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Wire-electric discharge machining (W-EDM) is an advanced technology used for machining hard-to-cut materials
with high hardness. Therefore, it is critical to characterize and model the Wire-ED machining performance for new
materials having remarkable mechanical properties with respect to the multiple control parameters involved in the
process. In this light, the present study investigates the multi-parametric optimization of current, pulse-on time (Ton),
and pulse-off time (Torr) on material removal rate (MRR), kerf width (KW), surface roughness (Ra) for Wire-EDM of
artificially aged Al6061/B4sC composite using response surface method (RSM) and grey relational analysis (GRA).
The results of the investigation revealed that, Tort has the most significant impact on the multi-parametric response,
with a percentage-wise contribution of 38% from the analysis of variance. The optimization results established that a
multi-parametric combination of current — 6 A, Ton — 42.5253 ps, and Tort — 10 ps achieved the optimum response of
MRR — 1.7036 mg/min, KW — 0.1727 mm, and Ra — 5.6525 ym. The results obtained herewith have practical
relevance to Wire-EDM industry for manufacturing applications.
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1 INTRODUCTION

Aluminium alloy-based metal matrix composites impregnated with harder reinforcement materials such as Boron
Carbide (B4C) have gained significant attention by the scientific community due to their attractive physical,
mechanical and thermal properties which make them suitable for a wide array of engineering applications such as
the transportation and storage of spent nuclear fuel [1,2], armours in defence industry [3] and aerospace, automotive
and marine industrial products. The low density (2.52gm/cm?) B4C particles considered to be one of the hardest
materials, which retains a high degree of thermal, chemical, electrical and mechanical properties, resulting in an
attractive reinforced material to improve the properties of aluminium-based composites. Very limited research has
been observed on aluminium alloy composites reinforced with B4sC particles because of its expensiveness, poor
wettability and complication of manufacturing of composites [4]. In addition, Al203, SiC, TiC and ZnO reinforced
composites also show superior fatigue strength, fracture-resistance and good strength-to-weight ratio [4,5]. The
specific strength of these composites is further enhanced by age or precipitation hardening [6] in which the material
undergoes microstructural realignment in the aluminium (Al-Mg-Si) matrix [5]. In Al6061-B4sC composites, the
aluminum matrix is strengthened through the formation of fine precipitates during precipitation hardening, which can
increase the overall strength of the composite. This is especially important when using composite materials in
applications where hardness, wear resistance, strength and fatigue resistance is a critical factor, making the
composite even more suitable for various applications. One potential drawback of precipitation hardening is a
reduction in ductility. This means that the material may become less able to deform plastically before fracture. In
some applications, this reduction in ductility may be acceptable, but it should be considered in designs where ductility
is essential. During precipitation hardening, the microstructure of the composite material evolves as precipitates form.
This can lead to changes in the material's properties, including grain size, distribution of B4C particles, and dislocation
density. These changes can affect the overall performance of the composite. This results in improving their specific
strength and wear resistance [7,8] which subsequently affects the machinability of the composite by the conventional
machining methods [8]. In this regard, non-traditional metal cutting technologies such as wire electric discharge
machining (WEDM), Laser machining, chemical machining, etc., have emerged as suitable candidates for the
machining of such hard materials [9].

Wire EDM is an advanced machining technology comprising of electro-chemical processes which cuts the materials
through the application of rapid and repetitive electrical sparks at high frequencies. The intensity of concentrated
heat energy produced by these electrical sparks generates extremely high temperatures ranging up to 10,000°C [10]
in the localized region which results in melting or evaporation of the workpiece material. The dielectric fluid such as
deionized water, is circulated around the workpiece to conduct the electrical discharges also flushes away the debris
of the molten material machined from the base workpiece. The performance of Wire-EDM is measured by parameters
such as material removal rate (MRR), surface finish (Ra), kerf width (KW), are influenced by the machining
parameters such as pulse on time (Ton), pulse off time (Tof), current, voltage and wire feed rate, wire tension [10].
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The choice of electrode material and the machining environment, i.e., the dielectric fluid medium plays an important
part in the wire EDM process. The brass wire electrode materials are preferred by most researchers for machining
of AI6061 based metal matrix composites [11-14] compared to copper [15,16] and molybdenum [5,9] wires. However,
in case of the dielectric fluid media there has been a near consensus in the literature on using deionized (also called
demineralized) water for the ionisation, flushing and cooling purposes [5,9,11-14].

