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Wire-Electric Discharge (WED) Machining is one of the most suitable machining techniques for
machining hard-to-cut materials such as Titanium, with precision. It is of utmost importance to optimize
the control parameters to achieve the desired levels of machining performance characteristics.
Considering this goal, this research investigates the effects of current, pulse on time (T,n) and pulse off
time (Tof) on the material removal rate, surface roughness and kerf width of WED machined Ti-6Al-4V.

Keywords: The results of optimization showed that, current — 5.19 A, Ton — 20 ps, Torr — 30 s, is the optimized
Wire Electric Discharge Machining settings for machining of Ti-6Al-4V alloy using molybdenum electrode for the best machining
Grey Relational Analysis performance. Based on the analysis of grey relational grades, the order of influence of the control
Ti-6Al-4V parameter is ranked as: Ton — I, Tot — Il @and Current — 111. The efficacy of GRA based approach was

Peak Current
Surface Roughness
Response Surface Methodology

evaluated through confirmation experiments wherein the theoretical predictions showed errors < 3%.

doi: 10.5829/ije.2022.35.11b.20

1. INTRODUCTION

Ti-6Al-4V is one of the Titanium alloys which holds
immense potential in diverse engineering domains
including aerospace, automotive, marine and biomedical
engineering because of its superior mechanical, thermal
and chemical properties, as well as sustenance of these
properties at high temperatures [1]. However, these very
advantageous properties cause excessive machining
forces, tool wear-rate, thermal as well as vibration related
problems in case of the traditional machining of these
alloys [2,3]. Therefore, non-traditional machining
processes are preferred for their machining such as, Laser
Beam Machining, Electro Chemical Machining,
Abrasive Water Jet Machining, etc. But these techniques
pose their own unique hurdles for obtaining the required
machining characteristics due to their negative impact on
the environment and their cost-effectiveness to achieve
desirable properties on machined component [1,4].
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Among the non-conventional machining techniques,
Wire Electro Discharge Machining (WEDM) has risen as
a technique of appropriate choice over other competing
techniques for the task of machining of Titanium alloys
[5-8].

The principle of operation of WEDM s basically a
utilization of concentrated thermal energy through the
application of repetitive and controlled amounts of sparks
to achieve the erosion or evaporation of the work
material, the thermal energy being from conversion of the
electrical source energy to operate the machine [9]. The
electrical sparks are applied on the work material by the
means of an electrode in the shape of a wire, hence the
name “wire”-electric discharge machining. These
concentrated sparks of current generate extremely high
temperatures around 10 000°C, which are more than
sufficient to evaporate or erode the target material around
the region of application of the sparks. The eroded
material is flushed away by dielectric fluid medium,
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which is constantly supplied during machining [9].
Numerous control parameters such as, pulse on time
(Ton), pulse off time (Tos), discharge current, voltage,
speed, feed and tension of wire, and flow rate of the
dielectric ~ fluid influence the obtained output
characteristics of WEDM up to different extents [10]. Ton
is the time duration of discharge during which current is
supplied and T is the duration without discharge in
between periods of successive Ton. Discharge current and
voltage are measures of the total power supply required
for machining. Wire speed, feed rate, and tension pertain
to the mechanical arrangements of the electrode wire.

To achieve the required wire-ED machining
performance, various optimization techniques [11-18]
such as, Grey Relational Analysis (GRA), Principal
Component Analysis, Taguchi method, Response
Surface Methodology (RSM), etc., have been employed.
Design of experiments approach has also been utilized to
analyze the effects of process parameters on the
machining characteristics of Titanium alloys [19,20].
Among these techniques, GRA is a normalization based
statistical analysis technique, and is one of the most
popular and effective techniques for multi-objective or
multi-performance  optimization of the process
parameters, which can carry out minimization of certain
parameters while simultaneously maximizing the others
[11,17-18]. GRA is especially suitable when the system
under consideration consists of a complex interplay of
various factors and their overall effect in combination
needs to be quantitatively analyzed.

