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Abstract 
 

       The research focuses on the superconductive nature of the material, in which 

the maximum percentage of electrical energy wastage is reduced by converting the 

workpiece into a superconductor. The wire-cut electro-discharge machining 

(WEDM) produces spark between wire (electrode) and the work-material resulting 

in uneven localized melting and solidification of the work-material, which 

certainly affects the Roughness of surface (Ra) of the work-material. Thus, in the 

present study, the normal state effect and superconducting state  effect of A2 tool 

steel (A2TS) on WEDM is investigated in both submergible and flushing ways of 

supplying dielectric fluid (DF), with reference to the Ra  of the work-material. The 

Ra of normal conductive state A2 tool steel (NCS A2TS) was compared with 

superconductor state A2 tool steel (SCS A2TS). The various defects on machined 

work-materials are analyzed and compared using morphological study. The 

investigation identified that converting the work-material to a superconductor has 

increased the electrical potential difference (EPD) between the work-material and 

tool, thus results in better-finished Surface. The various machining factors levels 

of the WEDM process were also varied to find the optimum level of the machining 

factors in accordance to obtaining a better-finished surface. The experiments were 

performed with orthogonal-array L18 that is designed using the Taguchi technique 

for obtaining the optimum levels from the S/N ratio, in both flushing and 

submergible mediums.  

 

 

Keywords: WEDM, NCS A2TS, SCS A2TS, Surface Roughness, Optimization, 

Taguchi, ANOVA, SEM EDAX. 

 

1. Introduction 
A2TS which possess material properties of moderate hardness, higher toughness and 

resistance of wear  are difficult to machine using traditional processes of machining such 

as grinding, turning, shaping and milling, in the context of better surface characteristics[1]. 

The Ra is a vital material property to identify the quality of products. The die industries 

take the utmost care for producing quality products with more precision, dimensional 

accuracy and at a lesser cost. Hence, attains an excellent surface finishing, WEDM is 

Vol 40, 2020

1881

Tierärztliche Praxis

ISSN: 0303-6286



employed, which is one of the best processes of unconventional machining processes [2]. 

In the contemporary scenario, the WEDM process has got broad acceptance in machining 

difficult-to-machine materials, particularly tool steels, die steels, high-speed steels, cast 

alloys, nitralloys, and hastalloys to acquire better surface finish, dimensional accuracy and 

economic rate of machining in intricate shapes for two dimensional and three-dimensional 

objects. The components produced in the WEDM process have a better surface finish and 

accurate dimensions that minimize the post-processing time for polishing, grinding and 

trimming [3]. The WEDM process is a process of thermoelectric which can be performed 

only for conductive materials with separate sparks flanked by the tool (negative terminal) 

and the work-material (+ve terminal). The spark generates with the help of a DF supplied 

in the interface between the electrode and the work-material. The Di-electric fluid not only 

behaves as a coolant for work-material and the electrode but also removes the chips in the 

space between them. The interface between the work-material and the electrode ranges 

from 0.025 mm to 0.075 mm and the standard electrode dia range from 0.05 mm to 0.40 

mm. Sujeeth and Neelesh [4] have investigated the textured surface of Bevel Meso and 

Gears of Helical structure, manufactured from SS 304 stainless steel using the WEDM 

process with 0.25 mm diameter brass wire as an electrode. The eight WEDM machining 

factors are Cutting Speed (CS), Pulse-ON, Pulse-OFF, Current (C), Servo Voltage (V), 

Wire feed, fluid pressure and Wire tension. The better-finished surface of the material in 

the WEDM process is obtained by using lower Current and Voltage, shorter Pulse-ON, 

longer Pulse-OFF, higher wire feed, wire tension, and DF. Pramaniket al. [5] have 

investigated the impression of machining factors on the textured surface of Duplex 

Stainless Steel 2205 using the WEDM process. The investigation noticed that the increase 

of Pulse-ON has increased the Ra to a greater extent. The minimum Pulse-OFF and 

minimum wire tension increase the Ra. The wire breakdown takes place at higher Pulse-

ON and higher wire tension. Ahmet et al. [6] have observed that the WEDM of AISI tool 

steel of D5 has some variation in material characteristics, mainly in Ra and microhardness. 

The machining factors were surveyed, especially V, pulse duration (PD), wire-speed (WS) 

and fluid pressure, to improve the Ra in the WEDM process. Ra gets increased with an 

increase in the Voltage and Pulse discharge, whereas, Ra gets reduced with an increase in 

the fluid pressure. The wire speed does not affect the recast layer. Shah et al. [8] have 

determined eight control factors namely material thickness, open-circuit voltage, Pulse-

ON, Pulse-OFF, Voltage, wire feed velocity, wire tension, and DF. The investigation was 

executed by varying the control factors for a group of 27 experiments on tungsten carbide 

to measure the machine performances, specifically MRR, kerf width, and Ra. The MRR 

increased to a considerable level with the increase in circuit open voltage and Pulse-ON. 

The Ra decreases with the increase in material thickness, whereas it gets increased while 

increasing the circuit open voltage and Pulse-ON. The kerf gets increased with an increase 

in Pulse-ON and gets reduced with an increase in wire tension. The Taguchi analysis has 

identified the machining factors optimum of levels. Ramprasad et al [9] have explained 

that advanced materials like titanium alloys have a high strength to weight ratio but poor 

machinability. These alloys were mostly used in aerospace industries. As an outcome, the 

WEDM is an unconventional machining familiar process employed to cut intricate shapes. 

