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Abstract: Over the past few decades, better surface quality has remained of great interest to re-
searchers. It deteriorates the fatigue life of the workpiece. The criticality arises when a material of
greater strength is selected to work in high-temperature areas such as nickel (Ni)-based superalloys,
categorically Inconel 617. Conventional machining operations are not the best choice for the ma-
chining of this alloy because of its low density and greater strength. Therefore, electric discharge
machining (EDM) is generally engaged. Still, there is a great necessity to make a more reliable surface
using EDM, which performs better even in harsh working areas. Therefore, this study examined the
potential of deep-cryogenically treated electrodes under the modified dielectrics of transformer oil
in the said context, which has not been discussed so far. A set of 30 experiments was performed,
designed using the full factorial technique. Deep-cryogenically treated electrodes provided bet-
ter surface quality in comparison to the non-treated electrodes. Amongst the deep-cryogenically
treated electrodes, brass performed outstandingly and provided the lowest value of surface rough-
ness (SR), 6.65 µm, in the modified dielectric of transformer oil with Span 80. The surface finish
of deep-cryogenically treated brass is 28.72% better compared to the average value of the overall
deep-cryogenically treated electrodes. The lowest value of SR (8.35 µm) was gained by engaging
a non-cryogenically treated Cu electrode with a T-20–transformer oil-modified dielectric. The said
value of SR is 17.7% better than the highest value of SR achieved in the case of S-80–transformer oil
with a non-cryogenically treated Cu electrode.

Keywords: surface quality; cryogenic treatment; transformer oil; Inconel 617; surfactant

1. Introduction

Surface quality is an essential aspect of all machining processes, i.e., traditional, and
nontraditional. The better surface quality of difficult-to-machine alloys increased the fatigue
life of work in harsh cutting areas [1]. The material removal phenomena cause overlapping
craters in nontraditional machining operations, resulting in a rougher surface [2]. There is a
functional relationship between the roughness and the performance/functional properties
of the machined surface. The roughness of a machined surface has an important role in
determining the interaction between the surface and its functional environment. A rough
surface usually demonstrates a high wear rate and higher coefficient of friction than a
smooth surface. It influences the mechanical and chemical properties of the machined
component [3]. An increase in surface roughness (SR) upsurges the stress concentration
factor, leading to a decrease in fatigue strength [4]. Moreover, a high roughness value
promotes grain slip and crack initiation at the surface of the material [5]. The corrosion
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rate is also affected by a variation in this parameter. It has been reported that the corrosion
rate significantly improves as the arithmetic mean roughness (Ra)—one of the measures of
surface roughness—is increased [6].

During the spark-off time, eroded material resolidified on the workpiece’s surface,
forming a recast layer that increased the material’s SR. The SR parameter ‘Ra’ is termed
as the arithmetic average of the irregularities produced on the surface of the machined
specimen after the machining process. The recast layer showed different characteristics
compared to the original material. Properties such as brittleness and hardness of the
material after the recast layer are changed from the previous material [7]. Therefore, the
recast layer in the non-conventional machining process must be avoided so that the fatigue
life of work can be increased. Hard-to-cut Ni-based superalloys such as Inconel 617 are
widely used in aerospace, gas turbines, super boilers, aircraft, and combustion cans [8].
Ni-based superalloys are employed in the above fields due to their high stability under
vigorous cutting, strength, and low density [9]. Considering its unique properties, the
increased strength, low thermal conductivity, and rapid strain hardening make Inconel
617 difficult to machine using typical methods such as milling, drilling, and lathe [10]. A
non-traditional setup was built to process the Ni-alloy for this purpose. Electric discharge
machining (EDM), wire-EDM, electric discharge drilling, and milling are examples of
nonconventional processes [11,12]. Because of its new qualities, the EDM die sinker was
chosen over all other choices. One of the great benefits of EDM is that it can be used for
machining with a thin tool, resulting in precise geometric perfection as well as an excellent
surface quality that cannot be achieved using other traditional machining procedures such
as grinding [13]. As illustrated, regardless of mechanical properties, EDM can process
difficult-to-cut materials such as Inconel 617 [14,15].

EDM, or spark erosion, is preferred over older methods because it can precisely build
complicated morphologies, dies, and molds regardless of material type [16,17]. Researchers
say EDM can cut strong metals, alloys, and composites without respect to metallurgical
properties [18]. EDM uses repeated electric sparks between the workpiece–electrode gap to
melt and vaporize the material. Discharges create a plasma channel in the gap by ionizing
the dielectric fluid surrounding the electrode [12,19]. The tool’s surface is opposite the
object’s needed shape [20,21]. EDM requires dielectric fluid [22,23]. It cools the material
during pulse off-time and flushes debris/chips from the machined surface [24]. EDM uses
several dielectrics based on need. Dielectric fluids include mineral oils, hydrocarbons,
mineral seal oils, water-based dielectrics, water with and without additives, gaseous
dielectrics, and powder-added dielectrics. Dielectrics differ in material removal rate (MRR),
surface quality, wear ratios, and accuracy [25,26]. In EDM, kerosene oil is commonly
utilized as a traditional dielectric liquid. However, its high flammability, minimum cutting
rates, and poor performance as a result of material removal rate, tool wear rate, and
surface polish make it unsuitable for operating Inconel 617 using EDM [27]. As a result,
researchers have shifted their focus away from kerosene and onto another hydrocarbon-
based dielectrics, i.e., transformer oil, with a higher flash point, fire point, lower viscosity,
and higher thermal conductivity. Furthermore, transformer oil produces better results than
kerosene oil, but the MRR, tool wear rate (TWR), and SR obtained using it as EDM oil
are insignificant [28]. To overcome the said flaws, certain additives have been added to
increase the dielectric properties and the machine reactions.