Literature shows that various ranges of Ton i.€., 6 ps — 10 ps [11,15], 20 us — 80 ps [9,12,16] and much higher values
of 106 us — 126 us [14] have been used for machining of Al6061 composites. The range of Tof has been chosen
around 4 ps — 10 ps [11,12,16] or much higher values around 45 ps — 55 us [14]. The present work employs
molybdenum wires as the electrode material and deionized water for the investigation. Current, Ton and Toff Were
chosen as the operating parameters for the optimization. The range of Ton has been chosen as 30 ps — 50 us, Toif @s
10 ps — 20 ps which has been found to give reasonable results in research on WED machining of Al6061 as well as
other metals [5,10]. Also, the present study was carried out at low current settings in the range of 4 A — 6 A which
could be useful for machining with lower requirements of current [9,13].

Wire-EDM is a potential candidate among non-traditional techniques for machining of hard materials. Since there
exists a range of WEDM machining parameters under which the machining could be conducted, it is of paramount
importance to arrive at the optimum values of their settings to obtain a desirable machining output performance. With
this objective in place, various researchers have investigated various methods of optimization such as response
surface method (RSM) [17,18], Taguchi technique [19], grey relational analysis (GRA) [20-22] for the process
optimization and modeling of WEDM of various materials. However, there is a paucity of application of GRA technique
in case of WED machining of Al6061 reinforced metal matrix composite [23]. According to the best knowledge of the
authors’, the present study is the first such investigation, especially for age-hardened Al6061/B4C composite. In this
study, machining experiments were carried out with variations of the critical control parameters of current, Ton and
Tort while the obtained MRR, kerf width (KW), and surface roughness (Ra) values were measured for each trial. The
obtained experimental data was subjected to analysis of variance, GRA, and regression modeling.

2 MATERIALS AND METHODS
2.1 Fabrication of Al6061/B4C composite

The B4C particles were prepared by cleansing them in an ultrasonic agitator using distilled water, to get rid of
deposited fine particles on their surface. The cleansing process was carried out four times for a period of 10 to 15
minutes in the agitator, the distilled water being replaced in each cleansing cycle. After cleansing with distilled water,
the B4C particles were cleansed with acetone using the ultrasonic agitator. After the cleansing processes, the
reinforcement particles were preheated at 250°C for 2 hours for eliminating the presence of volatile compounds,
removing residual impurities and to improve their wettability [5,24]. The fabrication process of AI6061/B4C composites
begins with the melting of Al6061 billets (composition provided in Table 1) in a crucible using a 5-kW electric furnace
at a constant temperature of 750°C. Slag generated in this process are removed by adding a small amount of scum
powder. Degassing of molten melt is carried out by adding 10 grams of dry hexachloroethane (C2Cle) [25]. After
cooling the composite melt to a temperature of 600°C, a semi-solid state is reached, during which the preheated
reinforcement particles are slowly introduced into the vortex of molten metal being stirred in the stirrer (Figure 1(a)).
The stirring is continued for a period of 10 minutes at around 200 rpm. Subsequently, the stirring is continued at
750°C for a period of 10 more minutes at 400 rpm. The molten composite is then poured into cast iron moulds which
are maintained at a temperature of 500°C (Figure 1(b)). The cast samples are then subjected to artificial aging by
solutionizing at 558°C for 2 hours and later quenching in demineralised water at 25°C. Further, a second cycle of
artificial aging, the samples are subjected to a furnace at 100°C for 8 hours [5,24].

