 0.0436 0.0545 0.63194 22
4 4 8 8 18 34 0.00444 0.00111 0.56 0.18 0.0848 0.0525 0.0685 0.68421 14
5 4 9 10 20 36 0.00220  0.00058  4.80 0.15 0.3140  0.0260  0.0272  0.63471 21
6 6 5 16 34 0.02139  0.00065  0.87 0.38 0.0612  0.1752  0.1549  0.65895 16
7 6 6 18 36 0.00280 0.00073 1.51 0.15 0.5622 0.0190 0.0094 0.69307 12
8 6 7 20 28 0.00275 0.00083 2.87 0.19 0.3540 0.0376 0.0392 0.61013 23
9 6 8 10 12 30 0.00409 0.00080 1.69 0.20 0.3667 0.0441 0.0748 0.59570 24
10 6 9 14 32 0.00192 0.00069 0.92 0.16 0.0550 0.1465 0.0520 0.65439 17
11 8 5 20 30 0.00198  0.00085 1.38 0.19 0.1229  0.0429  0.0763  0.64286 20
12 8 6 12 32 0.00256  0.00079  3.99 0.20 0.0611 0.0320  0.0496  0.65259 18
13 8 7 10 14 34 0.00204 0.00010 3.83 0.17 0.5150 0.1121 0.0973 0.51059 25
14 8 8 16 36 0.00281 0.00116 1.27 0.21 0.0268 0.0509 0.0313 0.70670 6
15 8 9 18 28 0.00312 0.00145 0.69 0.23 0.0893 0.0573 0.0818 0.65215 19
16 10 5 8 14 36 0.00199 0.00059 3.26 0.20 0.0761 0.0205 0.0203 0.69953 8
17 10 6 10 16 28 0.00151 0.00062 2.60 0.20 0.0871 0.0183 0.0320 0.69092 13
18 10 7 2 18 30 0.00255  0.00123 1.15 0.12 0.0877  0.0303  0.0410  0.72284 4
19 10 8 4 20 32 0.00207 0.00073 1.17 0.18 0.0951 0.0168 0.0277 0.73003 2
20 10 9 6 12 34 0.00183 0.00029 2.52 0.19 0.0210 0.0473 0.0230 0.70244 7
21 12 5 10 18 32 0.00117 0.00060 0.93 0.21 0.0244 0.0778 0.0307 0.69858 9
22 12 6 2 20 34 0.00093 0.79000 0.05 0.06 0.0486 0.0557 0.0313 0.71295 5
23 12 7 4 12 36 0.00219 0.00058 0.77 0.15 0.1098 0.0309 0.0120 0.75302 1
24 12 8 6 14 28 0.00267  0.00040 1.42 0.24 0.2073  0.0137  0.0231 0.69403 11
25 12 9 8 16 30 0.00186 0.00037 3.44 0.19 0.0355 0.0111 0.0216 0.72975 3
Mean 8 7 6 16 32

data, and SI of every option are delineated in Table 6. The
alternative result with highest SI value is the predominant,
and the trails are ranked depending upon the SI. The 23rd
experimental run is the good run, and the 13th is the poor
among every one of the other options. Table 7 displays the
determined mean similarity index of all the input factors at
all the levels.

3.4. TLBO Algorithms. TLBO algorithms depict the teaching,
and learning phenomenon takes place in the classroom [1].
The current work was centered on maximization of material
removal rate and minimization of electrode erosion rate, SR,

ROC, 6, circularity, and cylindricity, respectively. The
regression equation for maximization and minimization of
output factors is delineated in Equation (17) to Equation
(23). Additionally, the parametric bounds are delineated in
Equation (24) to Equation (28).

Maximization:

MRR =0.00047 + 0.000367 I + 0.000214 PON
-0.000039 POFF - 0.000050 DP - 0.000025 SV.

