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IMPROVING THE QUALITY PARAMETERS

OF STEEL SURFACES BY COMBINED
ELECTROSPARK CARBURIZING TECHNOLOGIES.
Pt. 1. Properties of Metal Surfaces

The relevance of this study is determined by the growing requirements for the reliabil-
ity and durability of machine parts operating under conditions of intensive mechanical
loads, elevated temperatures, and exposure to corrosive environments. Modern energy-
efficient and environmentally safe surface-hardening technologies, in particular, elec-
trospark alloying (ESA), provide wide opportunities for targeted modification of the
structure and properties of surface layers without changing the geometric parameters
of products. This paper aims to analyse combined electrospark technologies for form-
ing functional coatings and substantiate methods for improving the ESA process using
carbon-containing pastes (special technological environment — STE) and nanostructur-
ing surface layers by adding carbon nanotubes to their composition. The paper presents
the results of investigations of the structural-phase composition and service proper-
ties of coatings obtained using improved ESA technologies. The methods of electro-
spark carburizing, ESA with hard wear-resistant and soft antifriction metals, the for-
mation of combined multilayer coatings, as well as hybrid technologies combining ESA
with subsequent surface plastic deformation (SPD), are considered. Microstructural,
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tribological, and mechanical tests are carried out along with an analysis of the stress—
strain state of surface layers. The obtained results show that electrospark carburizing
provides an abnormally high diffusion of carbon and the formation of nonequilibrium
fine-grained structures with hardness up to 72 HRC. The combination of ESA using
a graphite electrode followed by SPD makes it possible to reduce surface roughness
to R, = 0.1-1.5 nm, increase wear resistance and adhesion strength of the coatings,
and control the level of residual stresses. The use of STE containing carbon nanotubes
promotes the formation of nanostructured coatings with increased microhardness and
corrosion resistance. The practical application of the obtained results consists of the
implementation of combined electrospark technologies for strengthening and restor-
ing machine parts, in particular, components of pumps, seals, and bearing units that
ensures increased reliability and durability.

Keywords: electrospark alloying, electrospark carburizing, combined coatings, micro-
structure, durability of machine parts.

1. Introduction

The main driving force of long-term economic growth is scientific and
technological progress, which is inextricably linked with the emergence of
new, more reliable technologies, which are characterised by environmental
safety, lower material and energy costs, and extended service life. At the
same time, a large number of modern machines and mechanisms have to
work under conditions of corrosive, abrasive, adhesive and other types of
influence of working environments destroying the surfaces of the parts
[1-38]. In addition, the surface layers of the parts are negatively affected
by increased operating modes of the equipment, namely: high speeds,
loads, and contrasting temperatures [4, 5].

The modern technologies for improving the quality of the part surface
layers include a significant number of strengthening methods aimed at
protecting the part surfaces from wear. Among such methods, chemical-
thermal treatment (CTT) has become the most widespread one [6—8].
Increased hardness and wear resistance of part surfaces can also be
achieved through gas-thermal spraying of metal-ceramic coatings [9], mi-
cro-arc oxidation [10], centrifugal reinforcement with tungsten carbide
[11], application of aluminium oxide layers [12—14], as well as the use of
plasma and detonation spraying methods [15—-19], magnetron spraying
[20—-22], etc. In addition, there are technologies aimed at improving the
operational properties of surfaces at the design stage by ensuring the re-
quired geometry of the surface layer of the product (research on centrifu-
gal dispersing devices, gravitational transport, cylindrical surfaces of
parts [23, 24].

Increasing the surface wear resistance is also achieved by applying the
multilayer coatings [25] that combine the features of hard wear-resistant
materials and soft antifriction ones [26—28]. The technological solutions
are aimed at optimising the structure and properties of such coatings
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while ensuring their high adhesion strength, as well as forming the neces-
sary tribotechnical characteristics, which increase the durability of the
parts under difficult operating conditions.

Thus, the technological developments aimed at creating the modern
composite materials with a stably increased wear resistance of the surfac-
es, as well as relatively high strength and viscosity, are relevant and time-
ly [6, 29-31].

A modern solution directed to the problem of creating energy-efficient
and low-cost technologies for improving the quality parameters of the part
surface layers is the treatment of the materials with the use of concentra-
ted energy flows (CEF). Among such methods, the most widespread are ion
nitriding [32, 33], condensed ion bombarding [33—35], plasma spraying
[36—39] and plasma treating [40, 41], as well as laser processing [42—45].

The most popular modern technology implemented using the CEF is
the electrospark alloying (ESA) method, due to which structures having
unique physical-mechanical and tribological properties at the nanoscale
are formed in the surface layers [46]. In works [47, 48], the ESA process
is presented that occurs between the surface layers of the anode (alloying
electrode) and the cathode (part), which are subject to the local action of
high shock wave pressures and temperatures. While approaching one an-
other, the surfaces of the electrodes (anode and cathode) in microscopi-
cally small volumes are almost instantaneously (for 50 to 400 microsec-
onds) heated to temperatures of (5—7)x10% K. After that, the heated frag-
ments in the form of drops or solid particles of the anode material start
moving to the cathode surface. At this moment, on the cathode surface,
there occur the microbaths, wherein the anode and cathode materials are
interacting with each other and with the environment. The high tempera-
ture activates diffusion processes, causes a change in the structure of the
surface layer and results in the formation of new phases.

The features that favourably distinguish the ESA method from the
traditional surface treatment technologies include: environmental and
technogenic safety; the ability to form the coatings consisting of pure
metals, the alloys of any degree of alloying, hard alloys, cermet, etc.; ap-
plication in local areas that require no protection of adjacent surfaces;
high adhesion of the deposited metal; due to the diffusion of the elements
of the alloying electrode-tool (ET) into the surface layers of the part, the
ability to control the structure of the surface without changing the geo-
metric dimensions; the absence of warps and deformations; the possibility
of integration into any technological process; small size and transportabil-
ity of the ESA equipment, etc. [49, 50]. Additionally, in [51], it has been
shown and proved that the ESA method is one of the most suitable for
applying discrete coatings, since the process itself is discrete in nature.
The advantage of such coatings is the absence of a softening effect during
the propagation of a brittle crack spread from the coating to the base
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metal, which is due to the excessively high adhesion strength within the
continuous layers. The high cohesive and adhesive stabilities of the indi-
vidual discrete coating elements are achieved by limiting the normal
stresses in the coating itself and the tangential stresses in the plane of the
adhesive contact with the base, which is implemented by selecting the
sizes and shapes of the discrete areas. The principle of the discrete struc-
ture of the coatings has made it possible to combine organically the physi-
cal processes underlying the pulse hardening methods with the structural
discreteness that determines the operational properties.

The disadvantages of the ESA method include the availability of in-
creased surface roughness, reduced fatigue strength and other factors [52,
53]. However, some of them can be considered advantages. In particular,
for a number of the technologies for strengthening and restoring the
parts, it is necessary to ensure the increased adhesion of the coating to the
substrate, which is achieved by creating rough surfaces thereof [54]. The
protrusions and depressions of the roughness, which is formed by tradi-
tional mechanical processing methods (turning, grinding, etc.), have a
pointed profile, resulting in the appearance of stress concentrators and,
accordingly, the decrease in fatigue strength. After surface treatment by
the electro-spark alloying method, the resulting roughness is character-
ised by a gently sloping profile without sharp drops in the surface ‘land-
scape’ [55]. Such surface morphology enables the effective application of
electro-spark alloying as part of a combined technology, for example, elec-
tro-spark alloying followed by the application of a metal-polymer material
(ESA + MPM) [56].

Depending on the ESA method, the alloying medium, and the cathode
and anode material, the properties of the surface layers are sufficiently
presented in [27, 57-61].

With the appearance of new technologies, improving the quality para-
meters of machine parts surfaces by the ESA methods, which use the spe-
cial technological saturating media (STSM), has significantly expanded the
range of their application. It has become possible to obtain the surface
structures having unique physical-mechanical and tribological properties at
the nanoscale. At the ESA process, using the STSM, it is possible to obtain
not only the single-component coatings, namely, aluminising [51, 62], car-
burizing [63—65], nitriding [66], but also the multi-component ones [67, 68].

The wide opportunities for the targeted changes in the properties of
the metal surfaces were opened when using graphite as an anode during
the ESA process. According to Ref. [69], the choice of graphite as an elec-
trode material has been justified by a number of its advantages. It is
known that graphite in the free state is an effective solid lubricant, and in
the bound state, in the form of carbides, it acts as a solid wear-resistant
phase, which is resistant to the action of many aggressive environments
[70]. In some events, the combination of these properties is necessary.
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When the ESA method is carried out using a graphite electrode, it is
based on the diffusion process, namely, the process of saturation of the
surface of the part with carbon. This is not accompanied by an increase in
the size of the part; the surface is saturated with carbon due to diffusion,
which gives a reason to compare it with a type of CTT, namely, carburizing.

