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Introduction

The key driver of modern industry is the active development and implementation of novel heat-resistant
materials possessing a specific set of mechanical and physical-chemical properties. These characteristics
ensure the retention of strength properties in structural components of equipment and machinery throughout
their service life. Numerous research teams are dedicated to investigating the effects of various processing
methods on the characteristics of heat-resistant alloys, which are critical for key industries such as
aerospace engine manufacturing, power generation (including nuclear power), and the automotive industry.
High resistance to corrosion and oxidation, enhanced ductility, heat resistance, mechanical strength, and
excellent fatigue and creep resistance even at elevated temperatures — these properties make heat-resistant
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alloys superior to other classes of materials. Most heat-resistant alloys are primarily nickel-based. Due to
their excellent high-temperature mechanical and chemical properties — including high heat resistance,
thermal shock resistance, enhanced fatigue strength, high fracture toughness, phase stability, superior
erosion and corrosion resistance, improved ductility and toughness, and high melting point — nickel-
based alloys can operate for extended periods in aggressive service environments. Active research into
heat-resistant materials stems from their strategic importance for critical technological development, the
continuous demand for improved material characteristics, and the expansion of their application areas in
modern industry. International research primarily focuses on the nickel-based superalloy /nconel [1-7] and
its various grades, which differ in the type and concentration of alloying elements. The properties of heat-
resistant materials are tailored by specific alloying elements:

— Nickel, as the primary base, contributes to the alloy’s ductility, toughness, and heat capacity.

— Molybdenum and tungsten enhance creep resistance and high-temperature mechanical strength.

—Vanadium, typically in small quantities, improves overall high-temperature properties.

— Niobium prevents intergranular corrosion.

— Titanium enhances corrosion resistance.

— Cobalt increases relaxation resistance.

As reported in studies [8—15], nickel-based alloys are widely used in many critical components of
aerospace engines and gas turbines, particularly in parts exposed to high temperatures, such as jet turbine
blades, turbocharger vanes, and combustion chambers. Nickel-based alloys can account for approximately
half of the total mass of aircraft engines. Beyond the aerospace sector, nickel-based alloys are also employed
in nuclear reactors, food processing, shipbuilding, environmental protection facilities, and petrochemical
industries, among others. Current research on heat-resistant alloys emphasizes compositions containing re-
fractory transition metals (molybdenum, tungsten, tantalum, rhenium, and ruthenium). Promising domestic
heat-resistant alloys include

— VV751P (Cr-56 %Ni-Co-V-Mn-Ti-Al-B);

— ZhS6 (Cr-57% Ni-V-Co-Al-Ti-Mn-B),

— KhN70Yu (Cr-70% Ni-Al)

— KhN6OVT (Cr-60% Ni-V-Ti),

— KhN65VMTYu (Cr-65% Ni-V-Mn-Ti-Al),

— KhN55VMTKYu (Cr-55% Ni-V-Mn-Ti-Co-Al),

— KhN78T (Cr-78% Ni-Ti),

— EP741INP (XH51KBMTIOB Cr-51% Ni-Co-B-Mn-Ti-Al-B),

— E1698 (Cr-73% Ni-Mn-B-Ti-Al) [16—18].

The machining of heat-resistant alloys is complicated by several inherent properties, including low
thermal conductivity, high melting points, significant work hardening effects, susceptibility to burr formation,
the generation of high cutting forces, chemical affinity with tool materials, and the presence of abrasive
carbide particles in their microstructure. These properties are exacerbated by elevated temperatures during
machining, which significantly increase the load on the cutting edge, intensify tool wear, and necessitate
wear compensation in the machine’s control program. Furthermore, plastic deformation of these materials
is challenging due to their austenitic face-centered cubic (FCC) crystal structure, which exhibits low yield
strength despite possessing high ultimate tensile strength. Their inherent abrasiveness, often intensified
by the presence of hard carbide inclusions and other abrasive particles, leads to severe tool wear and
significantly reduced tool life. Heat-resistant alloys are classified as difficult-to-machine materials. The
combination of these issues severely limits the achievable precision and overall efficiency in the machining
of such alloys [19-24].

Electrical discharge machining (EDM) has emerged as a promising method for processing heat-resistant
materials, drawing significant interest from scientific communities. This paper presents a review of scientific
literature focused on the electrical discharge machining (EDM) process of heat-resistant alloys.
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The purpose of this work is to conduct a literature review of existing research on modern methods for
ensuring and improving the efficiency and quality of electrical discharge machining (EDM) of heat-resistant
materials.

To achieve this purpose, the following research fasks were undertaken:

— Classification of key EDM process parameters and modern methods for their optimization;

— Determination of the advantages, disadvantages, and limitations of these modern methods for
enhancing the efficiency and quality of electrical discharge machining of heat-resistant materials;

— Identification of current development trends for these methods.

Research methodology

A comprehensive literature review has been conducted on research in the field of electrical discharge
machining (EDM) of heat-resistant materials, focusing on methods for ensuring surface integrity and
improving EDM efficiency. Various methods for increasing EDM efficiency and enhancing surface
integrity are described, along with their limitations, advantages, and disadvantages. The main trends in
the development of modern methods for ensuring and improving EDM efficiency during the machining of
heat-resistant alloys are identified.

Results and Discussion

The main advantages of EDM are presented in Fig. 1.