(17)



Adsorption Science & Technology

12

€ §L6CL0 98100 10100 90ST°0 L1°0 04T LILIOO 090000 €8¢ 91 €6 6 4! €8¢ 91 €6 101 8¢l SC
11 €0¥69'0 €00 L6C00  ¥ISO0 0C0 16'1 6SST10°0 8¢000°0 8¢C el 9 G568 4! 9ve GTl 9 66'8 8¢l ¥e
I 20€sL'0  1T€0°0  £990°0  ¥IO00 610 9¢T  ¥6890°0 S€£00°0 9¢ 6 L't L (4t ¥v'6¢c 6 L't L 8¢l €C
S S6CIL0 §920'0  €7s00 17€0°0 ¥1°0 ¥€0  T6SLTO 6€000  L'sE 0T C Sy’ 4! 'S¢ €C 9°0- S¥'s 8¢l [44
6 868690  6S€00 000  68Z1°0 81°0 YT 889¢T0 06200°0 (43 g6l 01 6'¢ 4! [43 g6l 9l 6'¢ 8¢l ¥4
L ¥¥c0L0 L0200 SIS00  €660°0 81°0 9¢°C 55¥€0°0 €81000 2S¢ 6 9 6 60T  L's¢ 6 9 101 601 0¢
(4 €00€2°0 11200 19¢0°0 01900 €ro 640  LT69T°0 €9100°0 [43 0¢C LT §5'8 60T [43 €C LC §6'8 60T 61
4 ¥8CCL0  9¢¥0°0 66€00 26000 81°0 970  6949T°0 L12000 €8¢  G61 (4 L 60T €8¢ <6l 9°0- L 601 81
€l 260690 G8%0°0 09200  Z8ST'0 1co 8¥'C 118000 8100°0 8¢C 91 01 S¥'S 60T  9%¢C 91 9CI S¥'s 60T L1
8 €5669°0 Se¥0'0  €PS0°0  ZVPOTO 10 99'C 951500 er00°0 9¢ gl €6 6'¢ 60 ¥6c STl €6 6'¢ 60T 91
81 1S90 €9¥0'0  L0¥0°0 12070 81°0 18°0  ¥89L0°0 0L100°0 8¢C g6l L¢ 6 8 9vc g6l LT 101 8 ST
9 049020 6€€00  9%900  8680°0 91’0 (40! 1620T°0 16€00°0 9¢ 91 [4 §6'8 8 ¥o¢ 91 9°0- a8 8 4!
S¢ 650160  88¢0'0  £0S00  T6¢£C0 0C0 se'e £9950°0 91€000  Z's€  GTI 01 L 8 Lse 9Tl 9Cl L 8 €l
L1 65¢S9°0  ¥190°0 S¥S0°0  ¥48T°0 ¥To 18°C §7850°0 0££00°0 [43 4! €6 S¥'S 8 [43 6 €6 S¥'s 8 4!
61 98¢¥90  0VL00  L6¥V00  €SCI0 €00 80°1 GSSIT0 w€er000 €8¢ 0¢C 9 6'¢ 8 €8¢ €C 9 6'¢ 8 IT
91 6£¥59°0 17900  €5£00 L8800 (44 1€°1 269¢0°0 1£€00°0 (43 gl C 6 1S [43 Sl 9°0- 101 s 01
14 025650  01£00 91500 1€2T0 LT0 19°¢  ¥LOVC0 €12000 €8T 6 (1 §6'8 1S €8¢ 6 9l a8 1's 6
(44 €I0I90  ¥590°0 €400  98ST0 10 6¥'C  9.£€0°0 0£200°0 8¢ 0¢ €6 L 1's 9vC €C €6 L TS 8
4! £0€69°0  ¥650°0 78900  0€CT0 61°0 8L°T L1860°0 ¥5500°0 9¢ g6l 9 S TS ¥ee g6l 9 Sy's TS L
ST §6859°0  ¥180°0 12600 IZ1T°0 €00 ¥8°0 €ILIT0 022000  Z'se 91 LC 6°¢ 1's L'S¢ 91 L'C 6'¢ s 9
0T I2¥€9°0  6¥€0°0 6¢v0'0  L£S€0 ST°0 se'e 090€0°0 ¥6200°0 9¢ 0¢ 01 6 4 ¥ec €C 9Cl 1ot (44 S
4! 1Zv89°0  90¥0°0  98%00  ¥0€€0 910 cre  0LTc00 cee000 L'se g6l €6 §6'8 i4 Lse g6l €6 Gq'8 (44 ¥
1c ¥61€9°0  0TL00  TL900  LTOTO o c0c  090€0°0 S¥¥00°0 (43 91 9 L 4 (43 91 9 L (4 €
01 54690 $E€OT'0  8980°0  0SZ0°0 67°0 €60 09800 695000 €8¢ 9Tl LT S¥'S 14 €8C 9Tl LT V'S [ (4
4 S1509°0 S9IT0 05600  0S¥0°0 1€0 9¢°0  Teeloo 99900°0 8¢C 4! 4 6°¢ 4 9vC 6 9°0- 6'¢ [ I
yuey 59O TAD 1o 0 o0d gs IMd WIN AS dda d440d  NOd I AS dd 4d0d  NOd I ou g