During the ESA process, strengthening of the surface of the part oc-
curs due to diffusion-hardening processes. The surface of the part is satu-
rated with carbon at a high temperature (up to 10,000 °C), after which it
is rapidly cooled to room temperature.

In Ref. [71], the authors have investigated the process of electric
spark carburizing (ESC) of steel surfaces. This process has a number of
advantages compared to the traditional methods used when applying the
ESA method. The main advantages of the ESC method are as follows:
achieving 100% continuity of the strengthened surface, increasing the
hardness of the surface layer of the part due to the diffusion strengthen-
ing processes, the possibility of local processing (alloying can be carried
out in certain places without protecting the rest of the part surface), etc.
During the ESC process, the discharge energy in the range from 0.036 to
6.8 J and the process productivity in the range from 0.5 to 3.0 cm?/min
are used.

In Ref. [72], the modern scientific research in the field of processing
metal surfaces with a graphite electrode during the ESA method was re-
viewed and analysed. The authors have studied the influence of the param-
eters of the electric pulse on the quality of the carburised layer. The mi-
crostructural analysis showed that three characteristic zones can be dis-
tinguished in the structure of the layer, namely, the carburised (‘white’)
layer, the diffusion transition zone and the base metal zone. The authors
have substantiated the need for non-abrasive ultrasonic finishing (NAUF)
after the ESC process in order to reduce the surface roughness, change
tensile stresses to compressive ones and increase the fatigue strength of
the parts. In addition, to reduce the roughness of the treated surface, it
has been proposed to apply the ESC technology in stages, with a reduction
in the discharge energy (W) at each subsequent stage. To improve the
quality parameters of the carburised layer obtained using the ESC process,
it has been proposed to use graphite powder, which had been applied to the
treated surface before alloying.

The comparative analysis has shown that after the traditional ESC
process at W = 4.6 J, the surface roughness of steel 20 is R, = 8.3-9.0 nm,
and after using the proposed technology, it is R, = 3.2—4.8 pm. At the
same time, the continuity of the alloyed layer increases up to 100%, the depth
of the carbon diffusion zone increases up to 80 um, as well as the micro-
hardness of the ‘white’ layer and its thickness increase up to 9932 MPa
and 230 pm, respectively. The local micro-x-ray spectral analysis of the
obtained coatings has shown that the traditional ESA method at W = 0.9,
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2.6, 4.6 J provides the formation of surface layers having high carbon
contents with a depth of 70, 100, 120 um, respectively, and the ESA
method using graphite powder ensures those with a depth of 80, 120, 170
pm, respectively. With increasing the depth, the amounts of carbon de-
crease from 0.72 to 0.86% to those in the base metal from 0.17 to 0.24%.
In the subsurface layer, which has been formed using the new technology,
the pores are filled with free graphite, which can be used as a solid lubri-
cant to improve the performance characteristics of the friction pair parts
processed by it. Statistical thermodynamics and ordering kinetics models
developed to describe the evolution of long-range order and phase trans-
formations in alloys can be used as a theoretical basis for analysing struc-
tural changes and improving the quality parameters of steel surfaces dur-
ing ESA [73].

Considering that the ESA method with a graphite electrode has a wide
range of applications, the analysis of modern scientific research in the
field of metal surface treatment by the electrospark carburizing method
does not provide a complete picture of its other possibilities. The formula-
tion of the purpose of the work determines the importance of conducting
further research.

The purpose of this work focuses on the following aspects:

- analysis of the properties of metal surface coatings formed by the
ESC method;

- investigation of the properties of metal surface coatings formed by
the ESA method from hard wear-resistant or soft antifriction metals, tak-
ing into account the sequence of the ESA process (before or after the ESA
treatment);

« improving the quality parameters of the surfaces formed by the ESC
method;

- analysis of the stress—strain state of the surface layers after the ESC
method and after a combination of the ESC process with the ESA method
using soft antifriction metals;

- assessment of the influence of a special technological environment
(STE) with uniformly distributed carbon nanotubes on the modification of
the surface layers of the machine parts formed by the ESA method.

2. The ESC Method for Increasing the Hardness of Metal Surfaces

To increase the hardness of steel parts, the method of electrospark car-
burizing has been proposed. When strengthening the parts made of rolled
steel sheets, the method provides environmental safety thereof [74]. The
method involves treating the steel surfaces with temperatures characteris-
tic of hardening and tempering processes for parts having a thickness of 1.0
to 10 mm. In this case, the values of the energy discharges (W) in the range
of 4.6 to 6.8 J and processing productivity of 0.2 to 3.0 cm?/min are used.
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Owing to the ESA treating the steel surface with a graphite electrode,
the following processes occur:

« saturating the steel surfaces with carbon, and due to concentrated
energy flows, providing abnormally high diffusion of carbon, which is ob-
served, while the carbon content in the surface layer can be of 3 to 4% [75];

e performing ultra-high-speed hardening with the use of short-term
heating by an electric current discharge to a high temperature, and then
instantaneously cooling, which leads to the formation of non-equilibrium
structures having fine grains, high heterogeneity in composition, struc-
ture, and a high level of thermal stresses;

« providing the plastic deformation under the local action of pulse
pressure on the material.

The listed processes affect the formation of the properties of the ob-
tained surface layers. Table 1 presents the results of measuring the hard-
ness of rolled steel sheets made of 65I' (656G), 40X (40Kh) and 30X13
(30Kh13) after the ESC process and heat treatment: (1) ESC processing
and cooling in the air, (2) ESC processing and cooling in oil.

Table 1. Technological parameters of the surfaces
of steel sheet samples strengthened by the ESC method [75]
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Steel 65T (65G) (rolled sheet, according to TOCT 19903-74 (GOST 19903-74)

1 4.6/4.6 | 0.3/1.0 69/69 55/55 72/71 69/67 | 3.7
2 6.8/4.6 | 3.0/0.7 69/69 53/53 72/71 67/65 | 4.1
3 6.8/6.8 | 2.0/3.0 68/68 45/44 71/70 66/62 | 4.3
4 6.8/6.8 | 1.5/2.4 66/66 43/43 70/69 64/60 | 4.5
5 6.8/6.8 | 1.4/3.0 63/63 41/41 70,68 62/60 | 4.9
6 6.8/6.8 | 1.0/2.0 62/62 40/40 70/67 62/60 | 5.2
7 6.8/6.8 | 0.7/1.0 60/60 38/38 69/65 61/60 | 5.1
8 6.8/6.8 | 0.5/0.7 60/60 37/37 69,/64 61/60 | 5.5
9 6.8/6.8 | 0.3/0.6 59/59 35/35 65/62 61/60 | 6.7
10 6.8/6.8 | 0.2/0.4 59/59 33/33 63/59 61/59 | 6.8

Steel 30X13 (80Kh13) (rolled sheet, according to I'OCT 5582-75 (GOST 5582-75)
4.0 | 6.8/6.8 | 1.5/2.4 | 65/64 | 42/40 | 67/65 | 60/59 | 4.3
Steel 40X (40Kh) ( rolled sheet, according to I'OCT 19903-74 (GOST 19903-74)
5.0 | 6.8/6.8 1.4/3.0 63/62 38/34 65/61 50/48 5.1
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Fig. 1. Microstructure (a, ¢) and microhardness distribution (b, d) in 65I" (65G) steel

samples of 3 mm thick after ESC processing and air cooling (a, b), and those of 2 mm

thick after the ESC processing and oil cooling (¢, d) [75]

Due to the above processes occurring during the ESC method, it is pos-
sible to achieve a hardness of up to 72 HRC on the surface being carbur-
ised, and up to 69 HRC on the reverse side of the thin sheet blank, as seen
in Table 1.

The results of the metallographic and durometric analyses confirm the
formation of non-equilibrium structures having an increased hardness
after the ESC process. Figures 1, a and b, respectively, show the micro-
structure and microhardness distribution depending on the depth, start-
ing from the surface, of the 3 mm thick 65I" (65G), steel sample after
ESC processing and air-cooling. The maximum microhardness, reaching
9500 MPa, is observed on the alloyed surface of the sample. With inc-
reasing depth, the microhardness decreases; at a depth of 300 ym, it is
4000 to 4500 MPa, and then it changes slightly over the entire cross
section.
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Figures 1, ¢ and d show the microstructure and microhardness distri-
bution as the depth increases from the surface of the 2 mm thick 65T
(65G) steel sample after ESC processing and oil cooling. The maximum
microhardness value of 12500 MPa is on the alloyed surface of the sample.
With increasing depth, the microhardness has been decreasing. At a depth
of 80 to 120 pm, there is a drop in microhardness up to 8000 MPa. After
that, the microhardness value has been increasing up to the value of 9100
to 9600 MPa, and then it does not change throughout the cross section.

Thus, a new, environmentally safe technology for the heat treatment
of the parts made of the rolled steel sheets, namely, steels 40X (40Kh), 65
I' (65G), and 30X13 (30Kh13) (pump blades, screws, disks, etc.), is pro-
posed for practical application.