In terms of the control parameters, current, pulse-on
time and pulse-off time pivotal for controlling the
machining performance of WEDM [11-20]. Therefore,
these parameters were chosen for investigation in the
present study. Among the response characteristics of
Wire EDM, slot width or kerf width (KW), material
removal rate (MRR), and surface roughness (SR) have
been studied prominently [11-20], which are chosen in
the present study. For the wire electrode in the WEDM
of titanium alloys, various material combinations have
been investigated [21,22]. However, molybdenum
electrode wires have garnered comparatively lesser
attention [23,24]. For the dielectric fluid media, oil and
water are the key candidates, and water has been
observed to be superior to oil in terms of its chemical
stability and electrode wear rate [25]. In the present
study, the electrode is made up of molybdenum and
deionized water is used as the dielectric fluid.

GRA based multi-objective optimization of WED
machining of Ti-6Al-4V has been conducted by other
researchers by reviewing the effects of different process
parameters on machining performance characteristics.
However, most of the studies have utilized copper or
brass as the electrode materials [11,26-30]. Using copper
electrodes, the effects of current, Tonand Toir 0N MRR,
SR and tool wear rate have been investigated [26,27,30].

Brass electrodes have been extensively used in the
investigation of effects of current, Ton and Tos ON MRR,
SR and KW [11,28,29]. Further, using molybdenum wire
electrodes, the effects of current, Ton and Torr 0N MRR
and power consumption were studied [30]. However, as
per the best knowledge of the authors, the simultaneous
optimization of MRR, SR and KW has not been
attempted for WEDM of Ti-6Al-4V in the literature. In
the same vein, an important contribution of this paper is
the investigation of the operating control settings, i.e.,
current, Tonand Tofr With a wider range of values than that
employed in literature [30]. Particularly, use of low
current settings (2 A — 6 A) is a uniqueness of the present
study. These are the lacunae in the research which is
being bridged by the present study. The multi-response
optimization of the WEDM can also improve the
resistance of the finished product under impact and cyclic
loadings due to the optimal surface roughness and
microstructure of the processed titanium Ti-6Al-4V [31].

Among WED machining studies of Ti-6Al-4V in the
literature, there still exists research gaps which need to be
filled for improving the understanding of the effects of
various control parameters on the machining
performance characteristics. Therefore, the present study
analyzes the optimum settings of peak current, Ton and
Toit for obtaining the best possible machining
performance characteristics, viz., MRR, SR and KW,
using the Grey Relational Analysis, in conjunction with
ANOVA and Response Surface Methodology during the
use of molybdenum wire as the electrodes and deionized
water as the dielectric fluid medium. In this paper, the
multi-responses of Wire-ED machined Titanium alloy
Ti-6Al-4V are optimized with respect to the process
parameters. Moreover, the optimized machining
responses obtained from GRA is compared with that
obtained using the conventional RSM approach through
confirmation experiments to verify the efficacy of the
technique implemented in the present paper.

2. MATERIALS AND METHODS

2. 1. Experimental Setup and Design of
Experiments  The CNC Wire-EDM machine — Versa
Cut 01 DK7732 (Make: Concord United Products Pvt.
Ltd., Bengaluru, India) was used in this study having
table dimensions of 320 mm x 400 mm (Figure 1). The
work samples for the present study, the Ti-6Al-4V plate,
is cut into a slab of 150 mm x 50 mm x 2 mm.
Subsequently, machining experiments are performed on
the samples by varying the control parameters as per the
design of experiments for a length of 10 mm for each
trial. Fifteen pieces are then removed and marked from
the test sample for measuring the MRR, SR and KW
along each side. Molybdenum wires of 0.18 mm diameter
are used as the electrodes for machining and the dielectric



D. Doreswamy et al. / [JE TRANSACTIONS B: Applications Vol. 35, No. 11, (November 2022) 2247-2255 2249

Figure 1. Experimental setu‘p

fluid medium consists of demineralized/deionized water
with cleanser gel during the Wire-EDM of the samples.
The compositional information of test samples was
obtained from tests conducted at Varsha Bullion
Elemental Analab, Mumbai, India (Table 1). Based on
previous studies on different materials using the current
experimental setup [32-34], three imperative control
factors Ton, Torr and peak current are chosen for the
present work. Remaining control parameters were kept
constant throughout the experiments (Table 2). The
experimental levels (Table 3) are designed using the
central composite design of RSM.