asuodsar maN

193owrered yndur papunog

1a3owered ndur MaN

'sosuodsar pue 1ajowrered ssado1d payepdn-aseyd 1oyoesy, g a14V],



Adsorption Science & Technology 13
TaBLE 10: Combined population.
Runy Cokrvn(]));l ed glop;;paralr)n; “ SV MRR  EWR SRNeWI{(e)Sgonse 0 cR cyr GRG Rank
1 4 5 2 12 28 0.00298 0.00098 1.44 0.30 0.0488  0.0744 0.1282  0.67019 49
2 4 6 4 14 30 0.00240 0.00032  0.71 0.24 0.0810  0.0491 0.0299  0.69752 21
3 4 7 6 16 32 0.00172  0.00053  2.53 0.23 0.0985  0.0436  0.0545  0.63194 46
4 4 8 8 18 34 0.00444  0.00111  0.56 0.18 0.0848  0.0525  0.0685  0.68421 23
5 4 9 10 20 36 0.00220 0.00058  4.80 0.15 0.3140  0.0260  0.0272  0.63471 38
6 6 5 4 16 34 0.02139 0.00065  0.87 0.38 0.0612  0.1752 0.1549  0.65895 19
7 6 6 6 18 36 0.00280 0.00073 1.51 0.15 0.5622  0.0190  0.0094  0.69307 6
8 6 7 8 20 28 0.00275  0.00083 287  0.19 0.3540  0.0376  0.0392  0.61013 40
9 6 8 10 12 30 0.00409  0.00080  1.69 0.20 0.3667  0.0441  0.0748  0.59570 44
10 6 9 14 32 0.00192  0.00069  0.92 0.16 0.0550  0.1465  0.0520  0.65439 24
11 8 5 20 30 0.00198 0.00085 1.38 0.19 0.1229  0.0429  0.0763 0.64286 41
12 8 6 12 32 0.00256 0.00079  3.99 0.20 0.0611 0.0320  0.0496  0.65259 47
13 8 7 10 14 34 0.00204  0.00010  3.83 0.17 0.5150  0.1121 0.0973 0.51059 48
14 8 8 2 16 36 0.00281 0.00116 1.27 0.21 0.0268  0.0509  0.0313 0.70670 27
15 8 9 4 18 28 0.00312  0.00145  0.69 0.23 0.0893  0.0573  0.0818  0.65215 37
16 10 5 14 36 0.00199  0.00059  3.26 0.20 0.0761  0.0205  0.0203  0.69953 34
17 10 6 10 16 28 0.00151 0.00062  2.60 0.20 0.0871 0.0183 0.0320  0.69092 39
18 10 7 2 18 30 0.00255 0.00123 1.15 0.12 0.0877  0.0303 0.0410  0.72284 16
19 10 8 4 20 32 0.00207 0.00073 1.17 0.18 0.0951 0.0168 0.0277  0.73003 20
20 10 9 6 12 34 0.00183 0.00029  2.52 0.19 0.0210  0.0473 0.0230  0.70244 31
21 12 5 10 18 32 0.00117  0.00060  0.93 0.21 0.0244  0.0778  0.0307  0.69858 22
22 12 6 2 20 34 0.00093  0.79000  0.05 0.06 0.0486  0.0557  0.0313  0.71295 17
23 12 7 4 12 36 0.00219 0.00058  0.77 0.15 0.1098  0.0309  0.0120  0.75302 2