3. Using the ESC Method to Increase
the Thickness of the Strengthened Layer

Before applying the hard wear-resistant metals, ESC processing the
metal surfaces had been performed in order to increase the thickness of
the elevated hardness layer. For example, in works [33, 76—80], to in-
crease the wear resistance of the working surfaces of the steel rings for
the pulse end seals (PESs), the multilayer combined electrospark coatings
(CESCs), which had been formed in the sequence of BK8 (VK8) + Cu +
+ BKS8 (VK8), were used. Before applying the CESCs, the working surfaces
of the steel rings were treated by the ESC method using the discharge en-
ergy W in the range of 0.036 to 4.6 J, while the thickness of the increased
hardness layer was increased by the value of the thickness formed by the
ESC method.

The improved parameters of the working surfaces of the steel rings
for the PESs have a positive effect on their wear resistance.

4. The ESC Method for Reducing
the Hardness of Metal Surfaces

In the literature, practically, there is no information on the use of the
ESA method to reduce the hardness of the surface layer of the parts.
However, the technologists are often faced with such a problem. When as-
sembling the stationary component parts, in addition to ensuring the
strength of the connections, there is often a problem of ensuring the con-
nection tightness, for example, in the seats of the metal rings for the
pulse end seals (PESs).

While assembling the stationary component part connections, the part
surfaces being connected are subject to plastic deformation; therefore, it
is desirable that the hard metal parts have a softer surface layer.

The hardness of the metal surface of the part can be regulated as fol-
lows [81]:
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Fig. 2. The microstructure of the BrB2 surface layer after the ESC method with carbon
for (a) 1 min, (b) 2 mins, (¢) 3 mins, (d) 4 mins; x400 [81]

Table 2. Hardness distribution and depth of the BpB2 (BrB2) surface layer [81]

Electrode-tool Strength, |Labour intensity,| Depth of the low- | Hardness distribution,

(ET) material N, W min/cm? rigidity layer, nm HYV, over depth
Carbon 144.3 1.0 25 145, 195, 312, 370
Carbon 144.3 2.0 30 140, 260, 280, 370
Carbon 144.3 3.0 50 184, 195, 220, 370
Carbon 144.3 4.0 120 229, 250, 260, 370

. increasing the hardness by applying a material with a higher hard-
ness to the surface or diffusively introducing the necessary chemical ele-
ments from the environment or anode material;

« reducing the hardness by applying softer materials to the surface.

When using this method for processing the surfaces of the parts being
connected, sufficient tightness, strength and reliability of the stationary
component part connections are not always achieved. The problem is solved
by treating the surface of the steel cathode by the ESC method at W =
= 0.4-4.0 J, which leads to the formation of a surface ‘white’ layer, the
hardness of which exceeds the hardness of the base steel, and a sublayer,
namely, a tempering zone located under the surface ‘white’ layer and char-
acterized by a hardness that is lower than the hardness of the base metal.
After conducting the ESC process, the surface ‘white’ layer is removed,
for example, by grinding [82].

In the other variant, a cathode made of a non-ferrous alloy is used. In
this case, the surface of the cathode is treated by the ESC method at W =
0.4-4.0 J with the formation of the surface tempering zone, the hardness
of which is lower than the hardness of the base non-ferrous metal.
Moreover, with an increase in the charge energy and the alloying time, the
depth of the reduced hardness layer increases.

From the analysis of the microstructures in Fig. 2 and the data in Table 2,
it follows that with an increase in the alloying time from 1 to 4 min/cm?,
the depth of the hardened layer increases from 25 to 120 ym. The hard-
ness value also increases from 140 to 229 MPa.

When used for processing the surfaces of the parts being connected, to
obtain their stationary component part connections characterised by in-
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creased tightness and strength, the proposed ESC method [82] allows ob-
taining the stationary component part connections with improved values
of tightness and strength and, as a result, increasing their reliability and
durability.

5. The ESC Method for Reducing the Surface Roughness
after the ESA Process with Soft Antifriction Alloys

When developing a new method for applying combined electrospark coat-
ings (CESCs) made of the soft antifriction metals to the steel liners of
plain bearings (PL), the above problem arose of reducing their roughness.
To solve this problem, the following ESC method was used.

Traditionally, the babbitt alloys are applied to the base of the PL lin-
ers using various processing methods, including manual pouring, centrif-
ugal pouring, pressure-assisted pouring, gas-thermal spraying, etc. [83].
In recent years, to apply the antifriction coatings, the ESA method has
been increasingly used.

The closest method to the proposed one is tinning the liners and pouring
an antifriction alloy of the soft metals into a chill mould onto the liners
heated to 250 °C under pressure and at the temperature of 450 to 480 °C.

Before pouring the antifriction alloy onto the surface to be poured,
using the ESA method performed by the electrode-tool (ET) made of cop-
per, the intermediate layer had been applied onto the surface to be poured.
While tinning, copper with tin could form a solid substitution solution,
providing a guaranteed metallic bond [53, 84].

It should be noted that not all methods for controlling the process of
babbitt pouring can give a full guarantee of its quality.

6. Combined Copper and Babbitt Electrospark
Coating Made on a Steel Substrate

To ensure the high-performance characteristics of the part surfaces, it is
important to obtain a coating with maximum continuity and minimum
roughness. For this purpose, alloying by copper was carried out in stages
[85]: first at W, = 0.27 J, and then at W = 0.05 J. It resulted in decreas-
ing both the layer thickness from 0.08 to 0.05 mm and the roughness (R,)
from 10.4 to 6.2 pym. The layer continuity reached 100% in Fig. 3, a.

At the second stage, when applying copper at a lower energy mode, the
electric discharges were localised on the protrusions of the previous layer,
which eventually led to their partial destruction and deformation. This
contributed to a reduction in the surface roughness and an increase in its
continuity.

Next, babbitt B88 (B88) was applied to the copper coating. The process
for forming the babbitt layer was also carried out in stages. First, the
mode was used at W = 0.05 J, and then at W = 0.27 J.
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Fig. 3. The sample made of steel 20 after the ESA process by copper (a) and copper and
babbitt (b) [85]
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Fig. 4. The structure of the babbitt coating with the copper sublayer (a), and the dis-
tribution of the microhardness by the depth of the formed layer (b) on the sample made
of steel 20; x400 [85]

It should be noted that when applying tin babbitt to a copper surface
at discharge energy of more than 0.05 J, the quality of the coating de-
creases sharply (the continuity decreases and the roughness increases).
Babbitt is transferred in the form of separate drops, and the higher the
discharge energy, the larger the droplet sizes and the lower the continuity
of the coating.

The initially applied babbitt layer at pulse energy of W = 0.05 J ac-
cumulates the heat and increases the time for the drop to spread when
applying the next babbitt layer at a higher alloying mode. Figure 3b shows
the surface of the sample after the ESA process by babbitt at W = 0.05 J,
and further at W = 0.27 J. With the increase in pulse energy from 0.05
to 0.27 J, the surface roughness increased from 6.5 to 23 pm, and the
thickness of the applied layer increased from 0.08 to 0.42 mm.

Further, to reduce the surface roughness, ESC processing of the coat-
ings was performed at W = 0.39 J, and then, at W = 0.13 J. Before each
treatment with graphite, the coating surface was cleaned with a brush.

During the ESC process, the electric discharges pass along the protru-
sions of micro-irregularities of the babbitt B88 (B88) surface. This leads
to melting, decreasing micro-irregularities in their height, spreading the
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Table 3. The quality parameters and the ESA modes during the formation of the
coatings made of tin babbitt having a sublayer of copper, tin bronze, and tin [85]

Stage Electrode Discharge pulse | Productivity, Roughness |Thickness of applied
number | tool material w,, J cm?/min R,, nm coating, mm
Steel 20 + Cu + B88(B88)
1 Cu 0.27 2.0 10.4 0.08
2 Cu 0.05 1.0 6.2 0.05
3 B88 (B88) 0.05 1.0 6.5 0.08
4 B88 (B88) 0.27 2.0 23.0 0.42
5 Graphite 0.39 3.0 16.4 0.38
6 Graphite 0.13 1.3 8.6 0.35
7 B88 (B88) 0.27 2.0 24.3 0.74
8 Graphite 0.39 3.0 16.7 0.71
9 Graphite 0.13 1.3 9.1 0.70
10 B88 (B88) 0.27 2.0 23.6 1.04
11 Graphite 0.39 3.0 16.2 1.02
12 Graphite 0.13 1.3 8.7 1.00
Steel 20 + BpO® 10-1(BrOF10-1) + B588(B88)
1 BpO®10-1 0.13 1.3 30.2 0.10
(BrOF10-1)
2 BpO®10-1 0.05 1.0 7.3 0.05
(BrOF10-1)
3 B88 (B88) 0.05 1.0 6.8 0.08
4 B88 (B88) 0.27 2.0 23.2 0.45
5 Graphite 0.39 3.0 16.4 0.42
6 Graphite 0.13 1.3 8.6 0.40
7 B88 (B88) 0.27 2.0 24.6 0.74
8 Graphite 0.39 3.0 16.3 0.71
9 Graphite 0.13 1.3 9.2 0.69
10 B88 (B88) 0.27 2.0 23.1 1.01
11 Graphite 0.39 3.0 16.8 0.98
12 Graphite 0.13 1.3 8.9 0.97
Steel 20 + Sn + B88(B88)

1 Sn 0.13 1.33 32.7 0.1
2 Sn 0.05 1.0 14.8 0.07
3 588 (B88) 0.27 2.0 23.2 0.40
4 Graphite 0.39 3.0 16.8 0.37
5 Graphite 0.13 1.3 8.0 0.35
6 588 (B88) 0.27 2.0 24.6 0.71
7 Graphite 0.39 3.0 16.3 0.68
8 Graphite 0.13 1.3 8.2 0.66
9 B88 (B88) 0.27 2.0 22.1 0.95
10 Graphite 0.39 3.0 15.1 0.92
11 Graphite 0.13 1.3 8.0 0.90
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coating material over a larger area, and increasing the continuity of the
coating. The total thickness of the coating after the ESA process by bab-
bitt and the subsequent ESC process was 0.35 mm, and the roughness (Ra)
was 8.6 pum.