To address the restrictions of poor surface quality, an electrically conductive metal
powder, such as alumina, copper, and silicon, is added to the dielectric fluid, reducing its
insulating property [29]. These conductive microparticles/nanoparticles operate as a bridge
when an appropriate voltage is supplied across the tool and workpiece material. Because
these powder particles are scattered, they form chains in several locations beneath the spark-
ing area, increasing the spark gap [30]. Fast sparking occurs when the number of sparks
per unit time increases, causing the workpiece material to be removed quickly [29,31]. By
expanding the plasma channel, added powder enhances spark density. As a result, regular
sparking occurs on the material. This uniform sparking contributes to the workpiece’s
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smooth surface finish [32]. However, the introduction of micro/nano-powder to the dielec-
tric medium experienced a serious difficulty of agglomeration, which curtailed sparking
through the dielectric medium and hence limited EDM performance [33,34]. The creation of
agglomeration during EDM reduces sparking, thereby affecting output results. Surfactants
lower dielectric medium surface tension and facilitate additive mixing and mobility [35].
Surfactants are hydrophilic and lipophilic surface-active substances [36]. Emulsifiers, which
are classified as a subgroup of the substance class known as surfactants, are also employed
in dielectrics to increase surface smoothness [37].

Poor surface finish during material EDM is the key concern. Surfactants and metallic
particles in dielectric media as well as electrodes treatment are used to solve the problem.
Deep-cryogenically treated (CT) electrodes during EDM have solved this problem in
previous investigations. Cryogenic treatment of electrodes increased wear characteristics
by eliminating poor surface finish [38]. Ozdemir [39] performed shallow CT high Cr-
Fe and low carbon cast steel at −84 ◦C and discovered improved wear characteristics.
Shallow cryogenic treatment improved microstructure, the study found. Senthilkumar
and Rajendran [40] found that cryogenic treatment on En 19 steel increased its wear
characteristics by 114% after shallow cold working and 214% after deep cold working.
Jamadar and Kavade [32] measured the SR of AISI D3 steel using a copper electrode in
EDM and aluminum powder particles in IPOL oil as a dielectric. At low peak current, higher
pulse on time, and six grams per liter of aluminum powder in the dielectric medium, the
SR of the steel improved significantly. Jafarian [20] used Inconel 718 alloy as base material
and EDM against a square copper electrode in kerosene oil as a dielectric. By increasing
the pulse on time from 120 to 240 µs, the machined specimen’s SR improved significantly,
according to the author. Kumar et al. [30] examined Inconel 718 alloy workpiece and
copper electrode EDM output responses. Stirrers suspended aluminum powder in EDM
oil. Suspended aluminum powder increased the specimen’s SR. The right current input
parameter improved MRR and TWR output responses.

Kolli and Kumar [18] used the Taguchi design of the experiment to determine how
the surfactant and graphite powder dispersed in dielectric medium-affected titanium al-
loy EDM against the copper electrode. The authors found that using the least surfactant,
graphite powder, and discharge current resulted in the best surface finish. Abdul Razak
et al. [41] investigated surfactant(s) addition during EDM of reaction-bonded silicon car-
bide against a copper electrode using EDM oil as the dielectric medium. MRR, SR, and
TWR were better with the surfactant Span 20 than Span 80. Adding 0.4 weight % to the
dielectric medium during EDM improved the surface finish. Li et al. [42] evaluated the
machining proficiency of EDM by taking Inconel 718 alloy as the workpiece and two dif-
ferent electrodes, namely simple copper and a modified electrode, i.e., Cu-SiC, during the
machining operation. The authors concluded that the modified electrode provided high
surface quality compared to the simple one when the machined specimen was testified. The
supremacy of EDM was examined by Wu et al. [43] by using SKD61 steel as the workpiece
material and copper as the electrode, and in addition, surfactant was added to enhance
the conductivity of the dielectric medium. The authors found that due to the addition
of the surfactant in the dielectric medium, the output response, i.e., MRR, increased by
40%, but when the optimal settings were engaged, the said response was enhanced by 80%.
The authors also claimed that the SR did not significantly deteriorate when MRR was of
greater value. Kumar et al. [38] used the cryogenic treatment on different electrodes to
determine tool life and study its effects on electrode materials. The cryogenic treatment on
the electrodes increased tool life by 92% and improved tribological characteristics (wear
and friction coefficient), hardness, and toughness. AbdulKareem et al. [44] examined the
effect of cryogenic treatment on a copper electrode during EDM of titanium alloy. By cryo-
genically treating the copper electrode, the electrical and thermal conductivities increased,
improving output responses.

Srivastava and Pandey [45] examined how cryogenic treatment affected a copper
electrode against high-speed steel during EDM of M2-grade steel. The authors found that
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cryogenic treatment on the copper electrode lowered EWR by 20% and improved surface
quality by 27% compared to standard machining. Ram et al. [46] examined the influence of
cryogenic treatment on a graphite electrode during the EDM of EN31 as the base material.
The authors found that the CT graphite electrode enhanced the surface finish of EN31 when
the machined specimen was testified, and statistical data approaches were engaged. Jaffer-
son and Hariharan [47] investigated the wear properties of different electrode materials,
i.e., tungsten, brass, and copper, against the workpiece material AISI304 during EDM. The
authors found that a CT tungsten electrode provided better microhardness, less TWR, and
better electrical conductivity compared to other electrodes.

Bartkowiak et al. [48] explored the surface topography of steel using graphite elec-
trodes during the EDM process and by utilizing motif and multiscale analyses. The
authors found that with the change in the machining parameters the surface topography,
i.e., craters, changed. Along with that, the authors also claimed that the discharge en-
ergy was the most influential effect, which results in the production of large amounts of
craters. Gogolewski [49] used spherical objects to assess the surface morphology of Ti
alloy-based powder prepared using additive technology. The surface morphology was
measured using a multiscale approach. The author claimed that the findings aid in the
advancement of cutting-edge diagnostic systems that can examine surface topography
swiftly and thoroughly across several phases of data collection and processing.

Based on the research discussed above, the effectiveness of surfactant-based dielectrics
using deep cryogenically treated (CT) electrodes is still to be determined. Additionally, the
surfactant(s) capacity for Inconel 617 EDM utilizing CT electrodes has not been thoroughly
discovered using transformer oil. The SR of a Ni-based superalloy using CT and non-deep
cryogenically treated (NT) electrodes in various dielectrics examined in this work will be a
great contribution to impeding the recast layer and obtaining a better surface finish during
the EDM process. The experiment used CT and NT electrodes with distinct dielectrics with
the addition of surfactants in transformer oil. Energy-dispersive X-ray spectroscopy (EDS)
analysis was also explored to investigate the deposition of materials on the workpiece
surface after EDM. The optimal dielectric and electrode are recommended and tested for
this project.