Table 1. Composition (wt.%) of Al6061 [5]
Material Si Fe Cu Mn Zn Ti Mg Cr Al
Wt. % 0.50 0.55 0.25 0.14 0.24 0.12 0.95 0.20 Remaining

Fig. 1. (a) Stirring process and (b) pouring of molten composite into preheated die [5]
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2.2 Experimental plan

Experiments were conducted on a 2-axis (X-320 mm, Y-400 mm) CNC wire-EDM made by Concord wire-EDM
(Model: DK7732). Electrode made of molybdenum wire (0.16 mm diameter) is employed. A mixture of soft water and
gel is employed as the dielectric fluid. Critical parameters such as, Ton, Torr and current were chosen for optimization
in the current study. The levels of process parameters were designed using L2o0 RSM using the central composite
approach of experimental design. The design consists of total 40 experimental trials with different combinations of
Ton, Toff @and current (Table 2). During these experiments, the supply pressure, voltage and wire speed were kept
constant. In total, 40 slots were cut in the specimen using the different parametric combinations listed in Table 2.

Table 2. Experimental plan

Exp. No. Current (A) Ton (US) Toff (US) MRR (mg/min) Ra (um) KW (mm)
1 6 30 10 1.85 6.29 0.18
2 4 50 10 1.33 6.36 0.16
3 5 40 15 0.74 5.34 0.16
4 4 30 20 0.28 5.69 0.16
5 6 50 20 0.70 6.51 0.17
6 5 30 15 0.74 6.10 0.17
7 5 40 15 0.81 5.87 0.18
8 4 40 15 0.50 6.19 0.17
9 6 40 15 0.83 6.13 0.17
10 4 50 20 0.42 6.58 0.19
11 5 40 15 0.69 6.08 0.16
12 5 40 15 0.62 6.41 0.14
13 5 40 15 0.84 5.74 0.18
14 6 30 20 0.68 6.95 0.18
15 5 40 20 0.49 6.73 0.18
16 5 40 10 1.48 5.29 0.17
17 4 30 10 1.12 6.67 0.16
18 6 50 10 1.56 6.26 0.16
19 5 40 15 0.78 6.94 0.17
20 5 50 15 0.79 5.70 0.17
21 5 40 15 0.84 7.18 0.18
22 5 40 15 0.83 6.34 0.18
23 5 40 15 0.71 5.25 0.15
24 5 40 15 0.80 6.37 0.17
25 5 30 15 0.77 6.76 0.17
26 4 50 20 0.40 5.77 0.17
27 6 40 15 0.59 7.30 0.16
28 5 50 15 0.80 6.79 0.17
29 6 50 20 0.62 7.29 0.15
30 5 40 10 1.78 5.47 0.19
31 4 50 10 1.34 6.29 0.17
32 6 30 10 1.65 6.07 0.17
33 6 30 20 0.65 6.00 0.16
34 4 30 10 1.17 6.13 0.16
35 4 40 15 0.64 5.39 0.16
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Exp. No. Current (A) Ton (US) Toft (US) MRR (mg/min) Ra (um) KW (mm)
36 5 40 15 0.82 6.85 0.18
37 6 50 10 1.82 7.14 0.18
38 5 40 15 1.60 6.56 0.18
39 5 40 20 0.79 5.562 0.17
40 4 30 20 0.31 5.70 0.17

2.3 Measurement of responses

Test samples machined according to the plan listed in Table 2 were then analysed to evaluated the material removal
rate (MRR) achieved during machining. The MRR achieved during each ftrial is computed using the weight loss
technique, measuring the reduction in weight per unit time as described by Equation 1. A digital weighing unit was
used to determine the initial and final weights of the workpiece, that is, before and after machining.

W, —W, _
MRR = mg/min 1)

Further, the surface roughness (Ra) were measured using the surface roughness tests (Surtronic: Taylor-Hobson,
Leicester, England). The measurements were taken at three locations along the length of the cut and the average
value was recorded. Finally, the slots were investigated for the kerf width (KW) with different parametric combinations.
The kerf/slot were measured using the Inverted Metallurgical Optical Microscope (IM7000 Series: Mitutoyo, Meiji
Techno, Japan) at two locations, one near the beginning, and another one near the end of the slot; and the average
value was recorded. In summary, the values of MRR, Ra, and KW measured as the machining responses are shown
in Table 2.