2. 2. Measurement of Machining Responses
The machining responses chosen for optimization are

TABLE 1. The composition of Ti-6Al-4V test samples used in
the present study [31]

Material i AV F C Cr Cu
composition
% 8954 560 450 023 001 003 0.09

TABLE 2. Control parameters kept constant during the present
work

Parameters Values with units
Wire speed 4.4 mls
Wire tension 8 kg-f

Dielectric fluid Deionized water + cleanser gel

Fluid pressure 40 dm¥/minute

Servo Voltage 90V

TABLE 3. The range of wire-EDM variable control parameters
chosen in the present study

Control parameters Level 1 Level 2 Level 3
Current (A) 2 4 6
Ton (US) 20 35 50

Tott (MS) 10 20 30

MRR, SR and KW. MRR is principally a measure of the
material volume removed in a unit time interval of
machining (expressed in mm3min). The machining time
for individual slot is obtained from the WED machine.
The quantity of removed material is determined by
computing the weight reduction of the test sample after
machining. SR (Ras) of machined cut surfaces were
measured utilizing the Surtronic® Surface Roughness
Tester (Made by Taylor Hobson). The stylus probe of the
tester was made to move along the surface for a sampling
length of 2.5 mm for each measurement. For each
sample, the readings were recorded at four different
locations and its average Ra is obtained. The slot/kerf
width is measured using the IM7000 Series Mitutoyo
Inverted Metallurgical Optical Microscope (Made by
Meiji Techno). KW was measured at three different
locations along the length and the average of the
measurements is considered during the analysis. Table 4
presents the experimental plan and the measured
response data.

2. 3. Grey Relational Analysis Taguchi technique
is useful for optimizing the control parameters for a
single response characteristic. However, the present work
comprises of optimization of three machining responses
namely, MRR, R, and KW. MRR is demands the “higher-
the-better” characteristics, whereas Ry and KW demand
the “lower-the-better” response characteristics. Such
scenarios can be tackled using the Grey Relational
Analysis (GRA) wherein “Grey” indicates the situation
wherein the available information is between black-and-

TABLE 4. Experimental design with correspondingly obtained
machining response data

Sl. Current  Ton  Tot MRR Ra Kw
No. (A) (us)  (us)  (mm’min)  (um)  (mm)
1 2 20 20 0.931 6.32 0.100
2 4 35 20 1.675 7.35 0.112
3 2 50 20 1.071 836 0.115
4 6 35 10 3.027 834 0.123
5 4 20 30 1.118 559  0.098
6 6 20 20 2.040 8.37 0.113
7 4 50 30 1.115 7.04 0.117
8 2 35 30 0.722 6.93  0.105
9 4 50 20 1.704 9.63 0.118
10 6 50 20 1.930 9.88 0.123
11 4 35 20 1.680 7.54 0.117
12 2 35 10 1.600 750 0.107
13 6 35 30 1.360 6.56  0.108
14 4 50 10 2.388 7.75 0.108
15 4 20 10 2.124 7.98 0.098
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white [35]. Here, black signifies no information
condition, whereas white indicates the availability of
complete information regarding the responses. The
methodology of analysis involved in GRA is
schematically presented in Figure 2.