24 12 8 6 14 28 0.00267 0.00040 1.42 0.24 0.2073  0.0137  0.0231 0.69403 25
25 12 9 8 16 30 0.00186 0.00037  3.44 0.19 0.0355  0.0111 0.0216  0.72975 36
26 4 39 2 12 28 0.00666 0.01322  0.56 0.31 0.0450  0.0950  0.1165  0.60515 43
27 4 5.45 2.7 125 283  0.00559 0.03850  0.93 0.29 0.0750  0.0858 0.1034  0.69752 12
28 4 7 6 16 32 0.00445  0.03060  2.02 0.22 0.2027  0.0672  0.0720  0.63194 35
29 4 8.55 9.3 195 357  0.00332 0.02270  3.12 0.16 0.3304 0.0486  0.0406  0.68421 18
30 4 9 10 20 36 0.00294  0.03060  3.35 0.15 0.3537  0.0439  0.0349  0.63471 33
31 5.1 39 2.7 16 35.7  0.00720 0.11713 0.84 0.23 0.1171 0.0921 0.0814  0.65895 26
32 5.1 5.45 6 19.5 36 0.00554  0.09817 1.78 0.19 0.2230  0.0682  0.0594  0.69307 14
33 5.1 7 9.3 20 28 0.00270  0.03376  2.49 0.21 0.2586  0.0373  0.0654  0.61013 42
34 5.1 8.55 10 9 28.3  0.00213 0.24074  3.51 0.27 0.2231 0.0516  0.0710  0.59570 45
35 5.1 9 2 12.5 32 0.00371 0.03692 1.31 0.22 0.0887  0.0753 0.0641 0.65439 28
36 8 39 6 20 28.3  0.00432 0.11555 1.08 0.23 0.1253  0.0497 0.0740  0.64286 32
37 8 5.45 9.3 12 32 0.00370 0.05825  2.81 0.24 0.1874  0.0545 0.0614  0.65259 29
38 8 7 10 125 357  0.00316 0.05667  3.35 0.20 0.2392  0.0507 0.0388  0.51059 50
39 8 8.55 2 16 36 0.00351  0.10291 1.12 0.16 0.0898  0.0646  0.0339  0.70670 8
40 8 9 2.7 19.5 28 0.00170  0.07684  0.81 0.18 0.0771  0.0407  0.0463  0.65215 30
41 10.9 39 9.3 12.5 36 0.00432 0.05156  2.66 0.21 0.1647  0.0543 0.0435  0.69953 10
42 10.9 5.45 10 16 28 0.00182 0.00811 2.48 0.21 0.1587  0.0260  0.0485  0.69092 15
43 10.9 7 2 195 283  0.00217 0.16769  0.26 0.18 0.0092  0.0399  0.0436  0.72284 5
44 109  8.55 2.7 20 32 0.00163  0.16927  0.79 0.13 0.0610  0.0361  0.0211  0.73003 3
45 10.9 9 6 9 357 0.00183  0.03455  2.56 0.18 0.0993  0.0515  0.0207  0.70244 9
46 12 39 10 19.5 32 0.00290  0.13688 224  0.18 0.1789  0.0270  0.0359  0.69858 11
47 12 5.45 2 20 357 0.00392  0.27592 034 0.14 0.0341 0.0523  0.0265  0.71295 7
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TaBLE 10: Continued.