The Ra and MRR were measured with control factors, i.e., C, Pulse-ON, Pulse-OFF, and 

V. The ANOVA and the Taguchi were used to identifying the most noteworthy machining 

factors. The MRR and Ra have more significance with Current and Pulse-ON and less 

significance with Pulse-OFF and Voltage. Anish et al. [10] have described the integrity of 

surface on a work-material and electrode. The Pulse-ON, Pulse-OFF, and Current have a 

significant impact on the surface. The deep and wide overlapping craters, debris, 

pockmarks, and micro-cracks are formed with high Pulse-ON, and Current increases the 

Ra of the machined samples. The Recast Layer (RL) forms with high Current, high Pulse-

ON, and low Pulse-OFF. The microcracks are observed due to high discharge. The EDX 

analysis reveals the rupture of wire with noticeable wire-wear for maximum values of 

Current and Spark Frequency (SF). The carbides and oxides form a free form or compound 
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form with the putrefaction of demineralized water. Kumar et al. [11] have noticed the 

Surface damage by considering factors such as surface crack density (SCD), and thickness 

of the recast layer (RLT) in WEDM process. The influence of the WEDM process on the 

propagation of crack initiation that was evaluated with the help of a scanning electron 

microscope (SEM). The SCD and RLT analysis were conducted machining using factors 

such as Pulse-ON, Pulse-OFF, Current and spark space voltage. The propagation of the 

Recast Layer  is identified on the top layer of the finished work-material using SEM, and 

the growth of this layer was observed with higher values of Current and Pulse-ON, along 

with minimum Pulse-OFF. The thickness of the Recast Layer is 36–48 μm on an average. 

The surface crack density increased with sudden alternate heating and cooling near the 

spark zone. Higher content of carbon made the surface hard and brittle at the grain 

boundaries, which initiated the surface crack during the solidification process  

 

Dhobe et. al. [12] have noticed the changes in the surface microstructure of the 

heat-treated tool steel of D2 (D2TS) after machining by WEDM. The heat-treated D2TS 

machined in WEDM shows improvement in surface topography and metallurgical 

properties of machined samples with the change in microstructure. It affects Ra, hardness 

and white region layer thickness. The triple tempered at a lower temperature of 250 0C has 

better results of high hardness, good surface quality, and lower white layer thickness when 

compared to single tempered at a lower temperature of 2500C.  

As per the literature review, the researchers have performed the experiments on 

the  change in the dielectric medium and conductive state in WEDM to improve the Ra by 

considering various machining factors. Therefore the purpose of this work aims on 

investigating the effect of Ra on the top layer of NCS A2TS and SCS A2TS, while 

machined in flushing medium and submergible medium with the machining factors, 

namely, Pulse-ON Pulse-OFF, Current, Servo Voltage, wire feed, fluid pressure and wire 

tension in WEDM. 

1.1 The importance of this Research 

The superconducting state plays very important role in saving electrical energy 

and enhancing material characteristics. Therefore this research is carried out for increasing 

material characteristics by converting NCS A2TS into SCS A2TS and that is machined in 

wire electrical discharge machine. Generally wire electrical discharge machine is used for 

cutting harder-to-machine material that required more power. Taking this point as key 

point for research, the workpiece that is  NCS A2TS is converted into SCS A2TS and 

machined using WEDM. In tend that produces more electro potential difference (Spark 

energy) between wire (tool) and workpiece with very minimum electrical energy that saves 

wastage of electrical energy and enhances material characteristics. The research is carried 

out clearly for studying material characteristics and to save electrical power required to 

machine workpiece  before and after superconducting state in presence of flushing medium 

and submergible medium. The applications of superconductors widely used in electric 

power supply units, railways etc. In future definitely there will be scarcity of electrical 

power. Therefore for saving electrical power superconductors plays very important role. 

At present many researches are progressing in the area of superconductors. 

1.2 The need to find Surface roughness 

      The surface roughness is a very important material characteristic of workpiece that 

reflects quality of the product. The aerodynamic properties plays a dominate role on 

surface roughness in case of drag and lift etc. Therefore aerospace components should 

required very fine surface finish to reduce aerodynamic losses. The inner surface of dies 

should be very smooth for achieving better surface finish on caste components. The punch 

outer surface should be smooth for producing better inner surface finish of punched 

components. In tend for achieving smooth surface finish, to avoid defects on surface of 

workpiece and to machine hard materials WEDM is 

employed.
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2. Materials, Machine details, and Methods 
    2.1 Materials 

            A2TS has a safer hardness, lower distortion, and higher wear resistance than the O 

series steel tool and D series tool steel. A2TS is a part of a family of cold-worked tool 

steels. Therefore, A2TS has moderate carbon, chromium, and manganese percentages as 

1.00, 5.00 and 0.40 respectively. It is most suitable for making dies, punches, moulds, 

aerospace components and fabrication of precision products, where finished surface and 

stability of dimensions are of prime importance. Fig. 1(a) depicts the setup of experiments 

used for machining the A2TS and Fig. 1(b) shows the arrangement of A2TS (work-

material) on the work table along with the machined specimen of the work-material. The 

chemical composition of A2TS is 1.05% C, 5.2% Cr, 0.45% Mn, 0.51% Mo, 0.19% Ni, 

0.02% P, 0.02% S, 0.47% Si, 0.19% V and rest Fe. 

 
Figure 1: Experimental setup, 1(a) Electronica WEDM and 1 (b)Sampled machined 

specimen and workpiece sitting on the worktable. 

