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Abstract

Material Removal Rate (MRR) is considered as the most desirable process
performance measure variable of WEDM process. Variability of MRR mainly
depends on the selected input process variables of WEDM process. The goal of the
current research is to improve MRR by optimizing the WEDM input processing
parameters. In this experiment, an empirical model of MRR was created using
the following four process input variables: Power-on time, power-off time, peak
current (ip), and spark-gap voltage. Box-Behnken design (BBD) based on response
surface methodology (RSM) was employed for individual responses and multi-
objective/responses optimization for high-performance WEDM attributes. The
nuclear and gas turbine industry favors inconel 690 workpieces. To forecast the
simplified state of input process variables, RSM-based mathematical modelling is
applied. Additionally, ANOVA (Analysis of Variance) is employed to identify the
relevant input process variables. The results show that peak current and power-on
time are the most efficient variables for achieving high MRR.
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Introduction

Regardless of toughness or hardness, WEDM has developed as a special non-
conventional technology for machining all varieties of conductive materials. It
has a low surface roughness and can generate any complicated profile or geometry
with extreme precision. A thin brass or copper wire with a thickness of 0.05 to
0.30 mm is utilized in the form of a machine tool in WEDM. Sparks generation
begins in the spark gap as soon as the current starts flowing through it. Spark
gap refers to the space between the two electrodes. The material is removed as a
result of the discharge energy stored in the sparks [1-4]. Material removal off the
work surface takes place in a very exact way. Figure 1 illustrates the fundamental
process of material removal by WEDM.

For use in industries such as gas turbines, aircraft, nuclear reactors, etc., In-
conel 690 is in high demand. It is an excellent material for the gas turbine and
steam generator industries, as well as for the medical implant industry. Due to
its unusual properties, it’s a difficult-to-process material, with strong resistance to
surface erosion, creep, and corrosion at high temperatures and in aqueous solution
[5-8]. This study offers future researchers a course of action that they can use to
better their selection and optimal setup of the input process variables. The impact
of input factors on the performance of the WEDM is further understood using
the ANOVA technique.
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Figure 1: Fundamental process of machining by WEDM (a) schematic
and (b) pictorial view.

Experimental Procedure

As shown in figure 2 the Inconel-690 is machined using
an Electronica machine tool sprint cut 734 WEDM machine.
Because of its remarkable qualities, broad range of applica-
tions, and ease of supply, Inconel 690 was chosen as the work-
piece material. Square portions of 5 mm x 5 mm are cut from
an Inconel 690 plate with dimensions of (150 mm x 150 mm
x 15 mm) for experimental investigation.

P ,P 1 and S, are employed as input process variables
on O] P v

in the current analysis. Each parameter has three levels, a
user-defined-RSM technique is used for conducting the ex-
perimental trials. The range in which all the parameters are
represented is (1, -1), with the greatest level of each parameter
being 1 and the minimum level being -1 [9-12]. Table 1 illus-
trates the parameters’ range and levels for experimental runs.

MRR is used to evaluate WEDM’s performance. The ex-
periments were conducted using BBD design based on RSM.
A total of 29 runs are completed using the BBD design, with
5 center replications [13-14]. Table 2 displays the MRR

experiment’s combination, order, design, and outcomes.

Results and Discussion

The design, parametric arrangement, and associated
experimental data for MRR are presented in table 2. Table
2 shows that the experiment with the highest MRR (9.38
mm?®/minute) was experiment 14 at the parametrical setting;
S,: 118 ps; S 2 45 ps; IP: 130 A; S;: 50 V, while lowermost

Figure 2: WEDM machine setup (Sprint cut 734).

