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Introduction. The paper presents the results of an experimental study on the quantitative and qualitative
evaluation of the surface after wire electrical discharge machining (WEDM). The purpose of this study is an
experimental investigation with qualitative and quantitative analysis of surface defects in samples made of a heat-
resistant nickel alloy VV751P after WEDM. Methods of research. Samples for the study with a specific geometry
were obtained by the wire electrical discharge machining method in 4 modes. The operating parameters were:
workpiece height (£, mm), pulse-on time (7, , us), and pulse-off time (7, ,, us). The samples were studied using a
Hitachi S-3400N electron microscope in backscattered electron mode at 25 kV. Surface topography after electrical
discharge machining was evaluated using a laser scanning microscope (LSM) LextOLS4000. Cyclic tests were
performed on a universal testing machine Biss-00-100 at a test frequency of 20 Hz in a symmetrical cycle (R =
—1). Results and discussion. The defective (white) layer of samples was analyzed. It is established that during
wire electrical discharge machining the thickness of defective white layer is within 10 um, both after processing in
minimum and maximum mode. The surface quality index (surface roughness Ra) was analyzed. It was found that the
average value of surface roughness parameter Ra is 1.62 pm when processing samples with a height of 10 mm. When
the sample height increases, the surface roughness value reaches 2.6 pm after processing in minimum mode and 3.4
pum after processing in maximum mode. It is established that with an increase in workpiece height, the number of
microcracks on the surface of the product increases, which is associated with the intensification of the interaction of
single pulses with the processed surface. As a result of the study, it is found that at a loading amplitude of 400 MPa,
an average value of the number of cycles reaches 1.50E + 05 cycles. A decrease in the number of cycles is observed
with an increase in the amplitude of the loading cycles.

For citation: Shlykov E.S., Ablyaz T.R., Blokhin V.B., Muratov K.R. Improvement the manufacturing quality of new generation heat-resistant
nickel alloy products using wire electrical discharge machining. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal
Working and Material Science, 2025, vol. 27, no. 1, pp. 34-47. DOI: 10.17212/1994-6309-2025-27.1-34-47. (In Russian).

Introduction

Modern industry faces constant requirements for product quality. The introduction of new-generation
alloys results in increased physical and mechanical properties of products. For example, the introduction of
the granulated, heat-resistant nickel alloy V'V751P into production has led to increased stability of aviation
products in high-temperature environments without sacrificing their mechanical properties. Products made
of heat-resistant alloy V'V'751P offer extended service life and improved cyclic durability [1-3].

The modern aircraft engine building industry predominantly uses machining for manufacturing products.
Introducing new materials significantly complicates the serial production process. Heat-resistant materials’
machining presents several technological and economic disadvantages. The high hardness of heat-resistant
alloys causes build-up on the cutting tool, reducing tool durability and lowering machining accuracy. Other

* Corresponding author

Shlykov Evgeniy S., Ph.D. (Engineering), Associate Professor
Perm National Research Polytechnic University,

29 Komsomolsky prospekt,

614990, Perm, Russian Federation

Tel.: +7 961 759-88-49, e-mail: Kruspert@mail.ru

Vol. 27 No. 1 2025 %



% OBRABOTKA METALLOV TECHNOLOGY

challenges in machining by cutting include hardening and the low thermal conductivity of the material
being machined. During the cutting process, a significant amount of heat is generated, intensifying and
localizing thermal effects on the cutting edge and accelerating tool wear [4-5].

Wire-cut electrical discharge machining (WEDM) is an alternative method for manufacturing new-
generation, heat-resistant alloys [6-10]. WEDM relies on removing material from the workpiece surface
through heat generated by electrical impulses between the tool-electrode (7F) and the workpiece-electrode
(WE). This process is independent of the material’s mechanical strength, hardness, toughness, and brittleness.
There is no mechanical impact on the surface being processed [11-14].

When implementing WEDM in production, it is essential to investigate surface quality assurance during
machining. In WEDM, short-time unit pulses create intense, localized thermal and chemical effects on the
workpiece surface. This forms an outer surface layer with physical and mechanical properties that differ
from those of the base material. This layer may exhibit hardness values that differ from the base material
and may contain cracks and other surface defects. The energy of each pulse and its duration determine the
thickness of the modified layer.

In addition to surface defects, residual stresses are also intensified in this layer. The intense thermal
influence can cause residual stresses to appear in the surface layer of the workpiece. The magnitude and
direction of these stresses depend directly on the processing modes, the material’s physical and chemical
properties, and the surface layer characteristics [15-18].

To minimize the thickness of the modified surface layer, it is necessary to study the influence of machining
modes on the formation of this layer [19-21]. Machining modes affect the surface quality indicator, Ra
(roughness).