 
2.2 Machine details 

             The machining of specimens from work-material with the dimensions of 

10mm×5mm × 11mm in length, width, and thickness respectively is performed in WEDM 

(Ultimate Electronica OS) machine, which has maximum travel distance on X-axis- 350 

mm, Y-axis -450 mm and Z-axis- 250 mm. It has two types of Di-electric fluid movements; 

explicitly the flushing medium and submergible medium. The distilled water used as the 

DF. The brass wire having a diameter of 0.25mm is the electrode used. The machining 

factors such as Pulse-ON, Pulse-OFF, Current (C), Servo Voltage (V), wire feed, fluid 

pressure and wire tension Table 1 shows the range and the machining factors levels. The 

Design of Experiment is conducted for the seven mixed level machining factors and 

orthogonal array L18 is selected as shown in Table 2. 

 

Table 1: The Machining Factors Level 
Factors Level 1 Level 2 Level 3 

Current  in A 11 12 13 

Voltage in V 1 3 -- 

Pulse-ON in µs 10 20 30 

Pulse-OFF  in µs 33 43 53 

wire feed in  m/min 1 2 3 

wire tension in N 9 12 15 

fluid pressure in Kg /cm2 9 12 15 

 
 

 

 

 

Vol 40, 2020

1884

Tierärztliche Praxis

ISSN: 0303-6286



Table 2: The Orthogonal Array L18 

Set 
.No 

Voltag
e 

(A) 

Curre
nt 
(B) 

Puls
e 

ON 
(C) 

Puls
e 

OFF 
(D) 

wire 
feed 
(E) 

wire 
tension 

(F) 

fluid 
pressure 

(G) 

1 1 11 10 33 1 9 9 

2 1 11 20 43 2 12 12 

3 1 11 30 53 3 15 15 

4 1 12 10 33 2 12 15 

5 1 12 20 43 3 15 9 

6 1 12 30 53 1 9 12 

7 1 13 10 43 1 15 12 

8 1 13 20 53 2 9 15 

9 1 13 30 33 3 12 9 

10 3 11 10 53 3 12 12 

11 3 11 20 33 1 15 15 

12 3 11 30 43 2 9 9 

13 3 12 10 43 3 9 15 

14 3 12 20 53 1 12 9 

15 3 12 30 33 2 15 12 

16 3 13 10 53 2 15 9 

17 3 13 20 33 3 9 12 

18 3 13 30 43 1 12 15 

 
2.3 Methods 

       The experimental procedure follows. The orthogonal array L18 is obtained from the 

design of experiment (DOE). The generated random numbers one, two and three are coded 

with the various machining factors levels. The Taguchi analysis [13] and ANOVA is 

performed to attain the best machining factors levels to enhance the finished surface. The 

most excellent results obtained from the machining, before and after converting into a 

superconductor state in flushing and submergible, are compared. The Ra of the work-

materials was measured with the help of Mitutoyo SJ 410 Ra tester [14]. The machined 

textured surface on the work-materials, before and after superconducting state, are studied 

using EDAX and SEM [15]. 

3. Results and Discussion 

 
   3.1 The Experimental Work 

            The A2TS is dropped into liquid nitrogen at 77K for 24 hours as shows in Fig. 

2(a). The opposition to electrical flow in the A2TS was observed as dropped down and 

transformed into a superconductor [16]. The electrical apposition of NCS A2TS and SCS 

A2TS are 2.5 ohms and 0.0 ohms respectively as illustrated in Fig. 2(b,c).The A2TS 

superconductor fixed in the machine is displayed in Fig. 2(d). The superconducting state 

will sustain in a workpiece for 20 to 30 minutes while machining in WEDM. The 

continuity in the superconducting state is maintained by successive machining of similar 
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workpieces. The four similar workpieces dipped in a cryogenic can is maintained at a 

temperature of 77 K.The one workpiece is taken from the can and machined for 20 to 30 

minutes. Then it will lose superconducting state. After that again it is kept in a cryogenic 

can and a new workpiece is taken out for machining, like this the workpieces in a can were 

machined simultaneously in WEDM. The surface roughness values of A2TS machined in 

normal state and in superconductor state in presence of flushing and submergible mediums 

as shown in table 3 and the specimens are shown in Fig 3. 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2:  2 (a) Dipping of  NCS A2TS into liquid nitrogen, 2(b)Electrical resistance 

of NCS A2TS, 2(c) Electrical resistance of SCS A2TS, and 2 (d) SCS A2TS on the 

work table. 

 