3. RESULTS AND DISCUSSION

3. 1. Computation of Grey Relation  Grey relation
is computed by the linear normalization of the measured
experimental results, viz., the machining performances
(MRR, Ra and KW), between zero to one. During this
computation, the input data is dispersed uniformly and
scaled to a proportionate range for subsequent analysis.
For R, and KW, the normalization is carried out using
“smaller-the-better” performance characteristics using
Equation (1), whereas for MRR is normalized using the
“higher-the-better” characteristic using Equation (2).
Table 5 shows the original and linearly normalized
responses.
Max(Xijx)—Xijk .
Xijk *= —Max(xij(_k)f_n)/”n(;”k) forj=1,2...,15 (1)
Xiji += Xije—Min(X;ji)

—Wforj= 1,2,...,15 (2)

3. 2. Computation of Grey Relational Coefficient
Grey relational coefficient (&) establishes the association
between the theoretical and normalized experimental
results, which are computed using Equations (3) to (5).
Since the machining performance characteristic
responses chosen in this study are considered to be of
identical importance, the characteristic coefficient which
distinguishes between the response, & € (0,1) is taken as
1/3. Table 5 summarized the grey relational coefficients
(GRC) computed with respect to the normalized
responses.

R = Max(X *L-jk) =1 (3)

[ Response data (MRR, R, and kerf width) ]

[ Normalisation of response

[ Absolute difference with reference value

[ Grey relation coefficient

Grey relation grade
ANOVA

Figure 2. Steps involved in grey relational analysis

Aije= |X *iji— R| 4

3 Min(Agji) + EMax (D)
ik =
! (Aijk + fMax(Aijk))

®)

3. 3. Computation of Grey Relational Grade  The
grey relational grade (GRG) represents (Table 5) the
degree of composite relationship among the output
responses [36]. The grades for each experimental setting
are computed by obtaining the mean value of the
respective grey relational coefficients using Equation (6),
where m is the number of response or performance
characteristics being analysed (m = 3).

TABLE 5. Grey relational computated values
Trial Normalized Response GRC

N GRG
0 MRR R, KW MRR R. KW

1 0.091 0.830 0.920 0.266 0.660 0.805 0.577
2 0413 0590 0440 0360 0446 0.371 0.392
3 0.151 0354 0.320 0.280 0.338 0.327 0.315
4 1.000 0.359 0.000 1.000 0.340 0.248 0.529
5 0.172 1.000 1.000 0.285 1.000 1.000 0.762
6 0572 0352 0400 0435 0337 0355 0.376
7 0.170 0.662 0.240 0.285 0.494 0.303 0.360
8 0.000 0.688 0.720 0.248 0.514 0541 0434
9 0426 0.058 0.200 0.365 0.259 0.292 0.306
10 0.524 0.000 0.000 0.409 0.248 0.248 0.302
11 0416 0.545 0.240 0.361 0421 0.303 0.361
12 0381 0555 0.640 0.348 0426 0478 0417
13 0.277 0774 0.600 0.313 0593 0452 0.453
14 0.723 0497 0.600 0543 0.396 0452 0.464
15 0.608 0.443 1.000 0.457 0372 1.000 0.610
GRG = y; = — %™ &y (6)

3. 4. Analysis of Grey Relational Grade  Figure 3
presents the main effects plot with respect to GRG. The
corresponding output response, i.e., GRG is observed to
increase with rise of peak current until 4 A starting from
2 A, but further increase reduces the mean response of
GRG. This is due to the fact that small current settings
cause lesser amounts of MRR and higher surface
unevenness, whereas the maximum current setting can
lead to larger kerf widths because of excessive generation
of the spark discharge energy. Therefore, current settings
close to 4 A gives the best response for an overall
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interaction between Tonand Tofr (Figure 4(c)) shows that
at minimum Ton (10 ps) the effect of Tos is much larger
and as Ton increases its impact on output response

Mean of GRG

- /\

0.40

0.35

2 4 6 20 35 50 10020 30

Figure 3. Main effects plot of grey relational grade

optimized response. Further, it is observed that the
smallest duration of Ton (20 ps) generates the best GRG,
whereas maximum Ton (50 ps) gives the least response.
This is because, as Ton increases, because of the
continuous material removal, both MRR and KW tends
to increase, and it also leads to excessive surface
unevenness because of inadequate time intervals for the
dielectric fluid medium to flush away the molten or
evaporated work material. Therefore, Ton duration of 20
Ks gives the best GRG response. In case of T, both
extremes of the range of values gives the best response of
grey relational grade, but T duration of 20 ps gives the
least response.