Combined input parameter New response

Run =1 "pbON POFF DP SV MRR EWR SR ROC 0 CIR CYL GRG  Rank
48 12 7 2.7 9 36 0.00335 0.06894 136 019 00014 0.0667 0.0321 075302 1
49 12 855 6 125 28 000038 001559 191 020 00514 00297 00332 069403 13
50 12 9 9.3 16 283 000060 001717 270 0.7 01506 00101 00186 072975 4
TaBLE 11: Candidate solution based on the nondominance rank.
Smo COIin(;)II\IIl ot ;ncr));; paregl;ter SV MRR EWR SRNeWRrg)Sgonse 0 CIR CYL GRG  Rank
1 12 7 2.7 9 36 000658 000058 136 019 00014 00667 00321 075302 1
2 12 7 4 12 36 000219 000058 077 0.5 0.1098 00309 00120 074252 2
3 109 855 27 20 32 000573 000079 079 013 00610 00361 00211 073003 3
4 12 9 9.3 16 283 000610 000065 270 0.7 0.506 00101 0018 072975 4
5 109 7 2 195 283 000542 0.00010 026 018 00092 00399 00436 072284 5
6 6 6 6 18 36 000280 0.00073 151 015 05622 00190 00094 072120 6
7 12 545 2 20 357 000530 000059 034 014 00341 00523 00265 071295 7
8 8 855 2 16 36 000502 0.00083 112 016 00898 0.0646 00339 070670 8
9 109 9 6 9 357 000648 000062 256 018 00993 00515 00207 070244 9
10 109 39 93 125 36 000450 0.00029 2.66 021 01647 00543 00435 0.69953 10
11 12 39 10 195 32 000430 000053 224 0.8 0.1789 0.0270 0.0359 069858 11
12 4 545 27 125 283 0.00295 000080 093 029 00750 00858 01034 069752 12
13 12 855 6 125 28 0.00652 0.00040 191 020 00514 00297 00332 069403 13
14 51 545 6 195 36 000248 000085 178 019 02230 00682 0059 0.69307 14
15 109 545 10 16 28 000464 0.00073 248 021 0.587 0.0260 0.0485 069092 15
16 10 7 2 18 30 000255 000123 115 012 00877 00303 00410 068945 16
17 12 6 2 20 34 000093 079000 0.05 006 00486 00557 00313 0.68706 17
18 4 855 93 195 357 0.00268 000116 3.12 0.16 03304 00486 00406 068421 18
19 5 4 16 34 002139 000065 0.87 038 00612 0.1752 0.1549 068172 19
20 10 8 4 20 32 000207 000073 117 018 00951 00168 00277 0.67799 20
21 4 6 4 14 30 000240 000032 071 024 00810 00491 0.0299 067612 21
2 12 5 10 18 32 000117 000060 093 021 00244 00778 00307 067015 22
23 4 8 18 34 000444 000111 056 0.8 0.0848 0.0525 00685 066312 23
24 6 9 14 32 000192 000069 092 0.6 00550 0.1465 0.0520 0.66300 24
25 12 8 14 28 000267 000040 142 024 02073 00137 00231 065933 25
Minimization:
6 =0.367 - 0.03776 I + 0.0086 PON + 0.00444 POFF
EWR = -0.000535 + 0.000106 I + 0.000065 PON +0.00327 DP - 0.00182 8V,
~0.000014 POFF - 0.000007 DP + 0.000004 SV, (21)
(18)
CIR = -0.090 + 0.00021 I - 0.00397 PON + 0.00182 POFF
SR=0.35-0.02421 +0.0076 PON + 0.0660 POFF +0.00060 DP +0.00459 SV,
+0.0492 DP + 0.0029 SV, (19) (22)
ROC =0.118 - 0.00210 I — 0.00200 PON + 0.00010 POFF CYL =0.003 - 0.00411 I +0.00295 PON + 0.00159 POFF
+0.00320 DP + 0.00180 SV, ~0.00010 DP + 0.00163 SV.

(20) (23)
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FIGURE 6: SEM micrographs of machined Si;N,-TiN.

TaBLE 13: Comparison of various optimization techniques.