2.4  Grey relational analysis

Popular experimental design techniques such as Taguchi and RSM have been used for single response optimization
of machining performance. However, grey relational analysis (GRA) is a promising tool in case of multi-response or
multi-criteria decision-making problems such as the present scenario, wherein, the three responses, i.e., MRR, Ra,
and KW need to be optimized with respect to the given range of input parameters, i.e., current, Ton, and Tos. For the
best machining performance, MRR needs to be maximized, and Ra and KW are to be minimized. The grey relational
analysis method is outlined in Figure 2. Here, “grey” indicates that the available information is insufficient to make a
black or white decision; and hence utilizing the partial information available, denoted as “grey”, the analysis is
conducted to achieve the optimum performance [20-22].

s N

Response Data (MRR, R,, KW)

!}

Normalization of Responses

)
Absolute Difference with
Reference Value

)

Grey Relational Grade

}

Analysis of Variance (ANOVA)

\. J

Fig. 2. The steps involved in GRA

3 RESULTS AND DISCUSSION
3.1 Computation of grey-relation: normalization of responses

For a normalized evaluation of the effects of the measured responses, the actual values used in the experiments are
normalized linearly between zero and one (Table 3). The normalization ensures that the response data is distributed
proportionately according to their actual values, their qualitative and quantitative variations with respect to control
parameters. The normalization is carried out according to two scenarios: in case of MRR, which needs to be
maximized, the “higher-the-better” characteristic is obtained using Equation 2, in case of Ra and KW, which need to
be minimized, the “smaller-the-better” condition is attained using Equation 3.
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Max(X., ) — X..
i _ ( IJk) - ijk , j :1,2,.“40 (2)
Max (X, ) — Min(X,)
Xk — Min(Xijk)

X. .= ,j=12,..40 3
" Max(Xy, ) — Min(X ;) ) ©

Table 3. Computed grey relational values

S0, o, Normalized Responses Grey Relational Coefficient ey ki) grede
MRR Ra KW MRR Ra KwW
1 1.00 0.65 0.17 1.00 0.48 0.29 0.589
2 0.67 0.59 0.57 0.50 0.44 0.43 0.459
3 0.30 0.96 0.65 0.32 0.89 0.49 0.566
4 0.00 0.79 0.65 0.25 0.61 0.49 0.450
5 0.27 0.32 0.48 0.31 0.33 0.39 0.341
6 0.30 0.47 0.35 0.32 0.38 0.34 0.346
7 0.34 0.56 0.22 0.33 0.43 0.30 0.352
8 0.14 0.68 0.35 0.28 0.51 0.34 0.373
9 0.35 0.80 0.48 0.34 0.63 0.39 0.451
10 0.09 0.71 0.13 0.27 0.53 0.28 0.359
11 0.27 0.55 0.65 0.31 0.42 0.49 0.407
12 0.22 0.79 1.00 0.30 0.61 1.00 0.637
13 0.36 0.82 0.17 0.34 0.65 0.29 0.425
14 0.25 0.43 0.26 0.31 0.36 0.31 0.327
15 0.14 0.51 0.17 0.28 0.40 0.29 0.322
16 0.76 0.66 0.39 0.58 0.49 0.35 0.476
17 0.54 0.55 0.61 0.42 0.42 0.46 0.433
18 0.81 0.64 0.65 0.64 0.48 0.49 0.536
19 0.32 0.21 0.39 0.33 0.30 0.35 0.325
20 0.33 0.77 0.43 0.33 0.59 0.37 0.429
21 0.36 0.31 0.17 0.34 0.32 0.29 0.316
22 0.35 0.34 0.22 0.34 0.33 0.30 0.322
23 0.28 1.00 0.70 0.31 1.00 0.52 0.611
24 0.33 0.25 0.35 0.33 0.30 0.34 0.324
25 0.31 0.49 0.39 0.32 0.39 0.35 0.356
26 0.08 0.69 0.35 0.26 0.52 0.34 0.372
27 0.20 0.00 0.52 0.29 0.25 0.41 0.316
28 0.33 0.09 0.43 0.33 0.27 0.37 0.322
29 0.22 0.16 0.74 0.30 0.28 0.56 0.379
30 0.96 0.74 0.00 0.88 0.56 0.25 0.562
31 0.67 0.26 0.39 0.50 0.31 0.35 0.388
32 0.87 0.68 0.43 0.72 0.51 0.37 0.534
33 0.24 0.64 0.52 0.30 0.48 0.41 0.397
34 0.57 0.12 0.61 0.43 0.27 0.46 0.388
35 0.23 0.88 0.52 0.30 0.73 0.41 0.480
36 0.35 0.51 0.30 0.34 0.40 0.32 0.354
37 0.98 0.25 0.22 0.95 0.31 0.30 0.519
38 0.84 0.36 0.30 0.68 0.34 0.32 0.447
39 0.33 0.63 0.43 0.33 0.47 0.37 0.389
40 0.02 0.57 0.39 0.25 0.44 0.35 0.347
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3.2 Computation of grey-relational coefficient