Fig. 1. Advantages of the EDM process

Table presents an analysis of research trends focusing on the output parameters of wire electrical
discharge machining (WEDM) and copy-piercing electrical discharge machining (EDM) of heat-resistant
alloys. EDM of heat-resistant materials often results in crack formation on the machined surfaces and
the transfer of particles from the tool electrode and working fluid to the surface, thereby altering the
characteristics of the surface layer. This redeposition of tool electrode particles and working fluid degradation
products compromises the operational properties of the machined products. This is attributed to the non-
uniform surface microstructure (including microcracks and other surface defects) and the softening of the
surface layer.

Consequently, a critical review of modern solutions for ensuring surface integrity and preserving
operational properties during electrical discharge machining of heat-resistant alloys is a crucial undertaking.

The main research trends concerning the EDM process of heat-resistant alloys are presented in Fig. 2.

A literature review on modern EDM studies revealed that authors’ attention is primarily focused on
investigating the influence of parameters such as current in the interelectrode gap (/EG), the duration of
the electrical pulses (¢,), voltage (U), polarity, tool electrode material, tool electrode geometry, the size
of the machined surface, as well as the working fluid characteristics (e.g., type, purity, feed rate, filtration
system). These parameters are studied for their impact on processing quality indicators, specifically surface
roughness and the modified surface layer (recast layer).

Vol. 27 No. 4 2025 %
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Directions of scientific papers studying the WEDM and EDM processes of heat-resistant alloys

No. Variation parameters Output parameters Paper number
T .,T _h

on’ “off "’

1 Working fluid Surface roughness 25-41

2 T, LP Wear coefficient 32,4247

3 T, Tg,h Cutting width for WEDM 48-51

4 Tow TOff’. LU Size of defective (white) layer 32, 39-40, 54-60
Polarity

5 ET Material, I, T | Quality indicators (presence of cracks) 39, 43-45, 57, 69

6 Flushing of IEG Surface roughness, precision of EDM processing, 75_77

productivity

Surface quality indicator after EDM:
roughness (Ra)

The studies of the WEDM process in [25-31]
investigated the processing of Inconel 625 using
an orthogonal experimental design, where various
processing parameters were selected: current (1),
pulse-on time (), and pulse-off time (z ;). Response
models were developed, and the authors found that
the greatest influence on surface quality, specifically
Ra roughness, is exerted by parameters such as
pulse-on time (¢, ) and current (). In [25, 29], it was
noted that a low discharge current contributes to the
formation of a smoother machined surface, which is
attributed to a more accurately controlled process of
single discharge formation. Furthermore, adjusting
the pulse-on time with a correctly selected mode
promotes uniform melting of the material on the
workpiece surface, evaporation, and removal from
the processing zone, which has a favorable effect on

Fig. 2. Main trends in scientific research of the EDM  gyrface finish. In all studies, the best roughness values
process of heat-resistant alloys were obtained with a pulse-on time of 100 to 110 ps,
while the current was 7-9 A.

In [32], it was noted that to ensure the required surface roughness with minimal tool electrode wear in
the EDM process, it is necessary to use minimal peak current and the shortest pulse duration. The authors
found that the pulse duration had an insignificant effect on the surface roughness.

In [33-37], the authors investigated the influence of the input parameters of the EDM process on process
productivity and surface roughness (Ra). Factorial experiments were conducted, and response functions
were obtained, which showed that the pulse current had a greater influence on these parameters. With an
increase in the current, process productivity increased, while the surface quality deteriorated compared to
lower current settings.

In [38], experiments were conducted using the Taguchi-Gray analysis method for the WEDM of Inconel
825. The experiments showed that the pulse-on time and spark gap voltage had the greatest effect on surface
roughness. It was found that the optimal parameters for /nconel processing were: pulse-on time of 105 ps,
pulse-off time of 40 ps, and spark gap voltage of 30 V.

In [39], the authors investigated the effect of inclusions in the working fluid on surface roughness (Ra).
The inclusions used were graphene and multi-walled carbon nanotubes. The studies were carried out in a
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single processing mode at a pulse-on time of 35 us, a current of 12 A, and a voltage of 40 V. The paper
shows that with the addition of nanocarbon particles to the dielectric fluid, a smoother surface finish was
achieved (Ra = 4.836 um with the addition of graphene and Ra = 4.96 um with the addition of carbon
nanotubes) compared to conventional dielectric fluid (Ra = 6.2 um). A comparative analysis of the results
allows us to conclude that it is necessary to use a modified working fluid to improve the surface quality.

In [40], the authors conducted a study of the influence of the working fluid on the quality and topography
of the surface (Fig. 3).

a b
c d
e f

Fig. 3. Surface topography after EDM of AISi 1045 steel using deionized water as a dielectric (a, c, e):

a) at a current of 9 A and a pulse on-time of 100 ps, ¢) at a current of 3 A and a pulse on-time of 100 ps, e) at a current

of 6 A and a pulse on-time of 100 ps; and using kerosene as a dielectric (b, d, f): b) at a current of 6 A and a pulse

on-time of 100 us, d) at a current of 9 A and a pulse on-time of 100 ps; f) at a current of 3 A and a pulse on-time
of 100 ps [40]
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The authors noted that current has the greatest impact on the formation of the surface characteristics
and the incidence of surface defects. A direct correlation was observed: an increase in current resulted in
a deterioration of all surface quality indicators. To achieve a smoother surface finish, minimum values of
current and pulse duration should be employed.