The GRG is them examined through the analysis of
variance (ANOVA) to evaluate the simultaneous effects
of the individual control parameters on MRR, Rz and KW
at 95% confidence interval. From the standard Fisher’s
table, critical F-statistic is found to be 2.90 (error degree
of freedom (DF) —5). Input parameters having F-statistic
greater than the critical F-statistic implies that the
respective parameter possesses a statistically significant
influence on the output response. Table 6 demonstrates
that the individual effect of Ton has a significant influence
on the response, while other two parameters are observed
to be statistically insignificant. The second-order terms
of individual parameters To, and To, and interaction
effect between Ton and Toir are found to be statistically
significant. Lack-of-fit is observed to be statistically
insignificant, indicating the effectiveness of the
prediction of GRG in terms of the statistically significant
terms.

Figure 4 shows the response surfaces of the interaction
effects between the control parameters chosen in the
present work. From Figure 4(a), it is observed that both
current and Ton have significant effect on each other’s
individual effects on the responses. At the minimum
value of Ton (10 ps), the current tends to reduce the output
response, whereas at its maximum value (30 us) current
tends to increase the response GRG. The interaction
between Current and T (Figure 4(b)) shows a similar
conclusion as shown in the main effect plots with respect
to the nature of influence of To and Current. The

reduces.

TABLE 6. ANOVA of GRG for MRR, Ra and KW

Source DF  Adiss  Adims oo P
Current 1 0000871 0000871 0.7 0.698
To 1 0007469 0097469 1891 0.007
Tor 1 0000015 0000015 000 0.960
CurrentCurrent 1 0002411 0002411 047 0,524
Tor*Ten 1 0015563 0015563 3.02 0.143
To*Tor 1 0063301 0063301 1228 0017
Current*Ton 1 0008842 0008842 172 0.247
Curment*To 1 0002183 0002183 042 0.544
Tor*Tor 1 0016289 0016289 3.16 0.136
Lack-of-Fit 3 0021906 0007302 378 0216

GRG

0.45

GRG 510

0.75

0.60
GRG

0.45

p -

(a)

Current

o
Current

(b)

30
Ton

(©)

6

50

30
20 rofr
-~ 10

30
20 Tofr
-~ 10

Figure 4. Interaction effects of (a) Current and Ton at
constant Toft = 20 ps, (b) Current and Tofr at constant Ton =
35 ps, and (c) Ton and Toft at constant Current =4 A
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3. 5. Simultaneous Multi-response Optimization
The mean GRG computed for process parameters at each
control parameter settings is presented in Table 7. The
maximum mean GRG (highlighted in bold text in Table
7) is observed at the settings, Current — 4 A, Ton — 20 s,
Toff — 10 ps.

Hence A2B1C1 is the optimum combination of
settings for the best performance of MRR, R, and KW.
Using Equation (7) the projected GRG is obtained as
0.6081 at the optimized set of control parameter settings.
Confirmation experiments were carried out at the
corresponding control parameter combination of
A2B1C1, and the MRR, R, and KW obtained ranged
2.186 + 0.131 mm®/min, 7.60 = 0.74 um and 0.102 +
0.018 mm. Further, based on the maximum GRG values
in Table 7 for each process parameters, the order of
significance of their influence on the response is ranked
as, Ton— I, Toss — 11 and Current — 111.

GRGoptimum =f(A;+B; +(C;) -2 1121 GRG;/15 )

Figure 5 shows the optimized Current, Ton and Tos
settings and the corresponding output responses of MRR,
Ra and KW. Composite desirability is a statistical
measure which indicates an overall optimal performance.
In this study, a composite desirability of 0.664 is
obtained, which is close to the mean value reported in a
GRA based study on WEDM of Ti-6Al-4V [36]. It is
observed from the optimization of individual parameters
that maximum desirability and maximum GRG is
attempted to be obtained such that the individual
parameter’s optimization goals are being satisfied to the
best possible extent within the allowable parameter
space.