                                               Table 3: S/N ratio values of Ra 
 

 NCS A2TS SCS A2TS 

Set 
No 

Flushing 
Ra S/N ratio 

Submergible 
Ra S/N ratio 

Flushing 
Ra S/N ratio 

Submergible 
Ra S/N ratio 

1 4.37 -12.8096 3.20 -10.1030 3.18 -10.048542 2.01 -6.0639211 

2 4.54 -13.1411 3.28 -10.3175 3.27 -10.290955 2.08 -6.3612667 

3 4.45 -12.9672 3.24 -10.2109 3.22 -10.157117 2.04 -6.1926033 

4 4.51 -13.0835 3.44 -10.7312 3.39 -10.603994 2.24 -7.0049604 

5 4.49 -13.0449 3.39 -10.6168 3.3 -10.370279 2.19 -6.8088823 

6 4.54 -13.1411 3.35 -10.5009 3.36 -10.526786 2.15 -6.6487692 

7 4.58 -13.2173 3.39 -10.6040 3.34 -10.474929 2.19 -6.8088823 

8 4.52 -13.1028 3.44 -10.7312 3.39 -10.603994 2.24 -7.0049604 

9 4.63 -13.3116 3.48 -10.8316 3.43 -10.705882 2.28 -7.1586969 

10 4.58 -13.2173 3.34 -10.4853 3.37 -10.552598 2.14 -6.6082755 

11 4.65 -13.3491 3.38 -10.5783 3.48 -10.831585 2.18 -6.7691299 

12 4.53 -13.1220 3.45 -10.7513 3.43 -10.705882 2.25 -7.0436504 

13 4.60 -13.2552 3.50 -10.8714 3.5 -10.881361 2.3 -7.2345567 

14 4.58 -13.2173 3.43 -10.7059 3.38 -10.578334 2.23 -6.9660973 

15 4.68 -13.4049 3.55 -11.0070 3.45 -10.756382 2.35 -7.4213572 

16 4.64 -13.3304 3.48 -10.8316 3.43 -10.705882 2.28 -7.1586969 

17 4.37 -12.8096 3.62 -11.1742 3.53 -10.955494 2.42 -7.6763073 

18 4.54 -13.1411 3.54 -10.9801 3.49 -10.856509 2.34 -7.3843171 
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Figure 3: Wire electrical discharge machine of NCS A2TS and SCS A2TS in 

flushing and submergible mediums 

3.2 Taguchi Optimization 

The analyses of experimental results were performed in the Taguchi. The 

application of the Taguchi method for optimizing the machining factors levels. The best 

machining factors levels are obtained with the help of graphs as shows in Fig. 4. The 

graphs were developed based on the S/N ratio following 10×log10(sum(Y×2)/n). The S/N 

ratio consists of three options; Larger is better to get the maximum response, Smaller is 

better to achieve a minimum response and Nominal is better to get a meaningful response. 

The machining factors Pulse-ON, Pulse-OFF, Current, Voltage, wire feed, wire tension 

and fluid pressure were referred to as ‘Signal’ and Ra is an uncontrolled process 

performance which is referred to as ‘Noise’. The response of the Ra shows in Table 3 of 

the machined work-materials in flushing and submergible mediums on the NCS A2TS and 

SCS A2TS is analyzed in Taguchi analysis, considering that the smaller is a best option to 

reach the levels of optimum of machining factors for minimizing the Ra value. 
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Figure 4: S/N ratio graphs obtained for Ra values: (a) NCS A2TS machined in 

flushing and (b) NCS A2TS machined in submergible, (c) SCS A2TS machined in 

flushing  and (d) SCS A2TS machined in submergible. Where A,B,C,D,E,F, G are 

Voltage, Current, Pulse-ON, Pulse-OFF, wire feed, wire tension and fluid pressure 

respectively. 

Figure 4(a, c) displays the surface finish variations on NCS A2TS and the SCS 

A2TS machined in a flushing medium. The maximum variations of surface finish with a 

variation of Voltage, Current, and fluid pressure. The surface finish gets reduced by 

increasing the Voltage, Current, and fluid pressure. The moderate variations indicate the 

surface finish with a variation of pulse-OFF. The surface finish increases with increasing 

the Pulse-OFF. The minimum variations indicate the surface finish with a variation of 

Pulse-ON, wire feed, and wire tension. The surface finish reduces with increasing the wire 

feed, Pulse-ON and it increases with increasing the wire tension. Figure 4(b, d) shows the 

surface finish variations on NCS A2TS and SCS A2TS machined in the submergible 

medium — the maximum variations of surface finish with a variation of Voltage, Current, 

and Pulse-OFF. The surface finish reduces with increasing the Voltage, Current, and it 

increases with increasing Pulse-OFF. Moderate variations are noticed on the finishing of 

the surface with the variation of wire feed. The surface finish reduces with increasing the 

wire feed. The Minimum variations are noticed on the finished surface with the variations 

of Pulse-ON, wire tension, and fluid pressure. The surface finish reduces with increasing 

the Pulse-ON, fluid pressure and it increases with increasing the wire tension. The best 

levels of the machining factors were identified based on the S/N ratio graph as shows in 

Fig. 4. When the S/N ratio analysis is conducted with smaller is a better option, the smaller 

R a value occupies a higher position in the S/N ratio graph. Therefore, the L18 best levels 

of WEDM machining factors affect the Ra of NCS A2TS and SCS A2TS in flushing and 
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submergible mediums were selected as A1B1C1D3E1F3G1, where 1, 2 and 3 indicate 

levels and A, B, C, D, E, F, and G represent the machining variables, namely, Pulse-ON, 

Pulse-OFF, Current , Voltage, wire feed, fluid pressure and wire tension respectively. The 

optimum machining factors levels obtained with help of S/N ratio is A1B1C1D3E1F3G1 

for NCS A2TS and SCS A2TS in flushing and submergible mediums are not related to 

any of the 18 sets of experiments. Therefore, the machining of the work-material is 

repeated for these optimized new levels as shown in Table 4. 