2. Materials and Methods

Using five tailored dielectric mediums, deep cryogenically treated (CT) and non-deep
cryogenically treated (NT) electrodes were tested against a Ni-based superalloy during
machining. Surface roughness (SR) was used to evaluate the most important process yield.
Optical microscopy was used to determine Inconel 617’s composition. SR was measured
in terms of arithmetic mean (Ra), which is a commonly used roughness parameter. The
selection of this parameter was based on the rationale that it provides the mean value of
surface asperities distributed about the mean line within the defined evaluation length. So,
this parameter shows a holistic picture of the surface’s quality. For each of the machined
cavities, roughness measurements were made at five different points. Considering that
the roughness values are closely related (standard deviation is small), an average of these
five points was used for further analysis. Table 1 lists the chemical composition of the
selected workpiece material and details the parameters kept constant in this study. These
parameters were kept constant, as the focus of the current research is to evaluate the impact
of nontreated and cryogenically treated electrodes on surface quality in EDM of Inconel-617
(IN617) under surfactant-based transformer oil dielectrics. Preliminary trials were carried
out to determine the values of these parameters. Those parametric levels were identified
for final experimentation, which ensures the availability of complete machining expression
on the workpiece surface. Minimum chance of arcing was another important consideration
that was kept in mind while finalizing the parametric values. A rectangular workpiece
with dimensions 60 mm × 60 mm × 5 mm was used for experimental investigation.
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Table 1. Chemical attributes of nickel-based superalloy and constant factor [50].

Element %Wt. Element %Wt. Constant Factors (Units) Values

Ni 44.5 B 0.006 Surfactant concentration (vol %) 6

Cr 20.0–24.0 S 0.015 Spark voltage (volts) 4

Co 10.0–15.0 Cu 0.5 Current (amperes) 10

Mo 8.0–10.0 Ti 0.6 Pulse off time (µsec) 26

Fe 3.0 Mn 1.0 Pulse on time (µsec) 100

Al 0.8–1.5 Si 1.0 - -

C 0.05–0.15 - - - -

This investigation used 9 mm diameter copper, brass, and graphite electrodes. Elec-
trode materials’ efficiency was tested before and after cryogenic treatment. The electrodes
were inserted in the nitrogen container and exposed to liquid nitrogen at −185 ◦C to cryo-
genically operate. Electrodes were held at this temperature for around 24 h to finish the
cryogenic process. Five dielectrics—transformer oil, Span 20+ transformer oil, Span 80+
transformer oil, Tween 20+ transformer oil, and Tween 80+ transformer oil—were tested
against three electrodes. Table 2 shows the surfactants’ main traits.

Table 2. Chemical and physical properties of surfactants [27,51,52].

Properties Chemical Formula Molecular Weight
(g/mol)

Density (g/cm3

at 25 ◦C)
Flashpoint (◦C)

Hydrophilic-
Lipophilic Balance

(HLB) Value

T-80 C64H124O26 1309 1.08 148 15

T-20 C58H114O26 1227.54 1.095 >110 16.7

S-80 C24H44O6 428.60 1.068 186.2 4.6

S-20 C18H34O6 346.46 1.032 >110 8.6

Introductory tests determined how parametric settings affected the process. The
technique was developed during the first experiments and used for final experimentation
to match the workpiece’s complete machining impression. These traits also reduce tool
and workpiece burns. Table 3 lists the machine settings based on the experiments, Table 4
compiles the properties of electrodes [1,53] and Table 5 shows the properties of transformer
oil dielectric. Determining transformer oil dielectric surfactant concentration was crucial.
Preliminary experiments against the given selection criterion determined the final choice;
however, a literature introduction guideline was used. Early results suggest a surfactant
concentration of 6% for the criteria. A motorized stirrer tank was designed to mix surfactant
and transformer oil. The stirrer mechanism mixed dielectric and surfactant during the
experiment. Figure 1 shows an EDM machine (model: RJ230) used in this experiment,
while Figure 2 exhibits the cross-sectional views of the electrodes.

Table 3. Input parameters levels.

Input Variable Level 1 Level 2 Level 3 Level 4 Level 5

Treatment type NT CT - - -

Electrode type Copper Brass Graphite - -

Type of dielectric Pure transformer
oil

S-20–transformer
oil

S-80–transformer
oil

T-20–transformer
oil

T-80–transformer
oil
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Table 4. Physical and electrical properties of the electrodes [1,53].

Properties Copper Brass Graphite

Density (g/mm3) 8.904 × 10−3 8.55 × 10−3 1.77 × 10−3

Electrical resistivity (Ω.m) 1.96 × 10−8 4.7 × 10−7 60 × 10−5

Melting point (◦C) 1083 990 3350

Specific heat capacity (J/g ◦C) 0.835 0.380 7.1

Electrical conductivity (S/m) 59 × 106 16 × 106 0.3 × 106

Table 5. Properties of transformer oil and physical attributes of superalloy [8,54].

Properties Values Properties Values

Breakdown voltage (kV) 56.8 Density (kg/m3) 8360

Flash point (◦C) >140 Melting range (◦C) 1332–1380

Pour point (◦C) −40 Specific heat (J/kg C) 419

Viscosity (Pa-s) 7.9 × 10−3 Electrical resistivity (µ Ωm) 1.22

Density (kg/dm3) at 20 ◦C 0.81 - -

The investigation was carried out using a full factorial experimental approach.
Table 3 summarizes the input parameters with levels. Each test was machined 0.3 mm and
30 experiments were conducted. The first fifteen experiments used NT electrodes, and the
last fifteen used CT electrodes. Once the experiment had been conducted satisfactorily, the
output parameter was evaluated. The SR of the machined specimen was measured using
a surface roughness tester (Surtronic-128) manufactured by Taylor Hobson, as shown in
Figure 3. Before taking measurements, the instrument was calibrated using a standard
specimen provided by the manufacturer. Afterward, the machined specimen was placed
below the stylus probe of the equipment. It was ensured that the surface of the machined
specimen was parallel to the stylus. A cutoff length of 0.8 mm and an evaluation length
of 4 mm were used in this study to measure the roughness value. ISO-4287 roughness
standard was used for measurements. As in the current scenario, the designed diameter of
the machined cavity is 9 mm; therefore, the aforementioned cutoff length and evaluation
length were used, which is the closest match as per the ISO standard for surface roughness
measurement. The collected data were then analyzed using bar charts. Three-dimensional
surface profilometry graphs can been seen in the Section 3 to determine surface attributes.
Considering Inconel 617 EDM’s physical phenomena, results are described. The best
electrode material and most efficient dielectric were provided for the desired response
characteristics.
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3. Results and Discussion