To obtain a thicker layer, the ESA process using the ET made of tin
babbitt, which is followed by the ESC process, can be repeated several
times, starting with processing with W = 0.27 J. After three such proce-
dures, a total coating thickness of up to 1.0 mm can be obtained.

Figure 4, a shows the structure of the babbitt coating having a copper
sublayer, and Fig. 4, b shows the distribution of microhardness over the
depth of the formed layer.

The analysis of the structure of the babbitt coating having a copper
sublayer has shown that the formed layer consists of 4 zones. The highest
layer, which has a thickness of up to 300 pym and microhardness of
H, = 24-36 kgf/mm?, is made of babbitt, below there is a layer of copper,
the depth of which is 50 pm, and the microhardness is of H, = 75-85 kgf/
mm?. Even lower, between copper and steel 20, there is a transition zone
having a depth of 10 to 20 pm and microhardness of H = 95-120 kgf/mm?.
Further, with increasing depth, the microhardness has been gradually in-
creasing up to the microhardness of the heat-affected zone (220-240 kgf/
mm?), and then it has been going into the microhardness of the base metal
of H, =175-180 kgf/mm®.

In the same sequence, the babbitt coating, having a transition layer
made of tin bronze and tin, is applied.

Table 3 presents the modes of stage-by-stage applying the antifriction
coatings made of tin babbitt with a sublayer of copper, tin bronze and tin,
as well as the values of layer thickness and surface roughness at each
stage of the ESA process.

It should be noted that a significant disadvantage of babbitts is their
low fatigue resistance, especially at temperatures above 100 °C. As the thick-
ness of the bearing filler decreases, the fatigue resistance increases, while
the minimum thickness of the babbitt filling of 0.25 to 0.4 mm is allowed.

Thus, when applied in a thin layer, the combined electrospark coating
(CESC) takes on more load within the permissible working gap of the plain
bearing (PB) for the ‘liner-shaft’ connection. In addition, a thin coating
contributes to reducing the cost of the process for manufacturing the bea-
ring liners (BL). The resulting CESC has a minimum thickness of 250 pum
and a maximum thickness of 1.0 mm. Further increase in the layer thick-
ness is possible, but not advisable due to an increase in processing time
and a decrease in the mechanical strength of babbitt. The bearing liners
processed by the proposed method have high reliability and durability du-
ring operation, because at all stages of the formation of the antifriction
coating, a strong metal bond is ensured both between the base and the in-
termediate layer of copper, tin bronze or tin, and between those and the
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subsequent layer of tin babbitt. The method gives a full guarantee of the
high quality of the coatings obtained. It can be used both in manufactu-
ring the new PB liners and in repairing them [86].

7. The ESC-Method-Based Hybrid Technologies

The hybrid technologies based on the ESA method are widely used to im-
prove the quality of the metal part surface layers. To reduce the surface
roughness after the ESC process, the method of non-abrasive ultrasonic
finishing (NAUF) is usually used in Table 4 [87, 88]. The results of the
research on the quality parameters of the surface layer of steels 38 XMIOA
(38KhMUA) and 40XH2MA (40KhN2MA) after the ESC process and the
NAUF are given in Table 4.

The results of reducing the roughness parameters for many machine
parts given in Table 4 are insufficient. In this case, the use of grinding
after the ESC process is impossible because under such conditions, at least
50—-100 pm of the surface layer is removed, and this is the layer portion of
the greatest hardness.

The quality of the surface layer of the parts formed by the ESC
method can be improved by applying soft antifriction materials thereto,
for example, copper, silver, etc., and subsequently performing the NAUF
process.

In order to reduce the roughness of the surfaces of the parts being
processed, it has been proposed, after the ESC process, to alloy the above-

Table 4. The results of research on the samples after the ESC process and the NAUF

Discharge | Total depth of the | Maximum surface Roughness, R,, pm
Steel grade energy at |strengthened layer, microhardness,
ESC w,,J nm HV after ESC |after NAUF
38XMIOA 0.1 10 900 0.8-0.9 0.2
(38KhMUA) 0.31 20 900 0.9-1.0 0.3
0.53 35 950 1.4-1.7 0.6
0.9 170 1350 1.6-2.0 0.8
2.83 215 980 5.7-6.9 1.5
3.4 230 960 8.3-8.5 2.3
6.8 370 1010 11.9-14.0 3.2
40XH2MA 0.1 10 900 0.8-0.9 0.2
(40KhN2MA)| .31 20 900 0.9-1.0 0.3
0.53 37 800 1.4-1.7 0.6
0.9 163 760 1.7-2.0 0.9
2.83 245 1002 5.7-6.7 1.5
3.4 262 1006 8.6-8.9 2.3
6.8 380 1070 11.9-14.1 3.2
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Fig. 5. The surface areas of sample No. 1 (a) and sample No. 2 (b) [90]

mentioned surfaces by the same electrode, but in stages, with a reduction
in the discharge energy at each subsequent stage [89].

The studies were conducted on the flat samples of steel 20 with R, =
= 0.55 mm.

Sample No. 1 was subjected to the ESC process at W = 2.83 J. The
result of the roughness measurement is R, = 4.79 mm.

Sample No. 2 was subjected to the ESC process in stages at W = 2.83,
0.9 and 0.1 J with the productivity values of 0.5, 2.0, and 2.0 min/cm?,
respectively. The result of the surface roughness measurement is B, =1.10
mm.
In [90], the topography and the qualitative characteristics of the sur-
face layer were studied using an electron microscope ‘PEM-106 I’ (‘REM-
106 I’). Figure 5 shows the surface areas of samples No. 1 and No. 2 at the
same magnification. The images were obtained in a mode that emphasised
the surface relief (‘Toro’ mode). The yellow line describes the base level (0),
the blue one indicates the unit of brightness, and the green line demon-
strates the contrast distribution along the yellow line. Since the contrast in
the image is formed mainly due to the microrelief, the height of the ‘teeth’
on the green line can be used to estimate the surface microroughness.

Analysing the distribution of microhardness in the samples, one can
say that the highest microhardness is determined in the surface layers.
For sample No. 1, it is of 920 to 950 HV with a propagation depth of up to
60 nm, and for sample No. 2, it is of 690 to 720 HV and 30 pm. As the
depth increases, the microhardness value for both samples gradually de-
creases, and at the depths of 130 and 100 pm, it corresponds to the base of
microhardness, namely, 180 HV.

The decrease in the values of the depth and microhardness of the
packed bed for sample No. 2 can be explained by the fact that during
the staged ESC process, the discharge energy decreases from W = 2.83 to
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W,=0.9 and W = 0.1 J. At the same time, the thermally affected zone
decreases, and there occurs tempering, namely, heating the surface layer
below the temperature of phase transformation.

Thus, due to the staged carburisation, the roughness of the surface
layer is reduced: from R, = 4.79 to R, = 1.10 yum; the microhardness in the
‘white layer’: from 920-950 HV to 690-720 HV; as well as the total depth
of the zone of increased hardness of the surface layer: from 130 to 100 pum.

8. Improving the Quality of the Carburised Layer
by Applying the Soft Antifriction Materials

Improving the quality of the carburised layer is one of the important di-
rections for improving the operational properties of the parts treated with
the use of the ESA method. One of the effective approaches to the solution
of the problem is the implementation of the processes for applying the soft
antifriction materials to the surfaces after carburizing thereof. This al-
lows reducing the roughness, improving tribotechnical characteristics and
increasing the durability of parts being processed.

The special samples in Fig. 6, made of 40X (40Kh) steel, were used for
research. Before the ESC process, the surfaces of the disks were ground to
R, = 0.5 nm. The samples were fixed in the chuck of a lathe, and thereafter
the ESC process and the ESA method by the EIs made of silver or copper,
and then the NAUF method were carried out.