Table 4: Optimum machining conditions of NCS A2TS and SCS A2TS 

Surface Roughness(Ra) 
Flushing 
Medium 

Flushing 
medium 

machining time, 
min 

Submergible 
Medium 

Submergi
ble 

machining 
time, 
Min 

NCS A2TS Machined 
with 

Optimum set 
(A1B1C1D3E1F3G1) 

 

 
3.861 µm (refer 

fig 5a) 
28.57 

 
2.821 µm 

(refer 
fig 5b) 

20.56 

 
SCS A2TS Machined 

with 
Optimum set 

(A1B1C1D3E1F3G1) 
 

 
 

2.670 µm (refer 
fig 5c) 

 

17.70 

 
 

1.752 µm 
(refer 
fig 5d) 

10.37 

Time saved 

 
  

10.87 

 
 10.19 

Percentage variation 
of Ra, NCS A2TS 
and SCS A2TS 

30.84  37.89 
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  Figure 5: The Ra plot for optimum set obtained in machining NCS A2TS, flushing 

5(a) and submergible 5(b) respectively, SCS A2TS machined in, flushing 5 (c) and 

submergible 5(d) respectively. 

 
The Taguchi analysis identified the ranks of the machining factors such as Pulse-

ON, Pulse-OFF, Current, Servo Voltage, wire feed, fluid pressure and wire tension based 

on their machining influence on the NCS A2TS and SCS A2TS in the flushing and 

submergible mediums to reduce Ra shown in table 5. The Voltage occupies rank one 

influence in flushing and ranks two influence in submergible on the Ra .When Voltage 

increases, the Ra was also increased by the increase in spark energy discharge. This ensures 

craters formation on the extreme layer of the work-material subsequently increasing the 

Ra. The Current occupies Rank two influence in flushing and ranks one influence in 

submergible on the Ra . It is identified that the increase in Current, the Ra value increased 

due to the high intensification of sparks produced with the high current value. The Pulse-

ON occupies rank five influence in flushing and submergible on the Ra .When the Pulse-

ON increases, the Ra also increases with large spark distance produced form larger pulse 

duration. The Pulse-OFF occupies rank four influence in flushing and ranks three 

influence in submergible on the Ra . As the Pulse-OFF increases, the Ra reduces with less 

spark distance for small pulse duration in the stipulated interval of time. The wire feed 

occupies rank seven influence in flushing and ranks four influence in submergible on the 

Ra. The Ra increases with increasing wire feed. The more travelling of the wire increases 

the vibrations. The wire tension occupies rank six influence in flushing and submergible 

on the Ra. As the wire tension increases, the Ra reduces with decreasing the vibration of 

the tool. The fluid pressure occupies rank three influence in flushing and ranks seven 

influence in submergible on the Ra The fluid pressure increases with the increased Ra value 

due to the increased impact of erosion on the work-material surface. 
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Table 5: The influence of machining parameters on A2TS machining in 

Various conditions 
Parameter influence of NCS A2TS in flushing medium 

 

Level Voltage Current Pulse 
ON 

Pulse 
OFF 

Wire 
feed 

wire 
Tension 

Fluid 
Pressure 

1 -13.00 -13.01 -13.10 -13.18 -13.10 -13.15 -13.08 

2 -13.26 -13.15 -13.14 -13.14 -13.15 -13.14 -13.13 

3  -13.23 -13.15 -13.08 -13.14 -13.10 -13.18 

Delta 0.25 0.21 0.05 0.10 0.04 0.05 0.10 

Rank 1 2 5 4 7 6 3 

Parameter influence of NCS A2TS in submergible medium 

 

Level Voltage Current Pulse 
ON 

Pulse 
OFF 

Wire 
feed 

wire 
Tension 

Fluid 
Pressure 

1 -10.51 -10.41 -10.60 -10.75 -10.58 -10.64 -10.69 

2 -10.81 -10.74 -10.69 -10.72 -10.73 -10.68 -10.67 

3  -10.86 -10.71 -10.58 -10.70 -10.64 -10.68 

Delta 0.30 0.45 0.11 0.16 0.15 0,05 0.04 

Rank 2 1 5 3 4 6 7 

Parameter influence of SCS A2TS in flushing medium 

 

Level Voltage Current Pulse 
ON 

Pulse 
OFF 

Wire 
feed 

wire 
Tension 

Fluid 
Pressure 

1 -10.42 -10.43 -10.54 -10.65 -10.55 -10.62 -10.52 

2 -10.76 -10.62 -10.61 -10.60 -10.61 -10.60 -10.59 

3  -10.86 -10.71 -10.58 -10.70 -10.64 -10.68 

Delta 0.34 0.29 0.07 0.13 0.05 0.07 0.14 

Rank 1 2 5 4 7 6 3 

Parameter influence of SCS A2TS in submergible medium 

 

Level Voltage Current Pulse 
ON 

Pulse 
OFF 

Wire 
feed 

wire 
Tension 

Fluid 
Pressure 

1 -6.673 -6.506 -6.814 -7.015 -6.774 -6.954 -6.867 

2 -7.140 -7.014 -6.931 -6.940 -6.999 -6.914 -6.921 

3  -7.199 -6.976 -6.94 -6.861 -6.987 -6.932 

Delta 0.468 0.692 0.162 0.252 0.226 0.085 0.064 

Rank 2 1 5 3 4 6 7 

 
The General linear modal in the ANOVA analysis is applied for finding the 

significance value (R2) and the significant machining parameters, both in the flushing and 

submergible mediums. The ANOVA analysis performed is shown in Table 6 for Ra values 

of NCS A2 tool steel and SCS A2 tools steel machined in flushing medium and 

submergible medium were noticed. The strength of regression (R2 value) in flushing 

medium machining of NCS A2TS and SCS A2TS is 87.23% and 87.99% respectively. 