The machining performance of EDM of Inconel 617 in terms of surface roughness (SR)
is evaluated using deep-cryogenically treated (CT) and non-deep cryogenically treated
(NT) electrodes under different types of modified dielectric media to determine the effect
of machining on the Ni-based superalloy. The results pertaining to SR, along with results
due to NT electrodes, are presented in the form of bar charts, as shown in Figure 4.
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EDM was used to study the effect of regime change—dielectric medium and electrode
material in terms of surface roughness (SR)—on Inconel 617’s surface. In pure trans-
former oil, non-deep cryogenically treated (NT) Copper (Cu)-electrodes have the lowest
SR, 9.25 µm. The high flash point (140 ◦C) of transformer oil and the high breakdown
voltage (56.8 kV) of the dielectric utilized in this investigation explain the low SR in pure
transformer oil due to the NT Cu-electrode. The transformer oil’s high flash point prevents
erratic sparking and lowers the machined specimen’s SR. Figure 5a shows EDM-formed
shallow craters on an Ni-based superalloy. Additionally, the Taylor Hobson roughness
meter graph showed the machined profile’s low SR. The machining capability of EDM
was investigated using an NT graphite electrode in pure transformer oil. It was found
that the NT graphite electrode ranked second in achieving the minimum SR (9.95 µm)
during the cutting phenomenon of Ni-based superalloy. The reason for the second-highest
SR is due to the high pulse on time (100 µs), which leads to the generation of irregular
and nonuniform sparking. This irregular sparking produced deep craters on the surface
of Inconel 617 during EDM. The microscopic image shown in Figure 5c illustrates the
high SR and depicts the deep crater formed on the machined profile. The graph attached
below the microscopic image in Figure 5c demonstrates the peak values, which are an
indication of high SR. In pure transformer oil, the NT brass electrode had the highest SR,
10.75 µm. Pure transformer oil had the greatest SR value because brass has the lowest
melting point (990 ◦C) of the electrodes utilized in this investigation. The spark density
melts and solidifies Ni-based superalloy due to its low melting point. The phenomenon
increased the SR of the specimen due to the brass electrode, and the microscopic image
shown in Figure 5b indicates the presence of shallow and wide craters.
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Figure 5. Microscopic surface roughness of non-deep cryogenically treated (a) copper, (b) brass, and
(c) graphite electrodes in transformer oil.

S-20, a span representative, was studied for EDM using several NT electrodes. When
non-deep cryogenically treated (NT) copper (Cu) and graphite electrodes are machined
against Inconel 617 in S-20–transformer oil, they offer the same lowest value of surface
roughness (SR) 8.75 µm, which is 5.4% and 12.1% lower than in pure transformer oil. S-20
disperses dielectric molecules, which directly did not agglomerate the degraded particles
of the Ni-based superalloy, reducing the SR of NT Cu and graphite electrodes. The Cu and
graphite electrode and S-20 in transformer oil after EDM provide Inconel 617 with a low
SR. The SEM analysis is shown in Figure 6a, representing shallow craters that illustrate
better surface finish. EDM was used to measure SR using an NT brass in S-20–transformer
oil-modified dielectric. The NT brass provided the maximum SR, i.e., 11.0 µm, compared
to other electrodes, and an increment of 2.2% was found using S-20–transformer oil relative
to pure transformer oil. The reason for the increment in the SR is due to the NT brass
electrode employed possessing the low electrical conductivity of brass (16 × 106 S/m). Due
to the low electrical conductivity and low melting temperature (990 ◦C) of the brass, eroded
material melted and resolidified on the machined profile of the said superalloy. To justify
this, the specimen machined by the NT brass electrode was testified using SEM. The SEM
image shown in Figure 6b depicts the presence of the recast layer on the surface of Inconel
617. This recast layer is the primary reason for the increment in SR of the nickel (Ni)-based
superalloy even after the addition of surfactant. Figure 7 shows a 3D surface profilometry
of superalloy in S-20–transformer oil with NT brass, showing heightened peaks and valleys
and a higher average Ra.
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Figure 7. Three-dimensional profilometry in S-20–transformer oil using non-deep cryogenically
treated brass.

During Inconel 617 machining using S-80-transformer oil, the non-deep cryogenically
treated (NT) graphite electrode had the lowest surface roughness (SR), 9.5 µm. The rough
surface in S-80-transformer oil was 9.7% more uneven than the profile acquired in S-20–
transformer oil. NT graphite’s porousness and lower electrical conductivity (0.3 × 106 S/m)
explain why S-80’s modified dielectric SR was higher than S-20’s. Graphite’s characteristics
caused erratic sparking. Thus, irregular and nonuniform sparking at a high pulse on time
(100 µs) melts more material, but in pulse off time, this eroded material resolidifies on the
surface of Ni-based superalloy, resulting in poor surface quality. NT brass electrodes were
used to study EDM machining efficiency. The S-80–transformer oil-modified dielectric had
the second-lowest SR (9.85 µm). Compared to S-20–transformer oil, S-80–transformer oil
had 10.5% more designed surface. The reason for the greater surface finish in S-80 is linked
with its high flash point (186.2 ◦C) and that of the dielectric medium (140 ◦C); because of
the high flash points, the burning phenomenon did not take place and provided a greater
surface finish in the modified dielectric of S-80 surfactant. The NT copper (Cu) electrode
produced the highest SR (10.15 µm) in Inconel 617 machining using the S-80–transformer oil
dielectric. S-80–transformer oil’s SR was 13.8% higher than that of S-20–transformer oil due
to the NT Cu electrode’s rougher surface. Cu’s high electrical conductivity (59 × 106 S/m)
caused the NT Cu electrode’s high SR. The S-80’s poor surface quality was caused by the
NT Cu electrode’s increased electrical conductivity eroding more material from Inconel 617.