The results of the study of the following series of samples are pre-
sented below:

+ the staged ESC process (W, = 2.83 and 0.9 J with a productivity of
5 and 2.0 min/cm?, respectively); the NAUF treatment (sample No. 3);

- the ESC process (W, = 2.83 J; with a productivity of 5 min/cm?);
The ESA method by the Els made of silver (W = 0.4 J with a productivity
of 1 min/cm?); BUFO (sample No. 4);

- the ESC process (W, = 2.83 J with a productivity of 5 min/cm?); the
ESA method by the Els made of copper (W, = 0.4 J with a productivity of
1 min/cm?); the NAUF treatment (sample No. 5).

Fig. 6. The samples for the ESC process and the ESA method: silver (a) and copper (b) [91]
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Fig. 7. Microsection (a) and hardness distribution in the surface layer of samples
No. 3 (a), No. 4 (b) and No. 5 (¢) [91]

Due to the NAUF treatment for sample No. 3, the surface roughness
decreased from R, = 2.30 to R, = 0.56 pm; for sample No. 4, from R, = 2.26
to R, = 0.88 pm; and for sample No. 5, from R, = 3.15 to R, = 0.80 pm.

Figure 7a shows the microsections and the distribution of the hard-
ness of the surface layer of sample No. 3. The maximum hardness (up to
650 HYV) is located on the surface of the sample, and as it deepens, it
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gradually decreases to the hardness of the base, which is 220 HV. The
depth of the increased hardness zone extends to 100 pm.

On the surface of sample No. 4 in Fig. 7b, there is a layer having a
hardness of 80—-90 HV and a depth of up to 35 pm. Further, as the depth
increases, the hardness gradually increases, and at a depth of ~60 um, it
reaches the maximum value of 470 HV; after that, it gradually decreases
once again to a depth of 100 um, at which point it corresponds to the hard-
ness of the base.

On the surface of sample No. 5 in Fig. 7c, there is a layer having a
hardness of 140-170 HV and a depth of up to 40 ym. Further, as the
depth increases, the hardness has been gradually increasing, and at a
depth of =75 pum, it reaches the maximum value of 510 HV. Thereafter, it
has been decreasing again, and at a depth of 120 yum, it corresponds to the
hardness of the base.

Thus, to increase the wear resistance of the steel parts, it could be
recommended that a combined technology, which includes the staged ESC
process for treating the surface layer, followed by the NAUF process. For
use in the friction pairs of the parts being processed, before the NAUF
process, onto the ESC area of the surface of one of the friction pair parts,
a layer of a soft antifriction metal is applied.

Until a certain time, LLC ‘TRIZ’ (Society for the Implementation of
Engineering Tasks) had been manufacturing the protective sleeves (PS)
made of steel 38X2MIOA (38Kh2MUA) or 40XH2MA (40KhN2MA), which
were treated by the method for carbonitriding in molten salt followed by
surface grinding after hot pressing onto the rotor shaft. However, it
should be noted that in this case, a significant portion of the surface layer
of the highest hardness was removed, which reduced the effectiveness of
this technology.

As an alternative, a new strengthening method was proposed, wherein
the heat-treated parts were subjected to the ESC process in combination
with the method for ion nitriding (IN). These events were carried out be-
fore or after the alloying process, for the time being, sufficient to saturate
the metal with nitrogen at the depth of the heat-affected zone [90].

The developed technologies have been widely used by the TRIZ
Company in Sumy, Ukraine, to improve the quality of the elements of the
floating sealing assemble units for centrifugal compressors in Fig. 8.
Thus, when repairing the compressors for the Anastasivka CS, the
Ukrnafta, the LLC NJSC Azot OSTCHEM Cherkasy ‘AZOT’, the protective
sleeves (PS) were made of 40XH2MA (40KhN2MA) steel, and the IN pro-
cess thereof was carried out together with a ‘witness’ sample, whereon the
depth and microhardness of the strengthened layer were controlled.

The outer surface of the sleeve, after grinding and pressing onto the
shaft, was subjected to a combined process of strengthening by the ESC
process followed by the NAUF method.
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Fig. 8. Application of ESC and ESA technologies in the floating seal of the LLC TRIZ®:
(a) the PS pressed onto the shaft; (b) ESC processing the PS surface; (¢) floating seal;
(d) ESC + ESA processing by silver of the floating seal ring [91]

Similarly, the end surfaces of the outer and inner floating rings have
been strengthened while manufacturing the outer and inner floating rings.
Using the ESA method, copper had been applied to the inner cylindrical
surfaces of the floating seals before tinning hereof. After the ESC process,
the layer of silver was applied to the contact end surfaces of the sealing
rings and the corresponding parts of the housing and cover.

Since 2004 to the present, more than 100 compressor housings have
been put into operation. To improve the quality of the floating seal ele-
ments, there were used the ESA technologies.

9. The Stress—Strain State of the Surface Layers
after the ESC Process and the Hybrid Technology

Surface layer plastic deformation (PD) is an effective method for improv-
ing the operational properties of the parts, in particular, their strength,
wear resistance, and fatigue resistance. The combination of the ESA pro-
cess with the PD one, i.e., using the hybrid technology of ESA + PD, is of
particular interest, since these processes mutually strengthen each other.
The ESA process forms an alloyed and strengthened surface layer, and the
PD one optimises its stress—strain state, while reducing the concentration
of residual stresses thereof, as well as contributing to reducing the rough-
ness, and improving the tribotechnical characteristics, etc. Among the PD
methods, special attention is paid to ball rolling (BR) and non-abrasive
ultrasonic finishing (NAUF), which make it possible to modify the surface
microstructure uniformly, provide for controlling and monitoring the dis-
tribution of the internal stresses in the surface layer in Fig. 9.

In Ref. [92], the results of the PD process’s influence on the coatings
applied by the ET made of hard wear-resistant and soft antifriction mate-
rials are presented. When ESA processing is performed by both hard wear-
resistant and soft antifriction materials, with the exception of the ESC
process, the thickness of the product increases by the thickness of the
formed layer.

At ESC processing, the thickness of the product does not change, and
in this case, the strengthened, so-called ‘white’ layer appears on its sur-
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B/ Al
Fig. 9. ESC surface layer treatment: (a) ball rolling (BR), (b) non-abrasive ultrasonic
finishing (NAUF) [92]

face. Its hardness significantly exceeds the hardness of the base. Under
the ‘white’ layer, there is a transition zone, namely, a sublayer, which is a
region of the thermal influence of the pulse discharges and the diffusion
penetration of the anode elements into the cathode. The hardness of this
zone has been gradually changing along the depth of the penetration as
compared to the hardness of the ‘white’ layer.

The analysis of PD methods for processing the surface layers after
ESC treatment used either without or with subsequent application of soft
antifriction coatings would provide a general picture of the feasibility of
implementing the complex of strengthening technologies under considera-
tion. Moreover, it could serve as a reserve to improve the quality of the
product surface layers. Thus, there is a need to analyse the stress—strain
state (SSS) for the ESC layers, as well as the carburised layers coated by
the soft antifriction materials subjected to the PD process.

Below is a methodology being considered to calculate the geometric
parameters of the deformation centre for surface layers with complex
structures obtained during ESC processing of metal substrates, as well as
for carburised layers coated with soft antifriction materials. The above
methodology has been developed based on calculating the main geometric
parameters of the deformation centre for homogeneous bodies, namely,
the engineering method by M.S. Drozd, and grounded on the concept of
plastically hardness (HD) [93]. The transition from the concept of the
hardness of HB, namely, a parameter characterising the metal resistance
to contact loading, to the concept of the plastically hardness of HD, name-
ly, a parameter which is interpreted as a modulus of strengthening the
material, allows considering this value as a characteristic of the material
resistance to the contact plastic deformation.

The presented method is based on the calculation of the main geomet-
ric properties of the deformation centre for homogeneous bodies (engi-
neering method by M.S. Drozd) and is based on the concept of plastically
hardness (HD). Having compared the plastic hardness of HD with the
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Fig. 10. Surface layer PD scheme: (a) ESC (I — hard carburised layer, 2 — soft streng-
thened transition sublayer, 3 — base metal, 4 — non-strengthened transition layer);
(b) the layer made of soft antifriction metals applied onto the ESC surface layer (I —
soft strengthened surface layer, 2 — ESC layer, 3 — base metal, 4 — soft non-streng-
thened surface layer) [92]

Brinell hardness, the following dependence [92] has been obtained:
P-P
nDh ’

where P is an arbitrary load, P, is a critical load equal to the segment cut
off by a linear approximation of the function P = f(k) on the P axis; D is
the diameter of the inserted ball, and % is the depth of the residual dent.

When replacing the hardness of HB, which determines the metal re-
sistance to contact loading, with the plastically hardness of HD, which is
defined as a modulus of strengthening the surface layer material, it allows
considering it as a characteristic of the material’s resistance to contact
plastic deformation. It should be noted that during the PD treatment of
the formed ESA layers, such an interpretation of their physical and me-
chanical properties is more justified and reliably determines the ability of
the layer to strengthen during the PD process and, thus, the changes in
the operational properties of the surface layer.