After WEDM, inhomogeneities can be observed in the surface relief, which is formed by the superposition
of numerous craters. These craters result from the impact of unit pulses on the workpiece surface. The
surface microrelief after WEDM differs from surfaces obtained by blade tool.

The actual purpose is to provide surface quality at machining of heat-resistant nickel alloys of new
generation by wire-cut electrical discharge machining.

The purpose of this work is an experimental investigation with qualitative and quantitative analysis of
the analysis of defects on the surface of samples made of a heat-resistant nickel alloy VV751P after WEDM.

Objectives:

—to analyze the thickness of the defective layer (white layer) on samples of the heat-resistant alloy
VV751P manufactured in this study.

— to analyze the surface quality indicator, Ra (um), of the manufactured samples.

—to conduct surface investigations for microcracks and structural defects using a laser scanning
microscope and evaluate the temperature effect on the formation of the surface microrelief.

— to conduct cyclic fatigue tests on specimens made of the heat-resistant alloy V'V751P after WEDM.

Research methodology

The experiments were conducted at the Center of Additive Technologies of the ITM Department of the
Perm National Research Polytechnic University. During the experiments the samples shown in Fig. 1 were
produced. Wire-cut electrical discharge machining (WEDM) was performed using an Electronica EcoCut
machine manufactured by ElectronicaMachineTools (Pune, India). Throughout the study, BercoCut wire
manufactured by Berkenhoff GmbH (Herborn, Germany) with a diameter of 0.25 mm was used as the tool-
electrode. Distilled water served as the working medium to facilitate the machining process

The samples were machined using minimum and maximum modes. Each experiment was repeated three
times to exclude the appearance of random errors. The pulse on-time (7, us), pulse off-time (7, - us), and
sample height were selected as the variable machining parameters. The modes of WEDM are presented in
Table 1.

The surface roughness of the machined samples after WEDM, in terms of the Ra parameter, was
measured using a Perthometer S2 profilometer (Mahr GmbH, Gottingen, Germany) with a base trace length
of 0.8 mm.
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Fig. 1. Specimen geometry

Table 1
WEDM modes
Mode No. T, us h, us T, pis

1 21

10
2 30

60

3 21

15
4 30

Surface topography after electrical discharge machining was obtained using a laser scanning
microscope (LSM) Lext OLS4000 (Olympus Corporation, Tokyo, Japan) based on a three-dimensional
image model. The surface model was generated using the 3DRoughnessReconstruction software module
(Olympus Corporation, Tokyo, Japan). The three-dimensional surface was constructed from optical slices
acquired through X-Y-Z scanning of specific surface areas. Scanning was performed at x200 and x 1,000
magnifications, with a scanning step of 2 pum along the Z-axis. A semiconductor laser with a wavelength of
405 nm served as the light source for scanning. For visual evaluation of the processing results, a Hitachi
S-3400N scanning electron microscope was used in backscattered electron mode at a voltage of 25 kV.

Cyclic tests were performed on a Biss-00-100 universal testing machine (Fig. 2, a) at a test frequency of
20 Hz in a symmetrical cycle (R = —1). Fatigue testing was controlled using a soft loading method, which
involves a smooth and controlled increase in applied stresses. Three key factors, carefully monitored by
specialized measuring equipment, served as criteria for test termination. The test was terminated when
the specimen failed completely - the most obvious indication that the material’s endurance limit had
been reached. The test was also terminated upon reaching a predetermined number of loading cycles,
a multiple of 100,000. This parameter reflects the accumulation of plastic strain in the material. A test
termination occurred when the strain range increased by more than 20 % from the initial value. Exceeding
the acceptable 20 % threshold signals a significant reduction in the specimen’s load-carrying capacity and
indicates impending failure. It is important to note that this threshold may vary depending on the material
type and test conditions.

To investigate the influence of the surface WEDM process on fatigue characteristics, specimens were
removed from tests after 100,000 cycles. Optical surface scanning was performed using a NewView 5010
optical profilometer (Fig. 2, b). This device enables the creation of a digital model of the surface relief and
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a b
Fig. 2. Equipment for studying the effect of cyclic tests on surface deformation:

a — Servo-hydraulic universal testing machine Biss-00-100; b — Interferometer-profilometer
NewView 5010

allows for both qualitative and quantitative analysis of the changes that occurred on the material’s surface
during the tests.

Results and Discussion

In this study, samples of heat-resistant nickel alloy VV751P produced by WEDM at minimum and
maximum modes, were analyzed. The surface layer of the samples was evaluated qualitatively and
quantitatively using an Olympus GX51 optical microscope at X200 magnification (Fig. 3).