The representative of tweens, T-20, with varied NT electrodes machining nickel (Ni)-
based superalloy, was used to determine EDM’s proficiency. Figure 4 shows that the NT
Cu electrode had the lowest SR (8.35 µm) in the T-20–transformer oil-modified dielectric,
13.8% better than S-80. T-20 had the highest HLB (16.7), which lowered SR and improved
value compared to S-80 surfactant-based modified dielectric. Therefore, the higher the
HLB was, the lower the tension of the dielectric was, which resulted in the impeding of
the phenomenon of eroded debris agglomeration. SEM was performed on the machined
profile of Ni-based superalloy gained after engaging with the NT Cu and T-20 surfactant, as
shown in Figure 8a. The SEM image of the machined specimen shown in Figure 8. depicts
the shallow craters formed, which is an indication of good surface finish. Figure 9 shows
a 3D surface profilometry in T-20–transformer oil dielectric with NT Cu, showing short-
heightened peaks and troughs. The NT brass electrode had the second-lowest SR (8.8 µm)
in T-20–transformer oil during Inconel 617 machining. Compared to the machined surface
in S-80–transformer oil, a refined machined surface was achieved in T-20–transformer oil,
which was a 10.7% improved surface compared to the machined surface gained in the
case of S-80 with the same electrode. The reason for the low SR is due to the NT brass
electrode being linked with the said findings in the case of the NT Cu electrode and T-20
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surfactant. The machining performance of EDM due to use of an NT graphite electrode was
investigated against the work part and in the presence of the T-20–transformer oil dielectric
medium. The NT graphite provided the highest SR (10.15 µm), which was 6.4% higher than
the value achieved using S-80–transformer oil. The porous nature of NT graphite is the
primary reason for the highest SR even with the highest HLB of the T-20. This porosity of
the graphite electrode causes an agglomeration phenomenon that leads to the poor surface
finish in the modified dielectric of T-20. Moreover, the SEM image shown in Figure 8b
depicts the melts redeposited and deep craters that increased the SR of the base material.
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treated copper.

The non-deep cryogenically treated (NT) graphite electrode had the lowest surface
roughness (SR) (8.4 µm) with Inconel 617 and T-80–transformer oil-modified dielectric
metal. T-80–transformer oil with NT Graphite had 17.2% lower machining performance
than S-80. Graphite had the greatest melting point (3350 ◦C) of all electrodes, which
lowered SR in T-80–transformer oil-modified dielectric. This high melting point prevented
electrode melting and vaporization, resulting in a high surface finish. Figure 10c shows
small, shallow craters on the machined specimen, indicating a higher surface quality. In T-
80–transformer oil, the NT brass had the second highest SR, 8.55 µm. The T-80–transformer
oil with NT brass yielded 2.8% less than the T-20–transformer oil dielectric medium. The
fact that greater surface finish was achieved due to NT brass electrode is due to brass
having lower electrical conductivity (16 × 106 S/m), and this lower electrical conductivity
incorporated with the second highest HLB value (15) of T-80 to flush away the eroded
material during the pulse-off time. In this way, solidification of worn debris is avoided,
which helps in achieving a better surface finish. Figure 10b shows a microscopic view of the



Metals 2023, 13, 1092 12 of 24

nickel (Ni)-based superalloy’s machined profile with shallow craters. The potentiality of
EDM was tested in the presence of T-80–transformer oil dielectric medium and NT copper
(Cu). SR, 8.85 µm, was 5.60% larger than that achieved during machining using NT Cu
and T-20–transformer oil. The NT Cu electrode had high SR because Cu has high electrical
conductivity (59 × 106 S/m) compared to other electrodes tested in this investigation. Cu
sparks irregularly and erodes material due to its strong electrical conductivity. Figure 10a
shows deep and small superalloy craters.
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Figure 10. Microscopic surface roughness of non-deep cryogenically treated (a) copper, (b) brass, and
(c) graphite electrodes in T-80–transformer oil.

The following is the overall summary of non-deep cryogenically treated (NT) electrode
performance during the EDM of nickel (Ni)-based superalloy. The NT copper (Cu) electrode
provided the lowest surface roughness (SR) (8.35 µm) in the T-20–transformer oil-modified
dielectric medium. The machined surface obtained in the presence of modified dielectric
medium (T-20–transformer oil) was 9.7% more improved and refined than the machined
profile achieved without the use of surfactant. The NT graphite electrode was observed as
ranking second in achieving the lowest SR (8.4 µm) in the presence of T-80–transformer oil
during the machining of hard-to-cut superalloy. An enhancement of 15.6% in the machined
profile was observed when the Inconel 617 was cut in the presence of modified dielectric
(T-80–transformer oil). The NT brass electrode achieved the lowest SR (8.55 µm) in the
same modified dielectric, i.e., T-80–transformer oil. It was found that if T-80–transformer oil
dielectric is used, then an improvement of 20.5% can be achieved in the machined surface
other than if the pure transformer oil dielectric is considered. The graph shown in Figure 11.
elaborates on the proficiency of NT electrodes in achieving the maximum and minimum
values of SR in different modified dielectrics.

The machining ability of EDM of Inconel 617 in terms of surface roughness (SR) was
investigated using deep cryogenically treated (CT) electrodes under different types of
modified dielectric media. The results pertaining to SR, along with results due to CT
electrodes are presented in the form of a bar chart, shown in Figure 12.
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Figure 12. Surface roughness comparison of distinct deep cryogenically treated electrodes.