Thus, improving the quality of the ESC layers by the PD method (re-
ducing roughness, increasing microhardness, etc.) largely depends on the
structure of the alloyed layer and on the correctly selected modes of the
force influence thereon.

Recently, improving the quality of the surface layers of the rotor
shaft bearing journals has become increasingly used by the ESC method,
subsequently followed by PD processing [72].

Let us consider the change in the geometric parameters of the contact-
ing bodies depending on the microhardness of the surface layers formed by
the ESA method in Fig. 10.
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Below, the geometric parameters of the contacting bodies are cor-
rected, taking into account the parameter of the thickness of the hard
carburised layer (Ah, = Ah,) and the thickness of the soft antifriction metal
layer (Ah,).

At PD processing the carburised surface layer, the indenter in Fig. 10,
a, under the influence of the load P applied thereto, indents the hard car-
burised layer (Ah,) into the softer transitional sublayer while strengthen-
ing the latter. The carburised layer increases the radius of the indenter R,
by the value equal to Ak, and reduces the shaft diameter by the value
equal to 2Ah_ . The thickness of the carburised layer can be determined ac-
cording to [94] or by measuring it using the cross-section of the witness
sample.

In the event of ESA processing the surface layer by the soft antifric-
tion materials after the ESC process, the microhardness of the surface
layer decreases, thereby changing the mechanism of strengthening the
surface layer. After ESA processing with the use of the soft metals, the
shaft diameter increases by 2Ah,. In this case, the indenter radius does not
change. The soft surface layer is deformed and strengthened, and the
transitional layer, being in this case a carburised one, is not strengthened
in Fig. 10, b.

The stress—strain state (SSS) analysis of the surface layers after the
ESC and the ESC + ESA methods by the soft metals and following them
the surface PD (plastic deformation) method, as well as the algorithm for
calculating the geometric parameters of the deformation centre, as given
in Ref. [93], allow determining the geometric parameters of the deforma-
tion centre, the depth of the riveted layer, A, and the deformation inten-
sity g,

10. Modifying the Part Surface Layers by the ESA Method
Using the Special Technological Environment with Carbon Nanotubes

A reserve for solving the problems according to the development of tech-
nologies for obtaining the coatings having unique properties, which have
increased the values of wear resistance, durability, corrosion resistance,
etc., is nanostructuring the product surfaces with the use of various meth-
ods. Part surface nanostructures have unique features associated with im-
proving both physical and mechanical properties of the material, which is
very important for various branches of science and technology.

The development of new methods for strengthening the surfaces of the
parts by the nanostructuring process, which is an environmentally friend-
ly and energy-efficient process based on the ESA method, allows for sig-
nificantly increasing the efficiency of machines and mechanisms.

Today, the insufficient amount of the data as for the analysis of the
PD processes referred to the nanostructured surface layers formed by the
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ESA method has been hindering the development of a complex of strength-
ening technologies. Therefore, it is relevant to carry out the analysis of
the surface layer SSS while conducting the surface PD treatment of the
ESA layers to determine the algorithm for calculating the technological
parameters of the PD processes that provide the necessary strengthening
and, accordingly, the operational characteristics of the surface layer and
the product itself. The same concerns the experimental studies of the
combined ESA+PD processing methods and the development of the tech-
nological recommendations referring to the technical problems being in-
vestigated.

In our previous studies, we have presented a method for calculating
the geometric parameters of the surface layer deformation centres during
the ESA processes performed by the hard wear-resistant and soft antifric-
tion materials, when applying the combined electrospark coatings (CECs)
having complex structures, as well as, at alloying with a graphite elec-
trode, while the surface layer of the part has been being saturated with
carbon, i.e., during the ESC process [93].

It should be noted that, owing to the use of the ESA method, a nano-
structure in the coatings can be formed according to several possible
mechanisms. They include the crystallisation of the metal from the liquid
state thereof and the plastic deformation of the cooled material [95]. In
this case, regardless of the electrode materials, a modified layer having a
subfine polycrystalline structure appears on the treated surface. By ad-
justing the processing modes, it is possible to control the dispersion of the
crystalline structure of the coating. In addition to the process of grinding,
the fine structure blocks and increasing the density of dislocations thereof
owing to the use of the ESA method, nanostructuring the coatings can oc-
cur due to the use of the anode materials comprising nanocomponents.

In Ref. [96], when studying the process for nanostructuring the steel
35 grade by the electrode-tools made of the WC-based materials with the
addition of the Al,O, nanopowders, in the structures of the cathode (sam-
ple) coatings, the ordered aggregation formed of the nanoclusters consis-
ting of the nanoparticles having up to 30 nm in size was found. Here, the
authors emphasise that the addition of only 1% of the Al,O, nanopowder
to the electrode-tool (anode) that is made of the BK8 (VKS8) hard alloy in-
creases the efficiency of the formation of the alloyed layer by three times,
and the microhardness of the 35 steel coating — by four times.

To create an alloying electrode-tool containing nanoparticles, the tech-
nology of self-propagating high-temperature synthesis (SHS) is often used.
However, manufacturing the electrode-tools using this method is techno-
logically complex and expensive. Based on the above, it should be noted
that there is an urgent need to study the possibility of obtaining nano-
structured coatings by the ESA method that should be more effective and
simpler, namely, using special technological media (STSM), which are cre-

ISSN 1608-1021. Usp. Fiz. Met., 2026, Vol. 27, No. 2 327



V.B. Tarelnyk, O.P. Haponova, N.V. Tarelnyk, Ie.V. Konoplianchenko et al.

Fig. 11. The alloyed surface appearances of the samples made of Armco iron after the
ESA processed by a molybdenum electrode tool and STSM containing ARKEMA carbon
nanotubes (0.2 wt.%) in epoxy resin, under different magnifications: (a, c¢) after the
ESA of Mo—STSM-Mo at W = 0.13 J; (b, d) after the ESA of Mo—STSM—-Mo at W =
= 0.52 J [100]

ated between the anode and the cathode (part), and include nanoparticles
in a dosed amount.

To form the STSM-containing nanoparticles, there are widely used the
special polymers as binders. For the polymeric materials containing nano-
fillers, the most important issue is the nanofiller dispersion in the poly-
mer volume. In practice, various methods for dispersing the nanofillers in
the polymer volume are used [97]. Most often, the nanofillers for the non-
metallic matrix are carbon nanotubes. In [98], it has been established that
ultrasonic mixing makes it possible to distribute the nanofillers evenly in
the epoxy resin. The use of this method for the nanotube distributions al-
lows avoiding the occurrence of the defects associated with the violation
of the structural integrity.

It should be noted that when using the special STSM, the metal sur-
faces of the parts can be alloyed with both conductive materials and dielec-
trics [99].
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Thus, the development of the technology for increasing the quality pa-
rameters of the part surfaces can be achieved by developing a general ap-
proach to the conception of combining the technologies for structuring the
coatings, which are obtained by ESA processing the metal surfaces with the
use of the STSMs comprising the nanotubes, and the PD process, and which

approach should be based on the analysis of the SSS of the surface layer.
In Ref. [100], the authors of this paper conducted studies of the sam-
ples made of Armco iron, on which molybdenum ET coatings had been ap-

Table 5. The parameters of the coatings on Armco iron after the ESA process [100]

Electrode ‘White’ ‘White’ ‘White’ Surface
. STSM w, layer layer layer roughness
materials, ESA e P . . A
technology composition J |thickness,| microhardness, [continuity, R,
pm HV % pm
Cathode— Without STSM 0.13| 20-30 446 50 0.98
Armco iron,
anode—Mo
Cathode— Multi-walled car- |0.13| 30—40 608 50 1.26
Armeco iron, |bon nanotubes
anode—Mo ARKEMA (0.2%) 0.52| 30-40 1300 70 2.67
(Stage I—ESA|in Epoxy 510
Mo, Stage epoxy resin with-
II—STSM out hardener
application,
Stage III—
ESA Mo)
Cathode— Multi-walled car- |0.13| 30—-40 551 80 1.60
Armeco iron, |bon nanotubes
anode—Mo  |CABOT (0.25% by |0-52| 30-40 534 70 3.33
(Stage I—ESA|weight) + water
Mo, Stage with surfactant
II—STSM (sulfanol)
application,
Stage I1I—
ESA Mo)
Cathode— Single-walled 0.13| 30-40 1438 80 1.72
Armeco iron, |carbon nanotubes
anode—Mo Tuball Ocsial
(Stage I—ESA|(0.01% by weight)
Mo, Stage in Epoxy 510
II—STSM epoxy resin with-
application, |out hardener
Stage III—
ESA Mo) Single-walled 0.13| 40-50 949 40 1.85
carbon nanotubes
Tuball Ocsial
(0.6% by weight)
in polycarbonate
ISSN 1608-1021. Usp. Fiz. Met., 2026, Vol. 27, No. 2 329



V.B. Tarelnyk, O.P. Haponova, N.V. Tarelnyk, Ie.V. Konoplianchenko et al.

plied by the ESA method. In this case, different STSM compositions con-
taining nanotubes were used, namely:

» multi-walled carbon nanotubes CABOT (0.25% by weight) + water
with a surfactant (sulfanol);

o multi-walled carbon nanotubes ARKEMA (0.2%) in Epoxy 510
epoxy resin without a hardener;

« single-walled carbon nanotubes Tuball Ocsial (0.01% by weight) in
Epoxy 510 epoxy resin without a hardener;

 single-walled carbon nanotubes Tuball Ocsial (0.6% by weight) in
polycarbonate.