The Voltage, current, and fluid pressure value is less than 0.05 (P <0.05). Therefore, it is 

noticed that the Voltage, current, and fluid pressure are highly influencing machining 

parameters on Ra in the flushing medium machining of NCS A2TS and SCS A2TS and 

the remaining machining parameters such as Pulse ON, Pulse OFF, Wire feed, and Wire 

tension are less influencing machining parameters. The strength of regression (R2 value) 

in submergible medium machining of NCS A2TS and SCS A2TS is 98.17% and 98.52% 

respectively. The value for Voltage, Current, Pulse-OFF and Wire feed are less than 0.05 

(P <0.05). Therefore, it reveals that the Voltage, Current, Pulse-OFF and Wire feed are 

majorly influencing machining parameters and less influence parameters are  wire tension, 

wire tension on Ra in the submergible medium machining of NCS A2TS. The value for 
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Voltage, Current, Pulse-OFF, Wire feed and wire tension are less than 0.05 (P <0.05). 

Therefore, it reveals that the Voltage, Current, Pulse-OFF, Wire feed and wire tension are 

majorly influencing machining parameters on Ra of SCS A2TS and the remaining 

machining parameter such as  fluid pressure is less influencing parameter. 

       Table 6: ANOVA for Ra values of NCS A2 tool steel and SCS A2 tool 

steel  

 

 TTable 6a: ANOVA for Ra values of NCS A2 tool steel in flushing medium 

Source DF Seq SS Adj SS Adj MS F P 

Voltage 1 0.7777356 0.7773554 0.777356 16.37 0.016 

Current 2 0.037411 0.037411 0.018706 3.96 0.113 

Pulse 
ON 

2 0,002744 0.002744 0.001372 0.29 0.762 

Pulse 
OFF 

2 0.008079 0.008079 0.004040 0.86 0.592 

Wire 
feed 

2 0.001744 0.001744 0.000872 0.18 0.838 

Wire 
tension 

2 0.002478 0.002478 0.0123 0.26 0.789 

Fluid 
Pressure 

2 0.008544 0.008544 0.04272 0.90 0.474 

Error 4 0.018889 0.018889 0.004722   

Total 17 0.157244     

S= R-Sq = 87.23%   R-Sq(adj) = 48.86% 

 

Table 6b :ANOVA for Ra values of NCS A2 tool steel in submergible medium 
Source DF Seq SS Adj SS Adj MS F P 

Voltage 1 0.06082 0.06082 0.06082 74.48 0.001 

Current 2 0.99734 0.99734 0.049867 57.95 0.001 

Pulse ON 2 0.006064 0.006064 0.003033 3.53 0.132 

Pulse 
OFF 

2 0.013048 0.013048 0.006524 7.58 0.044 

Wire feed 2 0.011509 0.011509 0.005753 6.70 0.053 

Wire 
tension 

2 0.001200 0.001200 0.00600 0.71 0.550 

Fluid 
Pressure 

2 0.001168 0.001168 0.00584 0.67 0.559 

Error 4 0.003442 0.003442 0.00860   

Total 17 0.200248 0.200248    

S= R-Sq = 98.17% R-Sq(adj) = 92.61% 
 

Table 6c : ANOVA for Ra values of SCS A2 tool steel in flushing medium 

Source DF Seq SS Adj SS Adj MS F P 

Voltage 1 0.077358 0.077358 0.077357 16.39 0.017 

Current 2 0.37417 0.37417 0.018707 3.91 0.114 

Pulse ON 2 0.002745 0.002745 0.001376 0.28 0.763 

Pulse 
OFF 

2 0.008077 0.008077 0.004038 0.88 0.592 

Wire feed 2 0.001764 0.001764 0.000876 0.19 0.836 

Wire 
tension 

2 0.002475 0.002475 0.001245 0.28 0.796 
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Fluid 
Pressure 

2 0.008545 0.008545 0.004236 0.93 0.482 

Error 4 0.018888 0.018888 0.004726   

Total 17 0.157245     

S= R-Sq = 87.99% R-Sq(adj) = 48.96% 
 

Table 6d : ANOVA for Ra values of SCS A2 tool steel in submergible medium 
Source DF Seq SS Adj SS Adj MS F P 

Voltage 1 0.063607 0.063607 0.063607 87.07 0.001 

Current 2 0.098012 0.098012 0.049008 67.09 0.001 

Pulse ON 2 0.005545 0.005545 0.002774 3.78 0.119 

Pulse 
OFF 

2 0.013879 0.013879 0.006938 9.51 0.031 

Wire feed 2 0.010745 0.010745 0.005374 7.36 0.047 

Wire 
tension 

2 0.001646 0.001646 0.000824 1.15 0.408 

Fluid 
Pressure 

2 0.001012 0.001012 0.00508 0.68 0.554 

Error 4 0.002923 0.002923 0.000732   

Total 17 0.197362     

S= R-Sq = 98.53% R-Sq(adj) = 93.71% 
 

 
3.3. Surface Morphology of NCS A2TS 

The images of SEM for the machined work-materials of NCS A2TS and SCS 

A2TS in flushing medium and submergible medium with optimum machining factors 

levels were revealed in Fig. 6(a-f).The surface texture of the machined work-materials is 

characterized by surface topography that consists of debris (D), spherical particles (S), 

craters (c), pockmarks (PM) and microcracks (MC). The profoundly influencing 

machining factors are Voltage, Current, Pulse-OFF, and wire feed, whereas Pulse-ON, 

wire tension, and fluid pressure are less influencing machining factors. When the Voltage 

and Current are high, it creates craters. When the intensity of spark is high, it transfers 

more heat on the top layer of the machined work-material and causes melting or 

evaporation of material as projected in Fig.6(c-d). When Pulse-OFF increases, it produces 

small craters where the intensity of spark is reduced as displayed in Fig. 6(a-b). With the 

increase in wire feed value, the carbon particles in the NCS A2TS is protruded out entirely 

from the surface of machined work-material and shows the dislodged portion (DP) in 

Fig.6(c-d). When Pulse-ON increases, the melting of the work-material increased to ensure 

cutting. It forms debris on the machined work-material surface, while the liquefied metal 

is taken away by the DF as projected in Fig. 6(e-f). The increase in wire tension leads to 

the increase of surface tension of the machined work-material resulting in the development 

of spherical particles as displayed in Fig. 6(a-d). When fluid pressure is high, the 

solidification rate is also high, and it creates pockmarks as displayed in Fig. 6(e-f). 