In [41], the effect of processing parameters on surface roughness (Ra) was investigated. It was noted
that an increase in pulse duration, peak current, and voltage led to increased roughness. After optimizing
the processing parameters (pulse-on time: 0.5 ps, pulse-off time: 16 ps, current: 6 A) based on experimental
results, the authors were able to reduce the surface roughness from 4.2 um (Fig. 4, a) to 0.396 um (Fig. 4, d).

e
Fig. 4. Surface topography after WEDM of Inconel 718 using:

a) T, =12 s, lejf:O.S pus, I=12A;b) T =12 ps, 7;”;7.5 pus, I=15A;¢) T =45 ps, leﬁr=7.5 us, I=10A;
dT, =2 ups, 7;”=7.5 pus,I=8A;e) T =0.5ps, T;ﬂ; 16 us, I=6 A[41]
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The authors note that the improvement in roughness occurs primarily due to a significant difference
between the pulse-on and pulse-off times. It is noted that, compared to other material groups, the machining
of heat-resistant materials requires more careful adjustment of processing parameters due to alloying
elements and a higher tendency to form intermetallic phases. When machining heat-resistant materials,
a lower single pulse energy is employed than when machining other material groups (steels and stainless
steels) to achieve low roughness.

EDM process performance

In [42], an experiment was conducted on the material removal rate during EDM. The experiments
were conducted using three tool electrode materials: copper, graphite, and aluminum. It was found that
the graphite electrode demonstrated the highest material removal rate (MRR), followed by copper and
aluminum electrodes. The graphite electrode also exhibited the lowest wear rate, which is attributed to its
high melting point, while the aluminum electrode yielded the best roughness in the experiments. It was
noted that when processing heat-resistant materials, non-uniformity of tool electrode wear occurs. This
is due to the non-uniform composition of heat-resistant materials and the presence of refractory material
inclusions (tungsten, molybdenum), which lead to varying erosion resistance in the machined surface areas.
Areas with molybdenum and tungsten are characterized by increased melting thresholds and different
thermal conductivity compared to other areas. In contrast, when processing materials from other material
groups, such as steel or stainless steel, uniform tool electrode wear and material removal are characteristic,
attributed to the homogeneity of the processed material areas.

In [32], it is noted that to achieve minimal tool electrode consumption in the EDM process, the lowest
peak current and the shortest pulse duration should be employed. In [43], it is noted that the main parameter
affecting EDM quality is the current, which determines the material removal rate, while the pulse duration
is a key indicator primarily influencing tool electrode wear. Studies have shown that an increase in the
discharge current of a single pulse leads to a stronger spark and the melting of a larger amount of material
per single pulse.

In [44], the authors investigated the effect of inclusions in the working fluid on process productivity.
The inclusions used were graphene and multi-walled carbon nanotubes. It was observed that the addition
of nanocarbon particles slowed the material removal rate from the workpiece by an average of 15-17%.
This effect is associated with an increase in liquid viscosity and a deterioration in sludge removal from the
processing zone.

A comparison of the effect of the environment using oil and high-carbon liquid as the working fluid
is presented in [45]. The results demonstrated a significant increase in discharge energy density, leading
to intensified material removal from the
workpiece surface.

The tool electrode material plays an
important role in EDM process productivity.

The main tool electrode materials are
presented in Fig. 5.

Recent studies have been conducted on
the effect of the tool electrode material on
process productivity in [46—47]. It has been
established that the copper electrode exhibits
a higher material removal rate (up to 10.7
mm?/min) and the lowest tool electrode
wear (13—-14%). Copper electrodes are used
for finishing passes when processing heat-
resistant alloys, ensuring high quality of the

machined surface with minimal formation Fig. 5. Types of tool electrode materials used in the EDM
of surface defects. Copper tool electrodes process
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are characterized by high electrical conductivity, which ensures effective electrical current flow, and
excellent thermal conductivity, which facilitates rapid heat removal from the processing zone, especially
when machining areas containing refractory materials.

Accuracy of the EDM process

In the case of WEDM of heat-resistant alloys, one of the key accuracy parameters is the interelectrode gap
(IEG). The stability of the WEDM process depends on the /EG value — an increase in the gap leads to uneven
pulse energy distribution, resulting in process instability and deviations in geometric dimensions [48].

Fig. 6 shows the results of studies on the cutting width of heat-resistant materials [49-51].

c d
Fig. 6. Investigation of the cutting width in WEDM:
a) Inconel 718 [49]; b) Inconel 617 [50]; ¢) VV751P [51]
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The authors of [49-51] investigated the effect of processing parameters—current (), pulse-on time (),
and pulse-off time (¢, 5 on the cutting width and the interelectrode gap (/EG) size in WEDM, using a 0.25
mm diameter wire as the tool electrode. The developed empirical models indicate that with an increase in
current and pulse-on time, single discharge intensity increases, leading to more intense material melting.
In [49], the smallest cutting width was obtained at the highest processing power. The authors note that
this is attributed to the fact that at higher power, the tool electrode melts the material faster and traverses
the machining path more quickly, thereby transferring less thermal energy to the workpiece. The results
obtained from these studies enable rationalization of processing parameters and control of the cutting width
with minimal thermal impact on the workpiece, thereby minimizing surface defects. A comparative analysis
of the results from three independent studies suggests that the results are consistent and demonstrate a high
degree of reproducibility under identical electrical discharge machining conditions. The consistency of the
output parameter — the cutting width — when machining various heat-resistant materials indicates that the
machining parameters are universally applicable to heat-resistant materials, allowing their use for a wide
range of such alloys.