S. no Output parameters Taguchi GRA TOPSIS TLBO
GRG — 0.75302 0.90578 0.73367
I: 12 amps I: 12 amps I: 12 amps
PON: 7 psec PON: 7 psec PON: 8.89 psec
Setting level . POFF: 4 ;,tsec2 POFF: 4 ,usecz POFF: 7.09 ptsecz
DP: 12 kg/cm DP: 12kg/cm DP: 14.04 kg/cm
SV: 36 volts SV: 36 volts
(A,B.C,D, E) (A.B,C,D, Es) SV: 28 volts
1 MRR (g/min) 0.00440 0.00219 0.00219 0.00576
2 EWR (g/min) 0.00032 0.00058 0.00058 0.00186
3 SR (um) 0.56 0.77 0.77 0.96
4 ROC (mm) 0.06 0.15 0.15 0.18
5 0 (deg) 0.0210 0.1098 0.1098 0.0869
6 CIR (mm) 0.0111 0.0309 0.0309 0.0215
7 CYL (mm) 0.0094 0.0120 0.0120 0.0167

Parameter bounds:

Pulse current : 4 <1< 12, (24)
Pulse-on time : 5<PON <9, (25)
Pulse-off time : 2 < POFF < 10, (26)

Dielectric pressure : 12 < DP < 20, (27)
Spark gap voltage : 28 < SV < 36. (28)

The TLBO is carried through the accompanying advances.

Step 1. Set the population size, N, = 25.

Step 2. Based on DOE, the design matrix is embraced, and
the same is ranked utilizing the GRG as delineated in

Table 8.

Step 3 (teacher phase). New solution is generated as delin-

eated in Table 9.

where X .

W=X+r(XbeSt—Tf*X

mean) >

(29)

is a recent solution, X is a current solution, r is a

random value between 0 and 1, Xy, is a teacher, T is a

teaching entity either 1 or 2, and X
population.

mean 18 @ mean of the
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TaBLE 14: Comparison of verification test for various optimization
techniques.

S.no Output parameters GRA TOPSIS  TLBO
Trial 1 0.00224  0.00199  0.00498
Trial 2 0.00198 0.00221  0.00591
. Trial 3 0.00227  0.00230  0.00544
1 MRR (g/min) .
Trial 4  0.00222  0.00204 0.00561
Trial 5 0.00209  0.00219  0.00553
Average 0.00216 0.00215 0.00549
Trial 1 0.00055  0.00062  0.00092
Trial 2 0.00061  0.00061  0.00190
. Trial 3 0.00057  0.00056 0.00181
2 EWR (g/min) )
Trial 4  0.00061  0.00059  0.00199
Trial 5 0.00062 0.00060 0.00177
Average 0.00059 0.00060 0.00168
Trial 1 0.77 0.79 0.82
Trial 2 0.71 0.76 0.9
Trial 3 0.8 0.81 0.89
3 SR (pm) .
Trial 4 0.79 0.74 0.96
Trial 5 0.75 0.78 0.95
Average 0.76 0.78 0.90
Trial 1 0.14 0.15 0.16
Trial 2 0.16 0.16 0.19
Trial 3 0.17 0.16 0.14
4 ROC (mm) )
Trial 4 0.15 0.14 0.15
Trial 5 0.15 0.13 0.19
Average 0.15 0.15 0.17
Trial 1 0.1089 0.1102 0.0910
Trial 2 0.1099 0.1099 0.0891
Trial 3 0.1101 0.1097 0.0852
5 0 (deg) )
Trial 4 0.1089 0.1096 0.0888
Trial 5 0.1095 0.1092 0.0869
Average 0.1095  0.1097  0.0882
Trial 1 0.0308 0.0308 0.0301
Trial 2 0.0281 0.0314 0.0210
Trial 3 0.0313 0.0306 0.0202
6 CIR (mm) .
Trial 4  0.0304  0.0279 0.0289
Trial 5 0.0335 0.0328 0.0221
Average 0.0308  0.0307  0.0245
Trial 1 0.0121 0.0128 0.0152
Trial 2 0.0132 0.0123 0.0159
Trial 3 0.0129 0.0120 0.0182
7 CYL (mm) .
Trial 4 0.0115 0.0112 0.0181
Trial 5 0.0122 0.0128 0.0170
Average 0.0124  0.0122  0.0169

Step 4. Here, the bounded input factors are joined with the
actual parameters taken from design of experiments.
Table 10 delineates the combined population.
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Step 5. Here, ranks 1 to 25 (50% of higher order rankings)
are selected from the combined population table, and the
same is optimized through the GRG. Ranks 1 to 25 acquired
from the combined population are delineated in Table 11.