Fig.6(a-b) shows the outer most layer also called the recast layer (RL) of the 

machined work-material for flushing and submergible mediums respectively. In this layer, 

the material is liquified by the flux of sparks and re-solidified with the flow of DF on the 

top layer surface of contact, which cannot be removed by the DF. The thickness of the 

Recast Layer pointed as the region of the recast material divided by the length of the Recast 

Layer. When spark intensity increased with increasing Voltage and Current, the isothermal 

melting becomes stronger and resizes into the base metal that increases the thickness of 

the Recast Layer. As the work-material hardens superficially, the RL thickness was 

observed to change through the electrical spark discharge heat that creates porosity (P) 

and spherical deposits (S) on the machined work-material surface. The Recast Layer cools 
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very fast to avoid trapping of gas inside the material by supplying the DF. Even though 

the carbon particles are transferred away from work-material because of high discharge 

energy, they react with oxygen and form carbon monoxide on the machined work-material 

surface indicates the generation of corrosion (oxide layer (OL)). The Recast Layer is a 

non-uniform and wavy like structure that forms macro ridges on the top layer on the 

workpiece of the machined surface with the blasting of the material melts away from the 

surface with the fluid pressure and gets solidified with surrounding DF. The Recast Layer 

reaches the melting point and fusions particles to form nodules that change microstructure 

on the machined piece surface with tempering phenomena. The nodules formed with high 

Current and high Voltage shows the martensite-α structure. The visible martensite-α 

structure is formed with the combination of α-lamellar (light contrast) and β-lamellar (dark 

contrast) structures with the extreme heat produced by sparks discharge and rapid cooling 

with DF. The martensitic structures are seen more in the flushing medium compared to the 

submergible medium. 

 

Fig. 6(c-d) show the next layer of the Recast Layer called a white layer of the 

machined work-material for flushing and submergible mediums respectively. It 

experienced an increase and a decrease in temperature, but the maximum temperature is 

not required to reach the liquifying point of the work-material. This layer is rapidly heated 

and quenched in the WEDM process that increases the cracks formed in micro size on the 

machined work-material surface. These were caused by induced thermal stresses reaching 

values beyond the work-material ultimate tensile strength. The excellence in quality of the 

material reduces with microcracks produced due to fatigue and corrosion environment. 

The microcracks were observed. The heat of corrosive debris produces dense and coarse 

dendrite structures. The DF droplets react with molten material to form corrosive debris. 

The thermal stresses are minimum in the submergible medium with continuous cooling 

and maximum in the flushing medium with sudden cooling. 

Fig. 6(e, f) show the annealed area below the white layer of the machined work-

material for flushing and submergible mediums respectively. The maximizing in the 

intensity of spark increases the heat transfer rate on the machined work-material that 

causes localized melting of the work-material to form craters. The locally melted work-

material produced with spark discharge is taken away by the DF. The residual of the melt 

gets solidified on the top layer surface and forms debris. This Layer heats and cools very 

slowly and produces more Ra in flushing medium when compared to submergible medium 

because the rate of solidification is less in flushing medium when compared with the 

submergible medium. 

It concludes that in the recast layer, nodules were formed with a change in 

microstructure. It is more in a flushing medium compared to the submergible medium. 

The microcracks in a white layer were being noticed in the flushing medium but not in the 

submergible medium. In the annealed area, the debris formed in the flushing medium is 

larger compared to the submergible medium. These are due to the constant rate of 

solidification in submergible and variable solidification rate in flushing concerning its rate 

of cooling. Therefore, the flushing process reduces the electrode strength and the flexible 

nature of the tool gets reduced with varying re-solidification on the top layer surface of 

the electrode. In the submergible process, the strength of the electrode is increased and the 

flexible nature of the electrode gets increased with uniform re-solidification on the top 

layer surface of the electrode. These are the reasons for more Ra in flushing when 

compared to submergible. 
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Figure 6(a-f) the images of SEM for NCS A2TS in flushing medium 

6(a, c &e) and submergible mediums 6(b, d & f) represents. 
 

3.4. Surface Morphology of SCS A2TS 

 

The work-material converted into a superconductor is machined in flushing and 

submergible medium. Figure 7(a-f) shows that the Ra is more in flushing when compared 

to submergible medium in the superconducting state.The SEM images are taken out for 

SCS A2TS machined with the optimum machining factors levels in flushing and 

submergible mediums as shows in Fig. 7(a-f). The different layers of the machined work-

materials are analyzed. When the work-material is transformed into a superconductor, the 

electrical apposition drops to Zero. It increases the intensity of sparks. The melting of 
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particles takes place entirely and re-solidification also ensures perfectly with zero 

electrical resistance and more thermal conductivity as the work-material consists of very 

low temperature (77 K). Therefore, Ra of SCS A2TS is less when compared with NCS 

A2TS which is machined in flushing and the submergible medium as shows in Fig. 7(a-f). 