Deformed (white) layer

It has been established that during electrical discharge machining (EDM), when removing material in
the spark gap between the tool electrode and the workpiece, part of the material is flushed away by the
working fluid, while the remaining molten metal re-solidifies and hardens in the presence of a dielectric
fluid. This re-solidified material forms the recast layer, often referred to as the white layer. The white
layer typically possesses a fine-grained, hard, and brittle microstructure due to local thermal action. As
the cooling rate from the surface into the bulk material is very high, a steep thermal gradient is created,
influencing the microstructure of this layer. Residual stresses, inherent to the EDM process, often lead
to the formation of voids and microcracks, which adversely affect the product’s operational properties.
This layer must be minimized by careful selection of processing parameters due to the presence of voids,
micropores, and surface microcracks that can extend deep into the base material. Each material exhibits
unique characteristics of white layer formation, which are associated with its operational properties and
chemical composition [52-53].

It is noted that there are few studies by research teams investigating the formation and influence of
the altered (white) layer during the processing of heat-resistant alloys. This is primarily attributed to the
complexity of studying and obtaining high-quality samples for research, as the layer’s formation results
from intricate and often difficult-to-predict thermal processes. Furthermore, the authors [32, 54] note
that the formation of a recast (white) layer on the surface of heat-resistant alloys is affected by numerous
factors, including the processing mode, the workpiece material, and the working fluid parameters, which
complicates the research process. The authors of these works note that when a white layer forms on heat-
resistant materials after processing, a more intense formation of a deformed layer with greater depth is
characteristic compared to processing other material groups (e.g., steel or stainless steel). This is attributed
to the high heat resistance of the material and its thermal properties. The uneven distribution of the white
layer is due to the complex nature of heat-resistant materials, characterized by heterogeneity of both their
chemical composition and structural components.

In [55], the authors found that the size of the recast (white) layer during WEDM is affected by the
processing parameters, namely, the current at constant voltage and the pulse duration. It is noted that when
using minimum parameter settings, the size of the white layer is stable and continuous, which is important
for post-processing and product operation. In [54], the authors drew attention to the influence of not only
the duty cycle but also the polarity on the consistency of the resulting modified layer. It is noted that
when using direct polarity, the modified layer is more stable, and the machined surface exhibits a smooth
and uniform structure, in contrast to reverse polarity, which is characterized by cracks and craters on the
machined surface.

Fig. 7 shows the results of studies by the authors [56—59] on the modified layer during WEDM of
various heat-resistant materials.
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a b
c d
e f

Fig. 7. Modifications of the (white) layer on different materials:

a) Monel 400 (a nickel-copper alloy) [57]; b) Monel 400 with aluminum powder added to the working fluid [57]; ¢) high-
strength low-alloy steel [56]; d) Inconel 706 [58]; e) VV751P at minimum mode [59]; f) VV751P at maximum mode [59]

The authors of [56] conducted a factorial experiment on the recast (white) layer and found (Fig. 7, ¢) that
under a specific processing mode with a pulse-on time of 96 s, the layer thickness was unevenly formed,
measuring 14—17 um. This was attributed to unstable interelectrode gap conditions and current instability.
They also suggested that this layer is formed by molten material not fully removed from the /EG zone
during processing. In [57], a study investigated the effect of adding aluminum powder to the working fluid
on the formation of a recast (white) layer. It was found that the thickness of the white layer using distilled
water ranged from 7 to 9 um (Fig. 7, a), and the addition of aluminum powder to the working fluid had a
positive effect, reducing the layer thickness to 5 pm.
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In [58], it was established that during WEDM processing of the material, the thickness of the modified
layer was 39.6 um (Fig. 7, g), attributed to the high energy of single pulses in the selected mode. The large
thickness of the modified layer led to the formation of numerous microvoids and microcracks and resulted
in lower hardness due to thermal alteration of this layer. In [59], studies investigated the influence of
WEDM parameters, namely the current intensity and pulse timing, on the formation of the modified layer.
It was established that the size of the modified layer was consistently about 10 pum over the entire area
(Figs. 7,d and 7, e). In [58, 59], residual stresses in the modified layer were studied. It was established that
tensile stresses were observed during the processing of Inconel 706, as well as VV'751P. Residual stresses
arise due to significant local thermal impact and can lead to a decrease in the hardness of the surface layer.
The relationship between residual tensile stresses and microhardness is discussed in [60].

In [39], the authors investigated the influence of inclusions in the working fluid on the formation of a
recast (white) layer. The inclusions used were graphene and multi-walled carbon nanotubes. The authors
found that when using graphene during the processing of Inconel 825, the thickness of the modified layer
was 21.5 um, and when using multi-walled carbon nanotubes, the layer thickness was 29.5 um, which is
significantly less than that obtained with conventional processing (42.21 um). The observed difference in
recast layer formation may be attributed to an increased thermal energy transfer rate due to the improved
dielectric medium. It is the presence of conductive nanocarbon particles in the dielectric medium that acts
as an additional discharge channel, facilitating heat dissipation.