Different deep cryogenically treated (CT) electrodes and modified dielectrics were
used to investigate Inconel 617 surface roughness (SR) in EDM. Figure 12 shows that the
CT copper (Cu) electrode had the lowest SR of 8.3 µm in pure transformer oil compared to
other cryogenic electrodes. The SR value was 10.3% better than the NT Cu electrode with
the same dielectric medium. Cryogenic treatment refines the grain structure, preventing
erratic sparking and lowering SR, resulting in higher surface quality in pure transformer
oil. In pure transformer oil CT, copper achieved less SR, i.e., a better surface finish than the
non-deep cryogenically treated (NT) electrode. This is quite understandable considering
the phenomenon of crater size. Craters were larger and deeper on the surface machined
using the NT Cu electrode as compared to CT electrodes, as shown in Figure 13a. It is well
known that smaller crater dimensions result in a better surface finish [55]. Yildiz et al. [56]
also reported that the use of CT electrodes results in lower SR compared to NT electrodes.
The proficiency of EDM was evaluated using a CT brass electrode against work part 617
in pure transformer oil. It was found that the CT brass stood second in achieving the
lowest SR (10.05 µm) in the pure transformer oil. The machined surface achieved in the
case of CT brass and pure transformer oil dielectric showed a 6.5% improved machined
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surface compared to the NT brass electrode. The surface asperities achieved due to the
NT brass electrode were rougher and more crowded than the surface achieved in the case
of the CT brass electrode. Figure 13b depicts those asperities as more random and wider
in the NT scenario than the profiles achieved after the cryogenic treatment on the brass
electrode. CT graphite achieved the highest SR (10.65 µm) in pure transformer oil compared
to other CT electrodes. The reason for the high SR value due to the CT graphite electrode
is that the low electrical conductivity (0.3 × 106 S/m) is assisted by cryogenic treatment.
Moreover, the porous nature of the graphite electrode also improved due to said treatment,
and these two properties were enhanced and incorporated to uplift the outcome response.
The microscopic image shown in Figure 13c illustrates that even the CT graphite electrode
achieved a higher SR compared to the NT graphite electrode, but the burn marks were
reduced, which were produced by irregular sparking due to cryogenic treatment on the
graphite electrode.
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graphite electrodes in transformer oil.

S-20 with transformer oil as dielectric and various deep cryogenically treated (CT)
electrodes against an Inconel 617 work part were used to measure EDM potentiality. In
the modified dielectric, S-20–transformer oil, the CT copper (Cu) electrode had the lowest
surface roughness (SR), 9.1 µm. SR was 8.8% greater than CT Cu–pure transformer oil.
Cryogenic treatment helps Cu’s electrical conductivity (59 × 106 S/m) increase the SR
value. Due to the assistance of cryogenic treatment in conductivity, higher spark density
was produced during the pulse on time, and greater melting and vaporization occurred,
which led to a poor surface finish. The microscopic image shown in Figure 14a describes
the smaller but shallow crater formation on the surface of a Ni-based superalloy, which
is an indication of poor surface finish. SEM of the specimen, machined using a CT Cu
electrode in S-20–transformer oil dielectric, was performed, as shown in Figure 15a. The
SEM image also shows a little melt redeposited on the surface of the Inconel 617, which
is an indication of a greater surface finish. Figure 12 depicts that the CT brass electrode
achieved the second lowest SR with a value of 9.65 µm in the presence of S-20–transformer
oil and, compared to the values with pure transformer oil in CT brass and S-20–transformer
oil in non-deep cryogenically treated (NT) brass, improvements of 4.0% and 12.3% in SR
value were observed using the same electrode. The reason for achieving a better surface
finish is due to the CT brass electrode linked with the addition of S-20 in transformer oil.
The surfactant addition in the dielectric medium lowers the surface tension of the dielectric,
which incorporates flushing away the debris from the workpiece material. Due to this
recast layer, a better surface finish is achieved. Figure 14b depicts the more refined surface
of the specimen due to S-20 addition, and the cryogenic treatment on the electrode. The
performance of EDM was evaluated using CT graphite against the machining of the said
work part in S-20–transformer oil. CT graphite electrode achieved the highest SR value
in S-20–transformer oil, and there was an increase in the value of SR by 1.40% compared
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to the value gained in pure transformer oil. The reason for the increment in the SR due
to the CT graphite electrode is that the porous nature of graphite is improved by the
treatment and the conductivity of graphite is therefore assisted by the said treatment. These
characteristics are responsible for providing a poor surface finish. The microscopic image
shown in Figure 14c, describes the poor surface finish achieved in S-20–transformer oil due
to the CT graphite electrode. Taylor Hobson’s SR graph also depicts higher average surface
roughness (Ra) peaks, which is an indication of poor surface finish. The SEM shown in
Figure 15b illustrates the high deposition of melts redeposited that increased the SR of the
specimen. Figure 16 shows a 3D surface profilometry of Inconel 617 in S-20–transformer oil
dielectric with CT graphite, showing heightened peaks and valleys and a higher average
Ra value.
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treated graphite.