Table 1: Levels and ranges of the process input variables.
Input process variables
Source Variables Unit Level
1 2 3
A Power-on time (P ) Mu 105 | 118 131
B Power off-time (P ) Mu 30 45 60
C Peak current (Ip) A 40 130 | 220
D Spark-gap voltage (S) Vv 20 50 80
Table 2: Design, experimental combination, and corresponding outcomes.
Input process variables
Run MRR
S, S L S,

1 118 60 40 50 1.6

2 118 30 220 50 4.84

3 131 30 130 50 6.67

4 131 45 220 50 6.86

5 118 45 40 20 4.2

6 118 45 130 50 8.26

7 118 45 130 50 8.37

8 118 30 130 20 5.14

9 118 45 220 20 6.11
10 118 60 130 80 2.42
11 118 60 130 20 7.28
12 131 45 40 50 3.98
13 105 45 40 50 1.36
14 118 45 130 50 9.38
15 118 45 130 50 8.34
16 131 60 130 50 5.55
17 118 45 220 80 6.42
18 131 45 130 80 7.47
19 118 30 130 80 5.14
20 105 45 220 50 2.41
21 131 45 130 20 6.67
22 105 60 130 50 1.27
23 118 60 220 50 5.18
24 118 45 130 50 8.38
25 105 45 130 80 1.68
26 105 30 130 50 3.83
27 118 30 40 50 4.64
28 105 45 130 20 2.23
29 118 45 40 80 2.34

MRR (1.27 mm*/minute) was found from experiment no. 22
at parametrical setting; S_:105 ps; S_: 60 ps; I : 130 A; S : 50
V. ANOVA for MRR is presented in table 3. The F-value in
an ANOVA shows how much the relevant process parameter
contributed. The P value must be less than 0.05 in order to
confirm the significance of a process variable within a 95 per-
cent confidence range [15-16]. The model’s F-value of 19.51
shows that it is remarkably significant. In this case S_, S , I,
S, x IP, SexS,S, %851 2, and S? are significant model
terms.

For the current investigation, RSM-based BBD design

found quadratic model to be significant. S__ is the most im-
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Table 3: ANOVA results for MRR.
MRR
Source SS DF MS F value P value Importance % Contribution
Model 160.24 14 11.45 19.51 < 0.0001 Significant 95.12%
A 49.69 1 49.69 84.72 < 0.0001 Significant 29.49%
B 4.04 1 4.04 6.88 0.0200 Significant 2.39%
C 15.64 1 15.64 26.66 0.0001 Significant 9.28%
D 3.16 1 3.16 5.39 0.0358 Significant 1.87%
AB 0.52 1 0.52 0.88 0.3631 Insignificant
AC 0.84 1 0.84 1.43 0.2521 Insignificant
AD 0.46 1 0.46 0.78 0.3930 Insignificant
BC 2.86 1 2.86 4.87 0.0445 Significant 1.70%
BD 5.90 1 5.90 10.07 0.0068 Significant 3.50%
CD 1.18 1 1.18 2.01 0.1784 Insignificant
A? 37.75 1 37.75 64.36 <0.0001 Significant 22.40%
B? 25.05 1 25.05 42.70 < 0.0001 Significant 14.86%
C? 3791 1 37.91 64.63 <0.0001 Significant 22.50%
D? 15.04 1 15.04 25.64 0.0002 Significant 8.92%
Residual 8.21 14 0.59
Pure Error 0.88 4 0.22
Cor Total 168.46 28

portant moveable among all the input process factors. Accord-
ing to the ANOVA results for MRR. S_ (84.72) has the max-
imum value of F, and Ip (26.66) and S__ are next in line (6.88).

MRR = -214.912 + 3.34841 x A + 0.58315 x B +
0.00593264 x C + 0.145329 x D + 0.000625926 x B x
C -0.0027 x B x D - 0.0142756 x A% — 0.0087337 x B? -
0.000298467 x C? - 0.00169176 x D? 1)

Figure 3 clearly shows that MRR continuously rises when
P_and I rise. For P_ and S, the phenomena are observed in
reverse. As the P_and IP increase, more electrons hit the work
surface in a single discharge. With each discharge, a greater
amount of material is taken off the work area. Consequent-
ly, MRR increases as P and I increase. It is a known fact
that metal gets removed from WEDM in the form of craters.
Poor surface quality and a higher surface roughness score are
the results of greater material removal. The ANOVA findings