In [40], the authors conducted a study of the influence of the working fluid on the formation of the recast
(white) layer. Deionized water was found to be the most effective dielectric, attributed to its lower viscosity
and density, which favorably impact multiple discharges in the interelectrode gap and reduce the altered
(recast) layer thickness (Fig. 8). This effect is most noticeable when using the maximum power mode (at a
current of 9 A): in deionized water, the altered layer thickness was 16 um, compared to 18 um in kerosene.
The altered layer structure obtained with deionized water was also noted to be smoother, lacking sharp
phase transitions, whereas in kerosene, individual areas of uneven recast layer distribution were observed.
In conclusion, it is worth noting that although kerosene is a common commercial dielectric, the use of
deionized water has a favorable effect on surface quality.

In [61], the authors conducted experimental studies to analyze the role of the thermal conductivity of
the workpiece material in the electrical discharge machining process. The workpieces used were aluminum,
brass, and Inconel 617. Under the same machining conditions, a comparatively thicker recast (white) layer
(16 um—17.4 um) was formed on aluminum than on brass (6.4 um—8.5 pum), while the thinnest recast
layer was formed on Inconel 617 (1.5 pm—2.1 pm). This phenomenon can be attributed to the fact that
materials with lower thermal conductivity struggle to dissipate the heat generated during electrical discharge
machining. This results in a localized temperature increase, which in turn contributes to the formation of
thinner layers, as the heat becomes concentrated over a smaller area.

Surface quality: cracks and depressions

In[43], it was observed that an increase in the discharge current of a single pulse leads to an intensification
of crack formation on the surface of samples and an increase in the thickness of the recast (white) layer.

A modern and promising method for improving surface quality and significantly increasing the
productivity of the electrical discharge machining process is powder electrical discharge machining
(PEDM). The essence of this technology is that fine particles (metal powders, carbon allotropes) are added
to the working fluid. Fine particles dispersed in the liquid form conductive chains within the fluid, thereby
enhancing the electrical breakdown efficiency. This enhanced breakdown efficiency leads to an increase in
the material removal rate (MRR) from the tool-electrode (7E) surface. The authors of [62—63] found that,
upon applying an appropriate voltage, an electric field is created that induces positive and negative charges
on the powder particles. These charged particles migrate rapidly in a zigzag pattern, effectively bridging the
inter-electrode gap and enhancing the localized electric field strength. This enhanced localized electric field
strength, resulting from the reduced effective gap, facilitates efficient inter-electrode breakdown. When the
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a b
c d
e S

Fig. 8. Modified layer after EDM of AlSi 1045 steel using deionized water as a dielectric:

a) at a current of 9 A and a pulse on-time of 100 ps; ) at a current of 6 A and a pulse on-time of 100 ps; ¢) at a current of 3 A
and a pulse on-time of 100 ps using air; d) at a current of 9 A and a pulse on-time of 100 ps; e) at a current of 6 A and a pulse
on-time of 100 ps; f) at a current of 3 A and a pulse on-time of 100 ps [40]

critical breakdown voltage is reached in the region of minimum inter-electrode gap, an electrical discharge
occurs, which leads to material removal from the workpiece.

In [64], the author investigated the effect of adding aluminum, chromium, and copper powders to the
dielectric fluid on the material removal rate (MRR) and tool wear rate during electrical discharge machining.
The authors concluded that the particle concentration, particle size, particle density, electrical resistance,
and thermal conductivity of the powders play an important role in improving the efficiency of electrical
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discharge machining. Proper selection of powder type and concentration can lead to an increased material
removal rate and reduced tool wear. Based on the results of the research, the authors concluded that powder
with a small particle size can improve both the material removal rate (MRR) and the surface quality.
However, with a small particle size, a relatively thick recast (white) layer was found, while the thickness of
the recast layer decreased as particle size increased. Additionally, silicon powder-mixed electrical discharge
machining was employed, with varying powder concentration and flushing rate. It was concluded that
the use of a silicon powder-mixed dielectric can significantly improve the surface morphology in terms
of reducing the size of craters, obtaining a thin recast layer, and an excellent surface finish. The authors
also emphasized that the powder concentration and flushing rate must be carefully selected to improve
machining efficiency and surface quality. This is attributed to the significant impact of the working fluid’s
rheological properties on flushing efficiency in electrical discharge machining. Different types of particles
have different effects on the viscosity of the fluid, which, in turn, influences the optimal flushing parameters.

For example, tungsten powder when mixed with the dielectric fluid provides an increased material
removal rate and reduces tool electrode wear [65]. Silicon carbide powder dispersed in the dielectric fluid
improves surface finish [66] and increases the recast (white) layer thickness [67]. The authors of [68]
investigated the inclusion of silicon and chromium powder in the working fluid. The results indicate a
significant improvement in the material removal rate and a reduction in tool electrode wear rate. Chromium
exhibits high wear resistance and resistance to abrasion, thereby promoting high-quality surface treatment.
Its high temperature resistance makes it an ideal candidate for inclusion in the working fluid. Chromium
powder mixed with a dielectric fluid improves the material removal rate, reduces tool wear, and the electrode
wear ratio.

In [57], the authors noted the positive effect of aluminum powder inclusions on surface morphology,
leading to a smoother surface texture with fewer craters and cracks. They explained that cracks are formed
due to cavitation shocks that occur when the vapor-gas bubble collapses. These shocks are attributed to
significant thermal differences (at the discharge zone, the temperature reaches 10,000 °C, while the working
fluid temperature is 20 °C) [43-45].