It was revealed that the deep cryogenically treated (CT) brass electrode stood first
in achieving the lowest surface roughness (SR) value, and the minimum value of SR was
6.65 µm compared to other CT electrodes in the S-80–transformer oil. The reduction in SR
value was 31.1% and 32.5% compared to the value obtained using the S-20–transformer
oil in CT brass and S-80–transformer oil in non-deep cryogenically treated (NT) brass,
respectively. The reason for the improvement in the surface finish is linked to the high flash
point of S-80 (186.2 ◦C) and the high flash point of the transformer oil (144 ◦C). The high
flash point of the dielectric and surfactant impedes the flammability of the dielectric during
the pulse on time, and the surfactant’s addition curtails the surface tension of the dielectric.
These two characteristics of the dielectric and the surfactant incorporated uplifting the
surface finish of the CT brass electrode in the modified dielectric of S-80–transformer oil
during the EDM of Inconel 617. SEM was performed on the nickel (Ni)-based superalloy
after EDM due to the CT brass electrode in the modified dielectric T-80–transformer oil,
as shown in Figure 17a. The SEM result pertains that shallow craters were formed on
the surface of the machined specimen, which is an indication of an excellent surface
finish. Figure 18 shows a 3D surface profilometry in S-80–transformer oil with CT brass,
showing minor peaks and valleys. The CT copper (Cu) electrode, with the second lowest
SR (9.85 µm), determined the EDM performance. S-80–transformer oil had 7.60% more SR
than S-20. Cryogenic treatment helps Cu’s electrical conductivity (59 × 106 S/m) increase
the SR value. Due to the assistance of cryogenic treatment in conductivity, greater spark
density was produced during the pulse on time, and greater melting and vaporization
occurred, which led to a poor surface finish. The SEM image shown in Figure 17b depicts a
high volume of melts redeposited, which increased the SR and the basic reason for the high
SR of the machined specimen. The supremacy of EDM was evaluated using a CT graphite
electrode and workpiece, i.e., Inconel 617 in the presence of S-80–transformer oil dielectric.
It was found that the CT graphite electrode ranked third in maximum SR (10.60 µm), and
this value was 1.90% less than the value achieved in the S-20–transformer oil-modified
dielectric medium. The reason for the reduction in SR in the presence of S-80–transformer
oil-modified dielectric is that graphite has the highest melting point (3350 ◦C) compared to
other electrodes. This high melting point impeded the high melting and vaporization of the
electrode due to which a high surface finish was achieved. Moreover, the high breakdown
voltage of transformer oil (56.8 kV) was the other reason for the reduction in SR in the
S-80–transformer oil.
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Figure 17. SEM images of nickel—based superalloy in S-80–transformer oil after the EDM using deep
cryo-genically treated (a) brass, and (b) copper electrodes.
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Machining proficiency of EDM was determined in tweens, i.e., T-20 with different types
of deep cryogenically treated (CT) electrodes against the machining of nickel (Ni)-based
superalloy. From Figure 12, the CT graphite electrode stood first in achieving the lowest
surface roughness (SR) (8.1 µm) in the presence of T-20–transformer oil-modified dielectric,
a 23.6% improved surface compared to the surface gained in S-80-Transformer oil. There
are possibly two reasons for the improvement in surface finish due to the CT graphite in the
presence of T-20–transformer oil. The first and foremost reason for the reduction in SR of the
Ni-based superalloy is linked with the highest HLB (16.2) of T-20. The high HLB value of
the surfactant resulted in a reduction in surface tension of the dielectric, and this reduction
in surface tension yielded a better mix of surfactant with the dielectric and greater flushing
of the eroded debris from the workpiece. The second reason for the improvement in the
surface finish was employed with the enhancement in the porosity of the graphite electrode.
These two properties integrated to uplift the surface finish of the Ni-based superalloy. The
microscopic image shown in Figure 19c describes the very small number of shallow craters
present on the machined surface of the Inconel 617, which is in favor of a greater surface
finish. The CT Cu electrode stood second in achieving the minimal value of SR (9.0 µm) in
the presence of T-20–transformer oil during the machining of Inconel 617. Compared to the
machined surface in S-80–transformer oil, an 8.62% refined and better-machined surface
was achieved in T-20–transformer oil. The reason for the better surface finish in the CT Cu
electrode is that cryogenic treatment enhanced the grain structure due to which a uniform
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sparking falls on the workpiece irrespective of the nonuniform sparking, which occurred
in the noncryogenic treatment. This phenomenon helps in achieving a better surface finish
due to cryogenic treatment in the modified dielectric medium. The microscopic image
shown in Figure 19a illustrates the small and shallow crater formation on the surface of
the said specimen. The machining performance of EDM due to the CT brass electrode was
investigated against the work part and in the presence of T-20–transformer oil dielectric
medium. The CT brass electrode achieved the highest value of SR (9.90 µm), which was
32.8% higher than the value achieved in S-80–transformer oil. The reason for the higher SR
due to the CT brass electrode is elaborated in earlier findings, and Figure 19b shows the
random, rougher surface obtained in the T-20–transformer oil scenario.
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Figure 19. Microscopic surface roughness of deep cryogenically treated (a) copper, (b) brass, and
(c) graphite electrodes in T-20–transformer oil.

With a deep cryogenically treated (CT) graphite electrode and T-80–transformer fluid,
EDM outperformed Inconel 617 machining. CT graphite electrodes in T-80–transformer oil
had the lowest surface roughness (SR) value of 8.40 µm. T-20–transformer oil had 3.6% less
SR. The reason for the increment in the SR value is linked with the second highest value of
HLB (15) of T-80. The lower the HLB, the higher the surface tension and vice versa. T-20
has the highest HLB, so it achieved the lowest SR due to the CT graphite electrode. T-80
has a slightly lower HLB than T-20, so it achieved a slightly higher SR compared to T-20.
Figure 20c shows a rougher surface than T-20–transformer oil. The CT copper (Cu) electrode
had the second-lowest SR (9.40 µm) in T-80–transformer oil. Inconel 617 machined against
the CT Cu electrode increased SR by 4.3% compared to T-20–transformer oil. Cryogenic
treatment helps Cu’s electrical conductivity (59 × 106 S/m) increase the SR value. Due to
the assistance of cryogenic treatment in conductivity, higher spark density was produced
during the pulse on time, and greater melting and vaporization occurred, which led to a
poor surface finish. Figure 20a describes the smaller but deeper crater formation on the
surface of nickel (Ni)-based superalloy, which is an indication of poor surface finish. The
potentiality of EDM was observed in T-80–transformer oil using a CT brass electrode, which
ranked third in achieved the lowest SR with a value of 9.9 µm. T-20–transformer oil lowered
the SR by 3.5%. High HLB (15) and transformer oil flash point (144 ◦C) improve surface
finish. The pulse on time dielectric’s high flash point and surfactant reduces surface tension.
These two said characteristics of the dielectric and the surfactant facilitated uplifting the
surface finish of the CT brass electrode in the modified dielectric of T-80–transformer oil
during the EDM of Inconel 617. The microscopic image shown in Figure 20b depicts the
wider and shallow craters present on the machined specimen.
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Figure 20. Microscopic surface roughness of deep cryogenically treated (a) copper, (b) brass, and
(c) graphite electrodes in T-80–transformer oil.

The deep cryogenically treated (CT) electrode’s surface roughness (SR) results can be
interpreted as follows: The CT brass electrode achieved the lowest value of SR, i.e., 6.65 µm
in the S-80–transformer oil, against the machining of Inconel 617. This achieved value of SR
in the modified dielectric was a 33.8% improvement over the SR gained in pure transformer
oil dielectric. The second lowest value of SR (8.3 µm) was found against the CT copper
(Cu) electrode and in the presence of pure transformer oil during the cutting of Ni-based
superalloy. The surface achieved in pure transformer oil using a CT Cu electrode had a
10.3% more polished surface than the machined surface achieved in pure transformer oil
using an non-deep cryogenically treated (NT) Cu electrode. The CT graphite electrode
was last in achieving the lowest SR (8.4 µm) value in the T-80–transformer oil. The said
value achieved a more polished surface, i.e., 21.1%, than the machined surface did in pure
transformer oil. The graph shown in Figure 21 elaborates on the proficiency of CT electrodes
in achieving the maximum and minimum values of SR in different modified dielectrics.
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Figure 21. Comparison of different deep cryogenically treated electrodes in various modified di-
electrics for maximum and minimum average surface roughness (Ra).