The normalized responses are used in the computation of the grey relational coefficient (GRC) which formulates the
relationship between normalized and actual values of experimental responses. This is obtained by using the
Equations 4 and 5. Here, we consider all responses to be of equal importance and hence, the characteristic coefficient
(€) is considered to be 1/3, thus taking an unweighted averaged value from each machining response [20-22]. Table
3 provides the computed GRC values.

Vijk = ‘Xijk* - Max(xijk*) 4)
L Min(Vy, ) + EMax(Vy, )
. Vi +§Max(vijk)

3.3 Computation of grey-relational grade

®)

The final calculation in the multi-criteria decision-making approach of GRA is obtaining the grey relational grade
(GRG). This provides a composite multi-factorial relationship among the responses and provides a numerical grading
by which the best machining combination can be identified. It is an averaged value of the GRC values computed
previously, as shown in Equation 6. The calculated values of GRG are tabulated in Table 3.

3
GRG :%ZGRC (6)
i=1

3.4 Main effects of Current, Ton, and Tott On Grey-Relational Grade

Figure 3 shows the main effects plot of current, Ton, and Tof 0N GRG. It is observed that GRG increases with current
from 4 A to 6 A, with a rise of 8.4%. This is explained due to the fact that, higher current settings lead to higher
electro-thermal energy transfer to the base material which causes higher MRR, better surface finish and a smoother
cut slots/kerf. With regards to Ton, there is a marginal change in GRG, with a maximum variation in GRG of 3.1%. As
Ton increases there is a higher amount of current energy being supplied to the workpiece; however, the results
suggest that within the range of current being supplied, there is a negligible apparent influence on the GRG with
change in time duration of Ton. However, a significant change in GRG of 32.7% is observed with respect to Tof
duration from 10 ps to 20 ps, with the maximum GRG being observed at 10 ps. As Toff increases, the time duration
between subsequent electric pulses increases thereby leading to lesser material removal and also hampering the
other responses. Therefore, here, it is observed that, the minimum Tor Settings provide the optimal multi-parametric
response.

0.5 T T T

= Current
Ton
Toff

048

0.46 [

=

=

s
T

Mean of GRG
(=]
e

0.38

0.36 ! ! !
1 2 3
Levels
Fig. 3. Main effect plot of GRG
3.5 Interaction effects of Current, Ton, and Tott On Grey-Relational Grade

Figure 4 shows the interaction effect plots of current, Ton, and Torr 0N GRG in the form of response surfaces, with Z-
axis being the combined effect of the three machining responses. From Figure 4a it is observed that, the maximum
GRG is obtained at the minimum Ton and maximum current settings, i.e., at 30 pus and 6 A. At maximum current
settings, since the maximum electro-thermal discharge is being supplied, the higher values of time could hamper the
surface quality in terms of roughness and kef width. Therefore, the optimum value of time duration to obtain best
possible trade-off for the three machining responses. The interaction effect of Ton and Tor, on GRG is shown in Figure
4b. It is found that, the minimum settings of both Ton and Tott achieves the best GRG. This can be analysed in
conjunction with the results of main effect plot of Figure 3. Since Tott Showed a more prodigious effect on GRG, and
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increasing Ton did not make significant change in GRG, it can be extended that, a combined effect of Ton and Tof
would result in best combinatorial effect at the minimum Torr and Ton Setting. At this setting, with the 5 A current value,
the best GRG is obtained. The interaction effects of current and Tor is presented in Figure 4c. Here, it is observed
that the best GRG response is obtained at the maximum current and minimum Tos setting. At the maximum current
setting, the maximum discharge energy is impacting on the workpiece. If this condition is maintained for a longer time
duration, it could lead to greater material removal; however, also leading to excessive kerf widths.