In [39], the authors investigated the effect of inclusions in the working fluid on surface quality. The
inclusions used were graphene and multi-walled carbon nanotubes. They noted that the use of these materials
in the working fluid reduces crack formation during processing by 20-25%.

For example, in [57], the authors provide an explanation for the reduction in crack density when
adding carbon nanoparticles to the dielectric fluid. According to their research, the addition of microsilicon
containing carbon nanopowders improves the thermal conductivity of the dielectric medium, which
enhances the rate of heat transfer within the dielectric medium and facilitates heat removal from the /EG
zone. Consequently, the improved heat transfer rate reduces the energy density in the channel of a single
discharge, thereby reducing the crack density on the surface of the samples. Based on this analysis, it
is evident that the use of conductive nanoparticles is promising for this industry and requires additional
attention from research teams.

The features of the processed surface were investigated by scanning electron microscopy in [69]. It was
found that samples processed in a dielectric fluid with added titanium powder had fewer cracks, depressions,
and micro-holes, as well as less deposition of material from the working fluid and electrode, compared to
samples treated in a medium with added graphite powder. However, this study did not include a comparison
with an oil-based dielectric medium. Hydrocarbon-based dielectric fluid is recognized as the most suitable
for high-energy single discharges. However, it was also found that the density of defects (cracks and micro-
holes) increased with increasing discharge energy. The thickness of the recast layer also increased with
increasing fluid viscosity due to inefficient removal of debris from the interelectrode gap zone, which led to
re-solidification of the material in the processing zone.

In [70], a study was conducted on the effect of A/,0; inclusions in the working fluid during EDM of
Inconel 825 alloy. The surface characteristics were compared between treatment with Al,O, inclusions in
the working fluid and processing in a pure working fluid. The authors note that during conventional EDM
(i.e., with pure working fluid), many micro-holes, micro-cracks, and material redeposition are concentrated
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on the surface, which arise due to uncontrolled deposition of material from the working fluid. In contrast,
when 47,0, was added to the working fluid during processing, these defects were largely absent.

In [40], the authors conducted a study of the effect of pulse duration and the type of working fluid on
crack formation during machining. They noted that an increase in pulse duration intensifies microcrack
formation. This is attributed to the fact that a longer pulse duration leads to an increased energy input into
the single discharge zone, which, in turn, raises localized temperatures and the temperature gradient on the
processed surface, consequently increasing crack density.

When using kerosene as a working fluid, a greater number of cracks were observed on the surface.
Deionized water, due to its distinct discharge characteristics (e.g., more frequent but lower energy
discharges), generates lower spark power and discharge energy. Accordingly, lower spark intensity and a
reduced temperature gradient on the processed surface result in a lower probability of microcrack formation
when machining with deionized water. Another reason for the higher crack density on the processed surface
when using kerosene is the difference in thermal conductivity between the two dielectric types, which
affects the cooling rate in the discharge zone. The high cooling rate of deionized water effectively dissipates
heat from the molten material and limits microcrack formation.

Moreover, during the EDM process with kerosene as a dielectric, carbonization leads to carbon residues
adhering to the electrode surface, which eventually results in carbide formation on the workpiece surface.
This condition results in unstable machining in the discharge zone, accompanied by increased impulsive
forces, which, in turn, leads to a greater tendency for crack propagation during machining with kerosene.

In [71], the authors conducted a comprehensive study of the effect of machining parameters and the
addition of carbon nanotubes to the working fluid on crack formation during the machining of Inconel-718
alloy. The machining was carried out at a current of 2 to 8 A. They found that with an increase in the peak
current up to 6 A, the density of surface cracks tended to increase. However, with a current ranging from 6
to 8 A, the density of cracks on the processed surface decreased sharply (fig. 9).

This phenomenon may be due to the fact that an increasing peak current removes protruding material
particles from the processed surface. However, a further increase in current leads to an intensification
of single-pulse discharges and a larger volume of material removal, which, in turn, reduces the flushing
efficiency of the dielectric liquid in the interelectrode gap. Upon the termination of discharges, when
the electrode retracts to clean the interelectrode gap, due to the large temperature difference, unremoved
particles remaining on the surface re-solidify, forming a secondary layer. Subsequently, the machining
process is repeated, and the molten material can potentially fill these pores and cracks. Thus, it becomes
difficult to assess and detect the presence of surface cracks.

Most studies are aimed at investigating the processed surface with the addition of inclusions, but the
issue of the effect of the added powder on the properties of the working medium and the relationship between
the change in dielectric properties due to the addition of powder has not been fully studied, as emphasized
by the authors of [72]. They compared the addition of a conductive micropowder (graphite) and a non-
conductive micropowder (aluminum oxide) to the working fluid (WF). The dielectric breakdown voltage
values measured for kerosene, a mixture of kerosene with graphite powder, and a mixture of kerosene
with aluminum oxide powder were 1,521.74 V, 26 V, and 1,652.17 V, respectively. It was found that the
dielectric breakdown voltage is minimal in the presence of graphite powder and maximal in the presence
of aluminum oxide powder.