The samples made of Armco iron were processed in three stages: at the
first stage, the surface was alloyed with the ET molybdenum at
W,=0.13 or 0.52 J. At the second stage, the STSM-containing nanoparti-
cles were applied to the surface without waiting for drying thereof, and at

Table 6. Summarized data of the parameters for the obtained coatings
on the samples made of 40X (40Kh) steel, 12X18N10T(12Kh18N10T) steel
and high-strength cast iron B9 60 (VCh60) [101]

. Hardness
‘White’ of the
Electrode materials, STSM layer s
- w.,d . transition
ESA technology composition P thickness,
layer HV,
um MPa

Cathode—40X (40Kh) steel, anode—Mo |Without STSM |0.13| 20-30 663

Cathode—steel 12X18H10T Without STSM |0.13| 20-30 715
(12Kh18N10T), anode—Mo

Cathode—BY60 (VCh) cast iron, Without STSM |0.13| 20-30 691
anode—Mo

Cathode—steel 12X18H10T Without STSM |0.52| 15-20 245
(12Kh18N10T), anode—Al

Cathode—40X (40Kh) steel, Single-walled |0.13| 30-40 1525

anode—Mo (Stage I—ESA Mo, Stage II—| carbon nano-
application of STSM, Stage III—ESA Mo)| tubes Tuball
Ocsial (0.01%

Cathode—steel 12X18H10T by weight) in 25—-40 1632
(12Kh18N10T), anode—Mo (Stage I— Epoxy 510 epo-

ESA Mo, Stage II—application of STSM, | xy resin with-

Stage III—ESA Mo) out hardener

Cathode—BY60 (VCh) cast iron, anode— 35—45 1575

Mo (Stage I—ESA Mo, Stage II—applica-
tion of STSM, Stage III—ESA Mo)

Cathode—steel 12X18H10T 0.52| 25-40 370
(12Kh18N10T), anode—Al (Stage I—ESA|
Al, Stage II—STSM application, Stage
III—ESA Al)
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Fig. 12. Diagram of the PD process of the electrospark coatings of
the surfaces, using the STSM containing nanotubes: 1 — non-de-
formable white layer, 2 — strengthened transition layer, 3 — base
metal [102]

the third stage, the treatment was repeated by the ESA method with the ET
molybdenum at the same discharge energy as at the first stage. For com-
parison, the samples made of Armco iron without the STSM were studied
after alloying them with a molybdenum electrode-tool at W =0.13 or 0.52 J.

Due to the analysis of the surface topography of the samples after the
ESA process with the ET molybdenum using STSM, it has been found that
the formed coatings contain nanosize inclusions that are evenly distribut-
ed in the surface layer in Fig. 11.

Introducing the nanotubes to the STSM has a positive effect on the
quality indicators of the coatings formed by the ESA method. The greatest
effect was obtained when using Tuball Ocsial single-walled carbon nano-
tubes in the amount of 0.01% . Their introduction to the STSM contributes
to an increase in the hardness and continuity of the coating in Table 5.

In [101], in addition to the studies of nanostructuring by the ESA
method of the samples made of Armco iron, the study was also conducted
on the samples made of 40X (40Kh) steel, 12X18H10T (12Kh18N10T)
steel, and high-strength cast iron B4 60 (VCh60) in Table 6.

The previous studies have shown that the microstructures after the
ESA process consist of 3 zones: the strengthened upper ‘white’ layer that
is not detected in a reagent, the diffusion zone wherein the hardness grad-
ually decreases to the base, and the substrate having a ferrite structure
corresponding to Armco iron.

While ESA processed the samples made of Armco iron by the ET made
of molybdenum using the STSM containing the nanotubes, their thickness
has been increasing by the thickness of the formed layer (Ak). Therefore,
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R, p

~
—

& R, P

Fig. 13. Scheme of shaft processing by ball rolling and diamond
smoothing

if the ESA processes were performed on the surface of the shaft, its diam-
eter would increase by 2Ah,.

For any material of the electrode-tool (ET), the thickness of the layer
formed during the ESA process can be found using the mass transfer equa-
tion proposed in Ref. [102], or by measuring it with a micrometre.

Let us consider the change in the geometric parameters of the contact-
ing bodies depending on the structure and microhardness of the surface
layers formed during the ESA treatment of the samples made of Armco
iron by the ET made of molybdenum with the use of the STSM containing
the nanotubes in Fig. 12.

The geometric parameters of the contacting bodies below are correct-
ed, taking into account the parameter of the thickness of the hard ‘white’
layer (Ah,), which is =2/3 of the thickness of the applied layer (Ah,).

At ESA processing Armco iron by the ET made of molybdenum, using
the STSM containing the nanotubes, the spherical indenter (Fig. 12), un-
der the influence of the load P applied thereto, indents the hard ‘white’
layer into a comparatively softer transitional sublayer, with strengthe-
ning the latter. The ‘white’ layer serves as a kind of transmission link
by increasing the indenter radius (R,) by the thickness of the hard ‘whi-
te’ layer (Ah,, = Ah)) and reducing the diameter of the spherical indenter
by 2Ah,.

According to the contact diagram shown in Fig. 13, it is possible to
determine the values of the geometric parameters of the contacting sur-

faces,
R,=R,, R, =0 }
R, =R, R, = R,

Taking into account the parameters of the ESA process for the layer
given above, expression (2) will take the form:

(2
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R,=R,+Ah,. =R, + EAhc; R,, = o;
3 (3)

R, =R,;; Ry, =R, + Ah, - gAhc =R, + %Ahc

The main curves of the surfaces of the contacting bodies, taking into
account the above adjustments, can be determined by the ratio

a-1 ;2+l;3=1 12 N 11 . (4)
2R +%an, ® 2/R +%Ah, R +-Ah
3 3 3

If A/B > 0.5, then, the calculation of the given radius of curvature of
the contacting surfaces is determined from the ratio

1 1[4
D, =2R, = | —=—[%. 5
o m“\NAB A\B 5)

Substituting the values of A and B from Eq. (4) and performing the neces-

sary transformations, we obtain:
-1/2

9 R, + gAhc
Rpr =(Ru+§Ath 1+—1 . (6)
R, + — Ah,
3
If A/B < 0.5, then,
)
pr 2A ’ (7)
where
g4
w=—B (8)

A
nsn, 1+§

ng n, are the coefficients that depend on the ratio of the principal curves
are given in the reference tables.
Considering the values of A and B, we get

2
R, = @(Ru + gAth. (9)

The residual elimination of the contact centre is determined by the

formula:
P-P

P ——— (10)
2n-HJ-R,
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where
R, R, Y
B, =P, S = 11exp[1.9(103H[] — 1)°-668] ?” . (11)

Taking into account the above adjustments to the parameters of the
contact surfaces, we determine the complete convergence a in the contact
and its elastic component o,. At the beginning, we find the convergence of
the bodies in the assumption of purely elastic contact:

oc0=2\/9;t (b +k) P YK, (12)

where n, is a coefficient depending on the ratio of the main curves, and it
is determined from the tables; > K = 2(A + B) is the sum of the main
curves of the surfaces of the bodies at the point of their initial contact,

D K= 22 + 11 , (13)
R, +-Ah, R, +_Ah,
3 3

k, and k, are elastic constants, and

ko= l_l’lf k l_ug
1 > T2
nE, nk

K, and p, are Poisson’s ratios of the indenter and counter-body materials,
E, and E, are their Young’s moduli.
Parameter ¢ can be found from the dependence

27
14
32(11] (4

When g < 1,
a, = 2; [cos ;’ arccos(2¢ —1) - 1} ; (15)

when ¢ > 1,

a 2h 1+ 2sin™'| 2arctgs tg1 arcsin 1 . (16)
v g 2 1-2q

Therefore, the complete convergence of the bodies in contact isa=h + a,.
To calculate the semi-axes of the residual dent contours a and g, we
here find the auxiliary semi-axes k, and h,:

op - % _ 1%

h :2R12h_R11a.l/_h2= R12 R’IZ. (17)
“ 2(R,+R,—h) 2[1+Ru_h]
R, R,
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Since R,, = ©, then, h, = h,
_ 2R,,h— Ry 0, - h?
" 2(R,+R, —h)

(18)

The semi-axes of the residual dent contours are found using the for-
mulas

a=R,(2n, +a,)-h, (19)
6= R, (2h, +a,)-h. (20)
Then in this case
az\/(Ru+§Ath(2ha+ay)—hf, (21)
6= \/(Ru +§Ahcj(2h6+cxy)—hf. (22)

The main macroscopic parameters of the deformation centre during
the PD process are the depth of the riveted layer A, and the intensity of
deformation g,,.