Step 6 (learner phase). Creation of new solution is developed
by means of a partner response which is haphazardly chosen
from the population is delineated in Table 12.

Xpew =X +7(X-X,), (30)

where X, is a partner solution.

Based on the TLBO technique, the global optimal values
were identified. The optimal set of input factors are acquired
from the learner phase based on the top ranking [1]. This
ranking is produced after interaction between parameters
as displayed in Table 12. The SEM images of the hole made
using optimal machining parameters are delineated in
Figure 6. From the micrograph, it is evident that the
machined area of the Si;N,-TiN ceramic matrix composite
workpiece exhibits good surface finish.

3.5. Verification Test. The GRG for different optimization
methods is calculated for electrodischarge machining of
Si;N,-TiN ceramic matrix composite workpiece. A point
by point correlation is made for the GRG acquired from
joint optimization techniques and is outlined in Table 13.
Finally, a confirmatory experiment was done for the final
TLBO optimized values, and the outcomes are great in con-
tention. Table 14 portrays the outcomes obtained for opti-
mal input machining factors.

4. Conclusions

The input factors influencing electrodischarge machining of
adsorbed Si;N,-TiN workpiece using cylindrical-shaped W-
Cu electrode were examined. The experimental runs for
directing the experiments were arranged utilizing statistical
tool by design of experiments methodology. The disparate
mixture of input factors like I, PON, POFF, DP, and SV is
chosen in this research. The outputs like MRR, EWR, SR,
ROC, 60, CIR, and CYL are determined. Here, various opti-
mization methodologies like Taguchi methodology, grey
relational analysis, TOPSIS, and TLBO are engaged to obtain
the combination of optimized factors to increase material
removal rate and to decrease EWR, SR, taper angle, ROC,
circularity, and cylindricity. From the experimental results
and calculations, the accompanying conclusions were
obtained:

(i) The outcomes determined for grey relational analy-
sis and TOPSIS are comparative. The best output
factors are obtained for I=12amps, PON =7 usec,
POFF =4 usec, DP = 12kg/cm?, and SV =36 volts
(AsB,C,D,E;).

(ii) The execution of GRA coupled with TLBO a global
optimization technique gave the preferred outcomes
over that of other methodologies. The accompanying
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4.1.

combination was achieved from GRA coupled with
TLBO algorithm I=12amps, PON =8.89 usec,
POFF = 7.09 usec, DP = 14.04kg/cm?, and SV =28
volts.

Future Scopes of the Research

(i) This study can be further extended for nanocom-
posites and microstructure studies on machined
surface of adsorbed Si;N,~TiN composites.

(ii) Other shape of electrodes like rectangle, hexagon,
and octagon can be employed.

(iii) Furthermore, in the future, different electrode mate-
rials can be employed to characterize the surface
integrity, fatigue performance, and dry sliding wear
behaviour of adsorbed Si;N,-TiN. Also, different
polishing methods can be imparted for better sur-
face finish and fatigue life, higher wear resistance,
and microhardness.

(iv) Optimization techniques like genetic algorithm,
simulated annealing, particle swarm optimization,
and ant bee colony optimization can be employed

to find out significant parameters.

Nomenclature

CIR: Circularity

CLE: Composite laminated electrode

CYL: Cylindricity

DOE: Design of experiments

DP: Dielectric pressure

EDM: Electrical discharge machining

EWR: Electrode wear rate/electrode erosion rate

GA: Genetic algorithm

GRA: Grey relational analysis

GRC: Grey relational coefficient

GRG: Grey relational grade

L Pulse current

MCDM:  Multicriteria decision-making

MRR: Material removal rate

POFE: Pulse-off time

PON: Pulse-on time

PSO: Particle swarm optimization

ROC: Radial overcut

Si;N,-TiN: Silicon nitride-titanium nitride

SL Similarity index

SR: Surface roughness

SV: Spark gap voltage

TLBO: Teaching-learning-based optimization

TOPSIS:  Technique for order of preference by similarity
to ideal solution

0: Taper angle.
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