This may be due to the fact that graphite powders possess electrical conductivity, and therefore, when
graphite powder is added to a dielectric, its insulating capacity decreases, consequently reducing the dielectric
breakdown voltage. Since aluminum oxide powder is not electrically conductive, its addition to a dielectric
can increase the dielectric breakdown voltage even more than in the uncontaminated state of the dielectric.
It was concluded that the choice of powder additives requires a careful approach, considering not only their
effect on the processed surface but also their impact on the dielectric properties of the working medium.

Inclusions in the surface layer after machining

One of the parameters that are difficult to predict is the surface alloying of heat-resistant alloys with
tool electrode material particles. This difficulty arises from the fact that it is extremely difficult to develop
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Fig. 9. The surface after EDM of AISi 1045 steel using deionized water as a dielectric (a, c, e):

a) at a current of 6 A and a pulse on-time of 150 ps, ¢) at a current of 6 A and a pulse on-time of 100 ps, ¢) at a current of 6 A
and a pulse on-time of 50 ps and kerosene (b, d, f): b) at a current of 6 A and a pulse on-time of 150 ps; d) at a current of 6 A
and a pulse on-time of 100 ps, f) at a current of 6 A and a pulse on-time of 50 ps [40]

a mathematical model describing the processes occurring on the machined surface, particularly considering
the mass transfer of erosion products. Currently, there is no unified thermodynamic model of the process,
nor have fundamental studies been conducted on the formation processes of surface modified layers.
Microstructural changes in the processed surface of heat-resistant materials after EDM are represented
by residual electrical discharge machining debris, tool electrode material particles, erosion products,
and closed pores containing the working fluid. The mechanical characteristics of the processed surface
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significantly depend on the nature and extent
of inclusions. The presence of inclusions in the
surface layer reduces the fatigue strength of the
product.

In [58], the authors also investigated the
modified layer after WEDM for the presence of
inclusions and revealed the presence of inclusions,
including oxygen (12.96 %) in the surface layer,
which confirms the formation of an oxide film on
the machined surface, as well as copper and zinc
on the layer’s surface (Fig. 10).

In[73], the authors established that in the heat-
affected zone, there was a change in chemical

Fig. 10. Inclusions in the surface layer after WEDM Compositi.on Felative to the base material: a “

of Inconel 706 [44] decrease in nickel content, a 1% dpcrease in the

concentration of cobalt and aluminum, and the

appearance of foreign elements not inherent to the original chemical composition — 9 % sodium, 4 %
chlorine, and approximately 1 % potassium.

Analysis of point 2, which was located on the recast (white) layer, revealed more significant changes in
the main elemental composition of this alloy: a reduction in nickel to 50 %, a 9 % decrease in chromium
content, and a 3 % decrease in aluminum. Complete removal of cobalt, molybdenum, tungsten, and
vanadium from the surface layer was also observed. This layer was also characterized by the appearance of
up to 47 % chlorine and up to 31 % sodium, which is attributed to the use of distilled water as the working
fluid. The change in the concentration of
alloying elements is associated with the high
machining temperature and their solubility
in the liquid phase, their migration within
the crystallizing material, and the directional
crystallization of the recast layer, which
collectively accelerate the thermal diffusion
of the elements.

In [74], the authors conducted a study of
the influence of machining parameters on
inclusions in the surface layer and changes
in the chemical composition (Fig. 11).

The experiments were conducted across
various machining operations, including
rough machining, finishing, grinding, and  Fig. /1. Inclusions in the surface layer after WEDM of Nimonik
grinding with etching. It was found that C263 material
the surface after rough WEDM showed the
presence of oxygen due to oxidation of various alloying elements. Finishing resulted in a slight 10-12 %
decrease in oxygen content on the workpiece surface. The surface layer contained elements such as zinc
and copper, which diffused from the tool electrode during machining. The surface obtained by multi-pass
cutting exhibited a higher retention of the original alloy elements.

Influence of tool electrode configuration and material

Scientific studies of the efficiency of the EDM process less extensively investigate the influence of
flushing in the interelectrode gap (IEG). The authors of such studies often note the influence of /EG flushing
on increasing process productivity and improving surface quality.

In [75-76], the authors designed tool electrodes with internal channels for more efficient removal of
debris from the machining zone and enhancing the cooling efficiency of the tool electrode. This resulted in
a 40—45% increase in process productivity.

GV Vol 27No. 42025



TECHNOLOGY OBRABOTKA METALLOV %

In [77], the authors conducted a comparison of a solid tool electrode and a porous electrode (Fig. 12).

The use of a hollow porous electrode resulted in a three-fold increase in machining efficiency compared
to a solid electrode. The machining time was reduced by 47%, which is attributable to better cooling of the
tool electrode and a more efficient flow of working fluid.

Fig. 12. Copper electrode tool used in EDM :

a) before processing; b) after processing [53]

In [78-79], the authors manufactured tool electrodes using a reinforcing matrix of graphene. The unique
properties of graphene (high electrical and thermal conductivity, superior to copper’s) make it a promising
material for use as a tool electrode in EDM. However, due to the high cost of the material, it is advisable
to use it as a reinforcing matrix or as inclusions in the manufacture of tool electrodes. The authors found
that the use of composite tool electrodes made it possible to reduce the wear of tool electrodes during
machining. This is associated with enhanced heat dissipation in the machining zone and a reduction in the
tool electrode temperature experienced during
machining. The use of these matrices enables
a significant increase in the service life of the
tool electrodes.