Energy-dispersive X-ray spectroscopy (EDS) analysis of the work part was performed
to investigate the overall presence of the various metals in the base alloy. By the continuous
dispersion of the dielectric fluid in the customized tank, the debris is flushed away from
the workpiece material. During the discharge gap, deposition of the eroded material on the
machined specimen occurs due to the incomplete flushing of debris from the workpiece
material. Thereof, a little amount of the material is solidified on the surface of the work
part from an electrode to the base material that is emersed in the dielectric medium. The
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EDS examination provided a detailed composition of the Inconel 617 before and after the
experimentation. Figure 22a,b depicts the EDS examination in terms of improved chemical
composition, quality, and quantity as well as the investigation of the recast layer of electrode
material on the surface of the Ni-based superalloy. When any surfactant is added to the
dielectric medium, and EDM is performed using the CT Cu electrode, then some of the
debris moves from electrode material to base material.
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Figure 22. Energy-dispersive X-ray spectroscopy analysis of nickel-based superalloy (a) before EDM,
and (b) after EDM.

Figure 22a shows the EDS analysis of the Inconel 617 before EDM was performed
against the CT Cu electrode. The EDS examination discloses that before the machining, Ni,
Cr, and Mo were the major peaks of the other metals of the Inconel 617. However, when the
CT Cu electrode was engaged for the machining of Inconel 617, debris of the Cu from the
electrode to the workpiece material were observed. This is because, during the pulse on
time, high spark density is generated, which melts and vaporizes the minimum quantity of
the electrode material, and this eroded material solidifies on the surface of the base material.
Then, EDS analysis was performed after the EDM, and Figure 22b shows that Cu was the
peak constituent of the base material after Ni.

Statistical analysis for the evaluation of average surface roughness (Ra) was performed
and is shown in Figure 23. A residual plot indicates the fitness of the data either using
regression or analysis of variance. Studying the residual plots allows to see if the regular
least-squares assumptions were met. From the normal probability plot, there is a close
relationship between the observed data points of the response measure and the predicted
line, i.e., a linear relationship exists, which is the indication of less error in the observed
magnitudes of the response measure (surface roughness, SR). However, versus fits also
presents less randomness in values of magnitudes. Moreover, the histogram favors less
negative residual data.

If a comparison is developed between the current research findings and other research
conducted by various researchers, then it can be concluded that the surface finish achieved
by this study is 23.57% better than the highest magnitude of SR achieved using EDM of die
steel by Jamadar and Kavade [32]. Now, if the comparison is made between the highest
value of SR achieved in this study using the CT electrode, then it can be found that the
surface finish is still better by about 30.56% than the highest SR gained using EDM of
Inconel 718 by Jafarian [20].
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4. Conclusions

The machining proficiency of electric discharge machining (EDM) of nickel (Ni)-based
superalloy in terms of surface roughness was examined using various types of modified
dielectrics of transformer oil along with different kinds of non-deep cryogenically treated
(NT) and deep cryogenically treated (CT) electrodes. The results were explained with
the help of process physics, the possible primary reasons, and Energy-dispersive X-ray
spectroscopy (EDS) analysis of the workpiece material. After studying the comprehensive
investigation of the effect of NT and CT electrodes under various modified dielectrics of
transformer oil, the following conclusions can be made:

• Brass excelled among CT electrodes, delivering the lowest surface roughness (SR)
(6.65 µm) in the modified dielectric of transformer oil (S-80). CT brass provides a sur-
face polish that is 28.72% higher than the average value provided by all CT electrodes.

• Across a range of changed dielectric media, CT electrodes outperformed compared
to NT electrodes in terms of machining performance, with an average of 1.2% higher
surface polish.

• The performance of CT electrodes was also examined using span and tween in
transformer oil. It was found that tweens had 4.1% better surface polish or less
SR than spans.

• CT copper (Cu) electrode in pure transformer oil achieves the lowest SR (8.3 µm),
which is a 10.3% better-machined surface compared to pure transformer oil in the NT
case. Similarly, average surface roughness (Ra) of 8.1 µm was achieved by using a CT
graphite electrode in T-20–transformer oil, which was a 23.9% improved surface finish
compared to the value obtained in pure transformer oil.

• In this investigation modified dielectrics, employed against NT electrodes in T-80–
transformer oil, yielded the lowest values of SR. Ra magnitudes obtained in T-80–
transformer oil during the EDM were lower by 4.32% for NT Cu, 20.5% for NT brass,
and 15.6% for NT graphite compared to pure transformer oil.

• NT Cu electrode and T-20–transformer oil dielectric yielded the lowest SR (8.35 µm).
The greatest SR for S-80–transformer oil with NT Cu electrode was 17.7% higher than
the T-20 value.

• In CT electrodes, span-based modified dielectrics performed 4.13% worse than tween-
based ones. Tweens perform better because their high flash points reduce flammability.
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• Similarly, the proficiency of tween-based modified dielectrics of transformer oil in NT
electrodes was witnessed as superior by 8.41% compared to the span-added dielectrics.

• NT Cu, graphite, and brass were machined to the lowest SR of 8.35 µm, 8.40 µm, and
8.55 µm in T-20-, T-80-, and T-80-modified dielectrics, respectively. SR values were
9.72%, 15.6%, and 20.5% higher than pure transformer oil.

• If a comparison is made between the current research findings with the other research
conducted by various researchers, then it can be concluded that the surface finish
achieved in this study is 23.57% better than the highest magnitude of SR achieved by
EDM of die steel. Now, if the comparison is made between the highest value of SR
achieved in this study using a CT electrode, then it is found that the surface finish is
still better by about 30.56% than the highest of SR gained by EDM of Inconel 718.

In this work, EDM of Inconel 617 was carried out using five dielectric media under
three different types of NT and CT electrodes. This work can be extended considering
the influence of added powder and machining responses for further improvement of the
process. Evaluation of a blend of dielectrics instead of single dielectrics is another valuable
possible future direction. Furthermore, a comparative assessment using a multiscale
approach is another area that can be explored. The measurement and analysis of other
roughness-related parameters such as Rz, Rp, RSM, etc., will be comprehensively explored
in future investigations.
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