It was observed that, with WEDM, the size of the defective white layer remained consistent at both
modes and was 10 um. Varying the processing parameters within this range did not significantly impact the
thickness of the defect layer.

Fig. 4 shows the surface of a heat-resistant nickel alloy VV751P sample processed by WEDM at the
minimum mode (Mode No.1). Scanning electron microscopy (SEM) revealed no surface defects in the
form of pores or cracks. During the WEDM process, spark discharges occur, and a microvolume of molten

a b
Fig. 3. Structure of the surface layer of VV'751P samples after WEDM in:

a — minimum mode; » — maximum mode
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Fig. 4. Surface of the specimen made of heat-resistant nickel alloy VV751P after WEDM according
to mode No. 1, obtained using SEM:
a — 100x magnification; b — 1,000x magnification

metal is ejected from the sample, resulting in the formation of a microcrater. The ejected molten metal
rapidly solidifies, forming a characteristic bead around the crater’s perimeter. Figs. 4, a and 4, b show no
pronounced zones of melt in the form of craters, beads, depressions, or sharp peaks.

Fig. 5 shows the surface topography of the sample after processing in mode No. The average surface
roughness (Ra) was 1.53 um.

Examination of the sample surface, machined according to mode No.l, using a confocal scanning
laser microscope (CSLM) Lext OLS4000, revealed a relatively flat surface with a characteristic microrelief
formed by melting of the sample material during machining. No pores or cracks were observed on the
processed surface.

With increasing pulse energy (mode No.2), an intensification of the material melting process was
observed. The molten alloy spreads randomly across the surface, creating irregularities of different shapes
and sizes. This process results in variations in the roughness of the surface layer. Due to the intense
thermal impact on the workpiece surface layer during WEDM, secondary structures form on the surface.
It has been established that increasing WEDM power in mode No.2, while maintaining the height of the
machined sample at 10 mm, does not lead to significant qualitative changes in the overall surface morphology
(Fig. 6, a). However, at higher magnifications (Fig. 6, b), microcracks are revealed on the processed surface.
These microcracks likely formed during rapid cooling of the molten metal from elevated temperatures due
to the more intense energy input compared to mode No.l. Fig. 6, b shows the presence of microcracks
within the craters on the surface of a 10 mm high specimen machined in mode No.2.

Fig. 7 shows a representative section of the heat-resistant nickel alloy VV'751P sample surface after
machining in mode No.2. A less pronounced temperature gradient is observed compared to mode No.1. The
average surface roughness (Ra) was determined to be 1.62 um, which is consistent with the roughness value
obtained in mode No.1, placing both surfaces within the same roughness class.

Increasing the height of the machined sample to 15 mm intensifies microcrack formation on its surface
during WEDM, regardless of the machining power (Fig. 8, a-f). The effect of secondary discharges is
illustrated in Fig. 8. The final stage is characterized by cavitation phenomena and a plasma luminous
plume (with a characteristic lifetime of 5 ms) that exists due to the increased frequency of high-frequency
discharges near the cathode. At the beginning of the third stage, vapor-gas layer bubbles begin to collapse
due to the equilibration of internal and external pressure as a result of increasing local temperature, which
is a derivative of the applied pressure. This leads to a large cavitation shock (approximately 1010 MPa),
which further increases the surface roughness parameter and promotes the growth of technological cracks
during WEDM of heat-resistant nickel alloy VV751P.
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Fig. 5. CSLM at 500% magnification:

a — arandom area of the sample surface after processing in mode No. 1 with a secant line; b — 3D model with
a temperature map of heights; ¢ — graph of microrelief variation along the secant line

a b

Fig. 6. Surface of the specimen made of heat-resistant nickel alloy VV751P after WEDM
in mode No. 2, obtained using SEM:

a — at 100x magnification; 6 — at 1,000x magnification
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Fig. 7. CSLM at 500% magnification:

a —arandom area of the sample surface after processing in mode No. 2 with a secant line; b — 3D model with
a temperature map of heights; ¢ — graph of microrelief variation along the secant line

As the pulse energy increases, process cracks resulting from WEDM are nucleated, in addition to
increasing the surface roughness. Rapid heating of the workpiece to a temperature of 5,000 °C, followed by
rapid cooling to the temperature of the distilled water (20 °C), promotes crack formation on the machined
surface. This phenomenon is caused by thermal stresses that lead to cracking of the metal. An important
factor affecting crack formation is the presence of depressions and holes, which act as stress concentrators.