In [80], the authors conducted research on
the use of a spiral tool electrode. The study
particularly focused on the removal of debris
from the processing zone and the supply of
working fluid to the processing zone when
machining Inconel-718. The electrodes used
were cylindrical and spiral tool electrodes
(Fig. 13), which were rotated at the same speed
during machining.

The efficiency of the spiral electrode in
EDM exceeds that of traditional cylindrical
electrodes due to the higher axial speed. With

an increase in the rotation speed, the maximum a b
axial speed of the spiral electrode increases, Fig. 13. Axial velocity contours of @) cylindrical and b) spiral
thereby significantly increasing the circulation tool electrodes [80]
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of the working fluid in the machining zone. Additionally, the spiral tool electrode has a lower electrode wear
rate than the cylindrical one, which positively impacts the efficiency of using these electrodes.

On the side wall of the slot, the surface roughness of the workpiece machined with the spiral electrode is
only 11 pm, which is better than 28 pum of the cylindrical electrode. The spiral electrode shows superiority
over the traditional cylindrical electrode in discharge stability, electrode life, slot dimensional accuracy, and
surface quality.

Under the same machining conditions, the thickness of the recast layer was reduced from 107.82 um
to 44.37 um for the spiral electrode compared to the cylindrical electrode process, while in some areas the
recast layer was absent.

The analysis shows that the spiral electrode has significant advantages in the debris removal system
compared to the cylindrical one. This is due to its design features, which provide more efficient movement
and removal of debris particles from the machining zone. The spiral geometry of the electrode creates
unique conditions, specifically: the formation of vortex flows of the working fluid, improved circulation
of the working fluid in the machining zone, an optimized and ordered trajectory for the removal of debris
particles, and the prevention of stagnant zones, which can lead to secondary remelting.

In [81-83], the authors conducted research on micro-electrode erosion drilling using three different
electrodes: a solid tungsten carbide cylindrical electrode, a carbide-tipped drill electrode, and a brass tool
electrode. After analyzing the results, the authors established that with the use of the cylindrical electrode, a
cone was formed at the exit of the through-hole, attributed to inefficient debris removal from the machining
zone during electrical discharge drilling. The geometry of the carbide drill, however, improved debris
removal from the interelectrode gap, stabilized the temperature in the machining zone, and reduced the
machining time. The choice of tool material significantly affects the productivity of electrical discharge
machining: brass provides the most accurate micro-holes (with the least wear, overcut, and taper), though it
requires extended machining time. Conversely, tungsten carbide provides high wear resistance but results
in larger overcut and taper angles with a moderate machining time. Carbide drills provide a balance of wear
resistance, machining time, and overcut/taper angles.

In [84-90], the authors investigated the effects of cryogenic treatment of the tool electrode on the
quality and efficiency of electrical discharge machining. Based on the results obtained, it was found that the
cryogenically treated tool electrode provides superior machining performance (maximum material removal
rate and improved surface roughness) compared to a conventional tool electrode. The authors noted an
increase in the electrical conductivity of the brass wire during shallow cryogenic treatment. In addition, it
was found that the grains became finer.

These results are directly related to the effect of cryogenic treatment on the structural changes in the tool
electrode: the formation of a more uniform structure, the elimination of pores and structural defects, and the
reduction of internal stresses. Consequently, the wear resistance of the tool electrode is enhanced.

The effect of cryogenic treatment was further investigated by conducting studies of the machinability of
electrical discharge machining on /nconel 601 using cryogenically treated copper as the tool electrode. Tool
wear was reduced by 33% by cryogenic treatment compared to untreated copper tools. The work focused
on the influence of current, gap voltage, and pulse duration on material removal rate, electrode wear, and
surface roughness. It was found that current was the most important control factor.

Conclusions

This paper reviews the current state of research in the field of electrical discharge machining of heat-
resistant alloys. It presents current trends and research interests of scientific teams engaged in this area.
A literature analysis of experimental studies was conducted, which revealed the lack of generalized and
comprehensive research results. EDM is a complex process, the outcome of which is influenced by a
multitude of factors, and currently, there are no comprehensive technological or recommendation databases
for the machining of heat-resistant alloys.
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Based on the conducted literature analysis, the following key findings were established:

1. It is relevant to conduct experimental studies on the influence of various material components added
to the working fluid to improve surface quality indicators after EDM, and to investigate the impact of
alloying the surface layer of heat-resistant materials with these materials.

2. It has been established that the current strength and pulse duration are the main technological
parameters determining the quality of the treated surface and the material removal rate. However, exceeding
the optimal pulse duration leads to accelerated wear of the tool electrode and excessive melting of the
workpiece, which, in turn, leads to difficulty in efficiently removing debris from the interelectrode gap.

3. The efficiency of using a modified working fluid (e.g., containing graphene and carbon nanotubes) for
improving surface quality in the machining of heat-resistant materials has been established.

4. It has been established that inclusions in the working fluid have a significant impact on the process
parameters and quality of electrical discharge machining. Analysis shows that the correct selection of
material and concentration of inclusions can significantly improve the results of the process.

5. It has been established that the geometric parameters of the tool electrode are one of the determining
factors influencing the result of electrical discharge machining. Analysis of the literature shows that the
correct configuration of the tool electrode can significantly improve the quality and efficiency of the process.
A correctly selected tool electrode design ensures more intensive removal of erosion products from the
interelectrode gap, which directly affects the quality of the machining.
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