0.6 B
GRG 0.5 GRG 0.5
0.4 6 0.4 50
0.3 =
0.3 Current Ton
30
40 4
Ton 50
(a) (b)
0.6
GRG 0.5
0.4
0.3
4
5 10
Current 6
(c)

Fig. 4. Interaction effects of (a) Current and Ton, (b) Ton and Totr, and (c) Torr and Current on GRG

3.6 Analysis of variance of Grey-Relational Grade

Table 4 presents the ANOVA of GRG with respect to the control parameters with a confidence interval of 95%. To
evaluate the statistical significance of the control parameters on to the GRG, the critical F-statistic or variance ratio
is obtained from the standard Fisher (F) distribution table. The critical F-statistic for the degree of freedom (DF) of
the control parameters and the error DF (Fy o5(1,30)) is 4.17. From the ANOVA table, it is observed that only Toff shows
a statistically significant and prominent effect on GRG, since its F-value > F;;(;30) With a P-value of 0.003. In
comparison, the other prominent effect is that of the combinatorial effect of Current and Tofr, with an F-value of 3.15
which is close to the statistical critical value. This characteristic is also consistent with the observation of the response
surface plot shown in Figure 4, since there appears a sudden peak observed in GRG with the maximum current and
minimum Toft Settings. Additionally, for a qualitative evaluation of the percentage contribution of the individual
parameter on the GRG, the % mean of squares is shown in Table 4. The significant effects of Tt and interaction
effects of Current and To, is clearly demonstrated in terms of their % MS, which are one order larger than the effects
of other individual parameters or combinatorial/quadratic effects [26,27].

Table 4. ANOVA of GRG

Source DF Adj SS Adj MS F-Value P-Value % MS
Model 9 0.111980 0.012442 1.78 0.115 6.5
Linear 3 0.078263 0.026088 3.72 0.022 13.7
Current 1 0.005801 0.005801 0.83 0.370 3.0
Ton 1 0.000207 0.000207 0.03 0.865 0.1
Toft 1 0.072255 0.072255 10.31 0.003 38.0
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Source DF Adj SS Adj MS F-Value P-Value % MS
Square 3 0.011535 0.003845 0.55 0.653 2.0
Current*Current 1 0.000206 0.000206 0.03 0.865 0.1
Ton*Ton 1 0.007084 0.007084 1.01 0.323 3.7
Tort* Toff 1 0.007995 0.007995 1.14 0.294 4.2
2-Way Interaction 3 0.022181 0.007394 1.05 0.383 3.9
Current*Ton 1 0.000068 0.000068 0.01 0.922 0.0
Current*Toft 1 0.022067 0.022067 3.15 0.086 11.6
Ton*Toft 1 0.000046 0.000046 0.01 0.936 0.0
Error 30 0.210290 0.007010 3.7
Lack-of-Fit 20 0.066477 0.003324 0.23 0.997 1.7
Pure Error 10 0.143813 0.014381
Total 39 0.322270

The influence of the different parameters on GRG is also presented in terms of a Pareto chart of the standardized
effects (see Figure 5). The Pareto chart shows an ordered list of parameters according to their significance on the
multi-parametric machining response. It is found that, parameter Tort is the most significant parameter, followed by
the interaction of Current and Tox which is in line with the ANOVA results, as depicted by the F-ratio value of these
parameters in Table 4. These | are followed by the quadratic effects of Toff, Ton, and individual effect of Current.
Other individual and combinatorial effects are showing comparatively infinitesimal impacts on the GRG, consequently
on the multi-parametric machining response.

Pareto Chart of the Standardized Effects
(response is GRG, a = 0.05)
Term 2.042

Name
A Current

: | | B Ton
AC —‘ C Toff

CcC _
BB

A
AA

AB
BC

0.0 0.5 1.0 1.5 Z.O 25 30 35
Standardized Effect

Fig. 5. Pareto chart of the standardized effects on GRG
3.7 Multi-parametric optimization

The mean response of GRG with respect to the different levels of the control parameters utilized in the experiments,
is listed in the Table 5. The mean response table, with the maximum GRG obtained using different combinations of
the control parameters, exemplifies the best possible and worst possible parametric combinations on the multi-
response. The best possible multi-characteristic response for different control parameters is represented in boldface,
i.e.., Current at level 3, Ton at level 2, and Tor at level 1 provide the best GRG. From a combinational perspective, the
combination of AzB2C1 (where, A — Current, B — Ton, and C — To) is identified as the best one, while that of A1B3Cs is
the worst of the lot.