Perturbation

MRR (mm3/min)

Variables

(ST T )
AT 105 18 | 131
B (Tor) 30 |45 | &0
< 0| 130 | 220
(S 30 |50 | %0

0.500

Deviation from Reference Point (Coded Units)

Figure 3: Effects of S , T S ,and Ip on MRR [X-axis in coded value].

of?

clearly reveal that the process parameters also interact with
certain aspects of process performance, as illustrated in fig-
ure 4a: I -P . vs MRR; figure 4b: S -P - vs MRR. Equation
1 shows the MRR regression model R?, which measures the
degree of determination, is 0.9513. The adj. R? of 0.9025 is in
practical covenant with the pred. R? of 0.7411. A signal with
a sufficient precision ratio of 13.70 is present (more than 4 is
needed). To find the best parameter combination for verifica-
tion trials, optimization was ultimately conducted. The ideal
response: Maximum MRR is 8.41 mm*/min when P_: 117 s,
P 44 ps, Ip: 128 A,and S : 50 V are used.

Surface integrity analysis

Surface geometry

FE-SEM (Make: Joel, JSM-6390LV, 20.0 keV') appara-
tus was utilized to achieve the microstructure appearances of
Inconel 690 machined through WEDM displayed in figure 5.
On two square parts that have been processed using various
parametric parameters (Maximum MRR, Minimum MRR),
a surface integrity investigation is conducted. Study shows
that several tiny fissures and craters appear to be protruding,
and on the upper face of the treated surface, a few spherical

MRR (mm3/min)
MRR (mm3/min)

(a) (b)
Figure 4: Interactions graphs (a) Ip—SofF vs MRR and (b) S-S ; vs MRR.
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Figure 5: Machined surface SEM pictures processed at parametrical con-
ditions: (a) P_: 118 ps; P_: 45ps; IP: 130 A; S: 50 V and (b) P_: 105 ps;
P 45 ps; IP: 40 A; S50 V.

metal droplets have developed. There are a few rubbish lumps
composed of molten metal and re-solidified stuff on the work
area as well. There are also minor craters, spherical modules, a
lump of debris, and resolidified material visible on the top of
the machined surface.

EDS analysis

In the case of WEDM, melting and evaporation phe-
nomena cause the substrate to be removed from the surface.
It takes place in the spark gap area because of the high dis-
charge energy emitted by the sparks. According to EDS data,
wire tool residues like copper and zinc re-solidify on the top
surface of the machined workpiece during the melting and
evaporation process. The compositions and graphs of the rec-
ognized spectra are shown in figure 6.

Conclusion
For the current study, the BBD design of RSM technique

is utilized to simultaneously optimize the parameters for the
process performance variable MRR. The input variables and
their interactions are modelled mathematically using qua-
dratic regression. It is then further used to predict future
MRR values. The following are the main conclusions of the
current investigations.

¢ The most important input process variable is P_, which is
the case for all input process variables. Its slight variation
has a big impact on how well the process works.

e P .andS areobserved to be less efficacious in comparison
toP andl.
on p

Element Weight % Atomic %
Cu 2.46 2.18

Zn 0.40 0.35

Cr 30.19 32.61

5 17.28

e I S e

|

Figure 6: Machined surface EDS analysis at different parametrical condi-
tions: (a) P_: 118 ps; P_ - 45 ps; Ip: 130 A; S : 50 Vand (b) P_: 105 ps; P_:
45 ps; Ip: 40 A;S:50 V.

¢ 'The ideal input parameter setting to achieve the highest
MRR is found to be P_: 117, P : 44, Ip: 128 and S : 50.

e An analysis of surface integrity unveil that the treated
superalloy’s upper surface contains small craters, spherical
modules, a lump of debris, and resolidified material.

e To gain a better understanding of the process, future
research may take into account the tribological and

microstructure examination of gears and splines produced
by WEDM machining.
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