After surface machining of a 15 mm high specimen in mode No.3, relatively large microcracks are
detected by SEM even at relatively low magnifications (Fig. 8, a). At slightly higher magnifications, it
becomes evident that microcracks on the machined surface, compared to the surfaces of 10 mm high
specimens machined in modes No.1 and No.2, become deeper and more branched (Fig. 8, ¢). More detailed
studies of the machined surface at x5,000 magnification revealed fine crystalline formations of submicron
size along the boundaries of which zigzag-shaped microcracks are observed, as indicated by arrows
in Fig. 8, d.

No significant qualitative changes in the microrelief of the specimen surface with a height of 15 mm
machined in mode No.3 were observed compared to the microrelief of the surface of the specimen with
a height of 10 mm machined in mode No.2 (Fig. 9). The surface roughness parameter Ra after WEDM in
mode No.3 was 2.6.

On the surface of the specimen machined in mode No.4, a significant number of cracks and cracking
are also observed (Fig. 8, b, d). As shown by CSLM studies of the sample surface (Fig. 10), the depth of
these cracks and cracking exceeds 1 pm. No macroscopic defects in the form of large pores or cavities were
detected.
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a b
c d
e f

Fig. 8. Surface of samples made of heat-resistant nickel alloy V'V751P, after WEDM in the mode:

a —No. 3 at 100x magnification; b — No. 4 100x magnification; ¢ — No. 3 1,000x magnification; d — No. 4 at
1,000x magnification; e — No. 3 at 5,000 magnification; f— No. 4 at 5,000x magnification (obtained by SEM)

The formation of microcracks and crazing in the sample machined by WEDM in mode No.3 is caused by
the formation of fine crystalline structures during rapid crystallization from the melt at elevated temperatures.
Increasing the height of the sample increases the exposure time of unit pulses, consequently intensifying the
thermal effect. The resulting stresses cause the formation of microcracks, which can subsequently merge to
form larger cracks. The surface roughness parameter Ra was 3.4 um.

Increasing the height of the workpiece being machined leads to an increased concentration of energy
on the machined surface, causing secondary discharge phenomena that negatively impact the concentration
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Fig. 9. CSLM at 500x magnification:

a — arandom area of the sample surface after processing in mode No. 3 with a secant line;
b — 3D model with a temperature map of heights; ¢ — graph of microrelief variation along the

secant line

C

Fig. 10. CSLM at 500 magnification:

a —arandom area of the sample surface after processing in mode No. 4 with a secant line; b — 3D model
with a temperature map of heights; ¢ — graph of microrelief variation along the secant line
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and intensity of crack formation on the surface of heat-resistant nickel alloy V'V751P. The presence of
cracks on the surface negatively affects the performance of products made of heat-resistant nickel alloys.

Cyclic low-cycle fatigue tests were conducted to determine the time, nature, and mechanism of failure
under cyclic loads on critical products made of functional materials. Low-cycle fatigue reflects failure
under elastoplastic deformation of the product. The cyclic test data are shown in Table 2, and the fatigue
diagram is shown in Fig. 11.

Table 2
Results of cyclic tests of V'V'751P alloy
Mode No. stresses in the loading cycle Number of cycles Result
kN MPa
1 0.75 263 2.50E+05 undestroyed
2 1 351 1.74E+05 destroyed
3 2 702 1.90E+04 destroyed
4 1.5 526 4.18E+04 destroyed
5 1.2 421 1.62E+05 destroyed
6 1.1 386 92700 destroyed

Fig. 11. Low-cycle fatigue diagram for the V'V751P alloy (an arrow indicates
a run-out sample that did not fracture after the specified number of cycles)

The study revealed that at a loading amplitude of 400 MPa, the average number of cycles to failure
reached 1.50E+05 cycles. A decrease in the number of cycles to failure was observed with increasing
loading amplitude. The arrow in the graph indicates the specimen that did not fail within the given number
of cycles.

Conclusions

Analysis of the defective layer (white layer) of the samples revealed that the thickness of this layer
remains consistent at approximately 10 um after WEDM, regardless of the processing mode.
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Analysis of the surface quality parameter, Ra (roughness), established that the average roughness (Ra)
is 1.62 um for machined samples with a height of 10 mm. Increasing the sample height causes the surface
roughness to reach 2.6 um at the minimum mode and 3.4 pm at the maximum mode.

It is established that increasing the workpiece height results in the formation of microcracks on the
product surface, with the extent of cracking increasing at the maximum mode. Crack formation is attributed
to the intensified interaction of unit pulses with the machined surface. Machining a 10 mm high sample
showed no pores or cracks on the surface. Machining 15 mm high samples resulted in cracks on the surface,
reaching lengths of up to 50-60 um.

The study revealed that at a loading amplitude of 400 MPa, the average number of cycles reached
1.50E+05 cycles. A decrease in the number of cycles was observed with increasing loading amplitude.
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