Table 5. Mean GRG response with respect to control parameter levels

Parameter Level 1 Level 2 Level 3
Current 0.4048 0.4144 0.4389
Ton 0.4167 0.4228 0.4102
Toit 0.4884 0.4080 0.3681

Composite desirability is a statistical measure which encapsulates the overall optimal performance or machining
response taking account of all the factors under investigation. Using this perspective of composite desirability on
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GRG and the control parameters, the multi-parametric response optimization is depicted in Figure 6. Here, a
composite desirability of 0.6299 is achieved which is comparable to those obtained for Wire-EDM optimization for
other hard-to-cut materials [22,28]. The obtained optimum combination of control parameters revealed that, Current
is at level 3, which is same as the observation in Table 5. Further, Ton is close to and above level 2 (see Table 5),
which can be understood as a trade-off to achieve the multi-response optimization. Finally, Toff is at level 1, which is
again matching with the expected optimum condition according to their individual effects. Therefore, with a minor
deviation from their individual optimum conditions, a multi-parametric optimized condition is derived employing the
grey-relational technique of analysis and optimization, yielding an MRR of 1.7036 mg/min, KW of 0.1727 mm, and
Ra of 5.6525 um. These optimized responses are comparable with similar studies on GRA approach-based
optimization of Wire-EDM for different materials [22,26].

Current Ton Toff

High 6.0 50.0 20.0
Cur [6.0] [42.5253] [10.0]

Low 4.0 30.0 10.0

Optimal
D: 0.6299

Composite
Desirability
D: 0.6299

GRG
Maximum
y = 0.5693
d = 0.78892

KW
Minimum
y =0.1727

d = 0.34350

MRR
Maximum
y = 1.7036
d = 0.90754

Ra
Minimum
y = 5.6525

d = 0.64009

Fig. 6. Optimization plot considering the composite desirability, GRG and the machining responses.

Overall, it is observed that the maximized MRR, and minimized KW and Ra is achieved with the Level 1 of Tof, Level
2 of Ton and Level 3 of current, respectively. As Ton increases, amount of MRR increases, but also resulting in a
deterioration of surface roughness and increase in kerf width. With increase in Current, a better surface roughness
and MRR can be achieved. With increase in Tot, there will be a drop in MRR, having a negative impact on the
machining process. Therefore, a lower Ton, higher current and intermediate level of Ton is achieving the multi-
response optimization.

4 CONCLUSIONS

In this study, the versatile and powerful RSM-GRA technique was employed for the multi-parametric optimization of
Wire-ED machining of Al6061/B4C composite. The conclusions of this study are listed herein:

1. The main effect analysis of the control parameters revealed that, Torr has the most significant impact on
grey relational grade (inducing 32.7% increase from 20 ps to 10 ps), followed by Current and Ton.

2. The interaction effect analysis based on response surfaces revealed that, the maximum GRG is obtained
at the combinations of Ton — 30 ps and Current — 6 A, Ton — 30 us and Tort — 10 ps, and Torf — 10 ps and
Current— 6 A.

3. ANOVA results along with investigation of Pareto chart established the prominent influence of To,
individually, and Current and Tor, as a combination, with percentage contributions of 38% and 11.6%,
respectively.
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4. The mean GRG response showed that, the effects of the control parameters can be ranked according to
their influence on the multi-parametric response as: Toff — |, Current — II, and Ton — IlI.

5. The GRA based multi-parametric optimization with consideration of composite desirability as the statistic
parameter established that the parameter combinations of: Current — 6 A, Ton — 42.5253 ps, and Toft — 10
Us provides the optimum response, yielding an MRR — 1.7036 mg/min, KW — 0.1727 mm, and Ra — 5.6525
pum. These results are valid with their range of values considered in the present study (4 A < Current <6 A,
30 ps = Ton <50 ps, 10 ps < Ton < 20 ps).
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