             The nodules that were formed due to martensite structure are smaller in size in the 

SCS A2TS compare to a NCS A2TS. The carbon particles were transferred from A2TS 

superconductor material with high discharge energy. Then it reacts with oxygen and forms 

carbon monoxide on the surface layer of the machined work-material identifies the 

generation of corrosion (oxide layer (OL)) and porosity. In flushing medium, oxide layers 

and porosity are more when compared to submergible medium due to improper cooling. 

Many fine nodules form matt surface with the solidification of work-material melt and 

vaporized carbon particles in the machining process. The material melts with high-

intensity of spark discharge and fluid pressure, results in crater formation on the surface 

layer of the machined work-material. The top layer of the machined work-materials 

consists of macro ridges that are formed with the blast of material melt from the surface 

of machined work-materials with the fluid pressure and gets solidified with surrounding 

DF. These are shows in the RL in Fig. 7(a, b). 

The Superconducting material has more electrical conductivity and induces high-

intensity sparks. It produces more corrosive debris in flushing when compared to 

submergible. Due to discontinuous cooling in flushing oxide, layer formation is more 

when compared to submergible as shows in a white layer in Fig. 7(c, d). 

It concludes that the penetration of sparks’ intensity is more in superconductor 

material. Therefore, it creates more molten material and re-solidifies the supply of DF. In 

the WEDM process, some of the locally melted work-material gets taken away by the DF 

while the remaining gets solidified and produces debris, pockmarks, craters and dislodged 

portion as shows in the annealed area in Fig. 7(e, f). 
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Figure 7(a-f) SEM images on SCS A2TS: 7(a, c & e) flushing medium and 

7(b, d & f) submergible medium respectively. 
3.5. Surface analysis 

Figure 8(a-d) shows the EDAX results analysis.The elements present in NCS 

A2TS are carbon, chromium, molybdenum, nickel, phosphorus, sulfur, silicon and 

vanadium. Figure 8(a) shows elements present in NCS A2TS after machining in a flushing 

medium. Figure 8(b) shows elements present in NCS A2TS after machining in a 

submergible medium. Figure 8(c) shows elements present in the SCS A2TS after 

machining in the flushing medium. Figure 8(d) shows elements present in the SCS A2TS 

after machining in the submergible medium. In figure 8(a) elements present percentage is 

less comparatively with Figure 8(c). In figure 8(b) elements present percentage is less 

comparatively with Figure 8(d). In a comparison of figure 8(c) and figure 8(d),figure 8(c) 

has less elemental percentage than figure 8(d). The missing elements react with oxygen 

present in dielectric fluid and atmosphere forms oxide layers. The workpiece machined in 

the flushing medium has more oxide layers comparatively with the submergible medium. 

In the flushing medium, the dielectric fluid is flushed in the interface of the tool and work-

piece, so there is a chance of entering air between the interface of electrode and workpiece 
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that increases the oxygen content and produces more oxide layers. But in a submergible 

medium, the workpiece machined in a closed pack of dielectric fluid acts as a perfect seal 

for air entry to the workplace, therefore, oxide layers formation is less in submergible 

layers compare to flushing medium. In superconductors state the electrical resistance at 

very minimum therefore melting and re-solidification of materials will take place perfectly 

therefore oxide layers formation is less in superconductors. The oxide layers formation 

depends on Ra, the Ra is reduced with decreasing formations of oxide layers. It gives a 

smooth finished surface on the machined-workpieces. 

 
Figure: 8 (a-d) shows the EDAX results for machined workpieces 

 

 

4. Conclusions 

 
The results concludes that the NCS A2TS  and SCS A2TS  are machined in two 

different dielectric mediums viz flushing and submergible mode using WEDM. It is 

observed that there are variations in surface roughness concerning machining factors, 

which are summarised as follows: 

 

1. The influenced machining parameters on Ra in WEDM of NCS A2TS and SCS 

A2TS in flushing and submergible mediums were noticed using Taguchi 

analysis and ANOVA. 

2. The goal of research is achieved that electrical power wastage is reduced and 

the workpiece surface finish were enhanced. The surface morphology of machined 

specimens were studied using SEM and EDAX and found that surface roughness 
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is less for SCS A2TS. In superconductors’ oxide layers formation is less 

comparatively with normal conductors.  

3. The Successive improvements were found in machining NCS A2TS and SCS 

A2TS in flushing and submergible mediums. 

 The NCS A2TS machined in WEDM found successive improvements of 

Ra in flushing medium were 4.330 µm obtained from L18 set of 

experiments, The Ra 3.861 µm achieved from the optimum levels of 

machining factors, and the Ra 3.18 µm for SCS A2TS from the best of 

L18, Ra 2.670 µm for SCS A2TS obtained from the optimum levels of 

machining factors.  

 The NCS A2TS machined in WEDM found continuous improvements of 

Ra in the submergible medium were 3.200 µm obtained from L18 set of 

experiments, The Ra 2.81 µm obtained from the optimum levels of 

machining factors and the Ra 2.10 µm achieved for SCS A2TS from the 

best of L18, Ra 1.752 µm attained for SCS A2TS form the optimized 

levels of machining factors. 

4. The percentage improvement in the surface finish in between NCS A2TS and 

SCS A2TS in flushing and submergible mediums is noticed experimentally as 

30.84% and 37.89% respectively from optimized levels of machining factors.  
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