The Pareto chart (Figure 6) lists the control
parameters in the order of their influence from the highest
to the smallest, along with a reference line which
represents a statistical threshold. Parameters which cross
the reference line representing this statistical threshold
are considered to have statistically significant influence
on the simultaneous response, i.e., GRG. The Pareto
distribution shows that individual effect on T, and
second-order effect of To have the significant influence
on the overall response, followed by other combinations.

3. 6. Comparison of GRA Based Multi-response
Optimization with RSM To validate the results
obtained using GRA, it is compared with that from

TABLE 7. Mean grey relational grades at each levels of the
control parametric

Level Current (A) Ton (US) Tosr (LS)
1 0.4359 0.5259 0.5050
2 0.4650 0.4312 0.3756
3 0.4150 0.3603 0.5023

o S = =
. ig : - -
D:0.6640 [5.1919] [20.0] [30.0]
Low 2.0 20.0 10.0
Compeosite |
Desirability \ —|
D: 0.6640
GRG e | R I
Maximum ™
y = 0.6645
d = 0.78875
Kerf Wid
Minimum
y = 0.0980 -
d=10000 [T ST T T T[T T T T
MRR
Maximum
y=12978 |- — el =
d = 0.24966 /
Ra
Minimum
y = 5.6460
d = 0.98694 —__—_j__—,_—/"— ——————————— 1

Figure 5. Response surface plots of composite desirability,
GRG, MRR, Ra, KW as a function of control parameters

Pareto Chart of the Standardized Effects

(response is GRG, a = 0.05)
Term 2571

B |

BC
BB

noeg
o
3

0 1 3 4 5

2
Standardized Effect

Figure 6. Pareto chart of the standardized effects of control
parameters on GRG

TABLE 8. Errors of GRA and RSM response predictions along
with experimental responses

GRA - Error (%)

RSM — Error (%)

Trial No.

MRR Ra KW MRR Ra KW
1 1.6 4.3 1.0 2.7 32 7.0
2 3.0 14 39 38 4.0 5.9
3 2.4 0.9 3.0 39 7.0 8.0
4 24 0.7 1.0 9.9 95 134
5 37 0.9 1.0 7.2 4.0 16

conventional single-response optimization using RSM.
The optimal parameters and the corresponding
machining responses from RSM based single-response
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y = 29865

y=92818

on
High 6.0 500 300
Cur 6.0] [44.2424) 17.4747
Low 20 200 100

d = 1.0000 % / '\

Figure 7. The effects of Current, Ton and Tofr on individual
responses — MRR, Ra and KW

optimization are presented in Figure 7. Five confirmation
experiments were conducted using the optimal
parameters obtained from the two methods and the
experimental responses are compared with theoretical
predictions, expressed as absolute % errors (Table 8).
The mean error for GRA is < 3% and for RSM it is > 5%.

4. CONCLUSIONS

The following conclusions were drawn from the present
study of GRA based multi-response optimization for the
WED machining of Ti-6Al-4V using molybdenum wire
electrode, through a comprehensive analysis of the
effects of peak current, Ton, and Tofr ON the machining
responses, i.e., MRR, R, and KW:

e Main effects analysis of the individual control
parameters revealed that intermediate level of
current (4 A), minimum To, (20 ps) and either
minimum or maximum Tof (10 ps), gives the best
output response.

e ANOVA of GRG indicated that the linear and
quadratic term of Ton and the quadratic term of Tos
have significant impact on the machining
responses, whereas current was statistically
insignificant. Further, the interaction effect of Tos
on Tos is found to be significant whereas other
interaction effects are statistically insignificant.

e Analysis of the Grey Relational Grades showed
that within the experimental range, Current — 4 A,

Ton — 20 ps, Torr — 10 ps, provided the best
machining performance. The order of influence of
the control parameter was ranked as: Ton — I, Toft —
Il and Current — 111.

e The multi-response optimization considering the
composite desirability showed that, current — 5.19
A, Ton — 20 s, Toff — 30 us, gave the optimal
response of MRR, R, and KW.

e The comparison of GRA and RSM results with
those from confirmation experiments showed that
GRA had errors < 3%, demonstrating the efficacy
of the optimization method.
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