These parameters should be determined by the ratio:

hS:K Bi_i , (23)
2\o, HJ
where
4
. \/(Ru+§Ahcj(2hb+ay)—hf
K=1-—-|1- (24)
2
\/(Ru + 3Ahcj(2ha +o,) -k
and

2 0.2
J[ [ j(z) | )
K°R, | A

Thus, the conducted analysis of the stress-stain state (SSS) of the sur-
face layers of Armco iron, steels 40X (40Kh), 12X18H10T (12Kh18N10T),
and high-strength cast iron B4 60 (VCh 60) after the ESA process by mo-
lybdenum ET using STSM containing nanotubes makes it possible to deter-
mine the geometric parameters of the deformation centre and its macro-
scopic parameters, namely, the depth of the riveted layer %, and the inten-
sity of deformation g,.
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11. Conclusions

(i) The studies have shown that due to electric spark carburizing at the
expense of the process of concentrated energy flows, an abnormally high
diffusion of carbon occurs, and its content in the surface layer can reach
3-4% . Ultra-high-speed hardening, which is implemented by short-term
heating to high temperatures with the use of electric discharge, and sub-
sequently instantaneous cooling, leads to the formation of non-equilibrium
structures having fine grains, high composition heterogeneity and an in-
creased level of thermal stresses. New environmentally friendly technolo-
gies of electrospark carburizing are proposed for practical application.

(ii) It is shown that the use of the ESC process allows to significantly
increase the steel part surface layer (up to 72 HRC), while the technology
is environmentally safe and suitable for the parts made of such sheet steel
grades as steel 40X (40Kh), steel 65I'(65G), and 30X13 (30Kh13) steel, for
example, pump blades, screws and disks. The ESC process ensures the for-
mation of non-equilibrium structures, which contribute to increasing the
strength and wear resistance of the surface. Ultra-high-speed hardening,
which is combined with the process of local plastic deformation, allows
controlling the properties of both the surface layer and the base of a sheet
material.

(iii) The use of the ESC process before applying hard wear-resistant
metals allows for significantly increasing the thickness of the layer of the
elevated hardness without deteriorating its mechanical properties. The use
of the multilayer combined electric spark coatings (CESC), for example,
BK8 + Cu + BK8(VK8 + Cu + VK8) in combination with the ESC process
provides for a significant increase in the wear resistance of the working
surfaces of steel rings for the pulse end seals. Before applying the CESCs,
the use of the ESC process allows forming a layer of increased hardness,
which in turn improves the adhesion strength between the layers and in-
creases the operational reliability and durability of the parts.

(iv) The ESC process can be effectively used for reducing the hardness
of the surface layers of parts, which feature is important for ensuring the
tightness and reliability of the stationary component part connections, for
example, in the seating positions of steel rings of the pulse end seals. The
reduced hardness is regulated by forming a sublayer of the tempering zone
or by processing the parts with the use of the ET made of non-ferrous al-
loys, while the thickness and the mechanical properties of the layers are
determined by the discharge energy and the alloying time.

(v) Conducting the ESC process after the ESA treatment with soft an-
tifriction metals effectively reduces the surface roughness and ensures the
uniform distribution of the coating material. The use of the intermediate
layers of copper or tin bronze contributes to the formation of a reliable
metallic bond between the base and the coatings formed of the antifriction

336 ISSN 1608-1021. Prog. Phys. Met., 2026, Vol. 27, No. 2



Improving the Quality Parameters of Steel Surfaces

alloys, increasing the durability of such parts as plain bearing liners.
Stage by stage application of the layers allows forming the coatings with
optimal mechanical properties and roughness, which is important for the
operation of tribounits working under high loads.

(vi) The combined electrospark coatings of copper and babbitt on a
steel substrate demonstrate high efficiency in forming continuous and
uniform surfaces of the parts. The stage-by-stage alloying of copper with
accompanying thereof with a decrease in discharge energy allows reducing
the roughness and increasing the continuity of the layer, while subse-
quently applying babbitt ensures providing for the heat accumulation and
the uniform spread of drops of the previous layer. This allows achieving a
coating thickness of up to 1.0 mm with minimal roughness and high reli-
ability of the metallic bonds between the layers. The optimal thickness of
the antifriction layer is 0.25 to 1.0 mm.

(vii) The hybrid technologies based on the ESA method effectively im-
prove the quality of the surface layers of the metal parts. The use of non-
abrasive ultrasonic finishing (NAUF) after the ESC process allows reduc-
ing R, to 0.2 to 1.5 pm without losing the thickness of the strengthened
layer. To reduce the roughness of the coatings made of soft, antifriction
metals applied to the ESC surface of a steel part, it is more expedient to
use the ball rolling process, which allows the roughness value to be re-
duced to R, = 0.1-0.5 pm, as compared to the NAUF process, where R, =
= 0.80-0.88 um. They can be used in the friction pairs for running-in the
surfaces of the parts or increasing the tightness in the stationary compo-
nent part connections.

(viii) The stress—strain state of the surface layers after the ESC process
and the hybrid technology determines the mechanical properties of the
parts, in particular their strength and fatigue resistance. The combination
of the ESA method and the surface plastic deformation (PD), such as ball
rolling or NAUF, allows optimising the residual stresses, reducing rough-
ness and increasing the microhardness of the layer. Using the concept of
the plasticity hardness to calculate the deformation centre allows determi-
ning its geometric parameters, as well as macroscopic parameters, namely,
the depth of the riveted layer &, and the intensity of deformation g,

(ix) Modifying the surface layers by the ESA method using a special
technological medium (STSM) with carbon nanotubes allows obtaining the
nanostructured coatings having an increased wear resistance, solid struc-
ture and corrosion resistance. The use of nanotubes in the composition of
the STSM contributes to receiving the uniform distribution of the nano-
components in the coatings, increasing the microhardness and continuity
of the layer, and allows controlling the degree of dispersion of the struc-
ture. The stress—strain state of the metal surface layers after the ESA
method with the subsequent PD process was analysed, and a technique was
developed. It allows determining the geometric parameters of the defor-

ISSN 1608-1021. Usp. Fiz. Met., 2026, Vol. 27, No. 2 337



V.B. Tarelnyk, O.P. Haponova, N.V. Tarelnyk, Ie.V. Konoplianchenko et al.

mation centre and its macroscopic parameters, namely, the depth of the
riveted layer A, and the deformation intensity ¢, in the ESA — nanostruc-
tured coatings with evenly distributed carbon nanotubes.

(x) The combined electrospark technologies based on the ESC method
allow the formation of strong, wear-resistant and nanostructured surface
layers having reduced roughness and high reliability of the metal bonds
between the layers. The combination of the advantages of the above tech-
nologies ensures the increased durability of the parts.
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IIIOBUIITEHHSA ITAPAMETPIB AKOCTI CTAJIEBUX IIOBEPXOHDB
KOMBIHOBAHIVMMU TEXHOJIOTISIMH EJIEKTPOICKPOBOI IITEMEHTAITIIL.
Y. 1. BiracTuBocTi MeTaIeBUX IIOBEPXOHb

AKTyanbHICTH IILOTO AOCTIMKEHHS 3yMOBJIEHO 3DOCTAaHHAM BUMOT 10 3a0e3leUeHHsa Ha-
miftHOCTi Ta JOBTOBIYHOCTI JeTaJsieii MaIllvH, IO IPAIIOI0Th B YMOBaX iHTEHCUBHUX MeXa-
HiYHUX HaBaHTa)XKeHb, IIiIABUINEHUX TeMIepaTyp i mii KoposiiitHux cepemoBuil. CydacHi
eHeproe(eKTUBHI ¥ eKOJIOriuHo 0e3meuHi TeXHOJIOril IT0BepXHEeBOI0 3MIIlHeHH, 30KpeMa
esnexTpoickpoBe JgeryBanusa (ELJI), BiiKpuBamOTh IMUPOKI MOMKJIMBOCTI AJIA IliJiecIIpAMO-
BaHOTO MOAUGDIKYBAHHSA CTPYKTYPU Ta BJIACTHUBOCTEH MOBEPXHEBUX IIapiB 6€3 3MiHU reo-
METPUUYHUX ITapaMeTpiB BuPoOiB. MeTor poboTu € aHaIis KOMOIHOBAaHUX €JIE€KTPOiCKPO-
BUX TEXHOJIOTi!i (popMyBaHHA (YHKI[IOHAJBHUX MMOKPUTTIB, a TAKOK OOI'DYHTYBaHHS
cocob6iB ymockoHaneHHa merony EIJI miisgxoM BHKOPUCTAaHHSA BYIJIEIEBMICHUX IIACT
(crrertianbuux TexHoJsoriunux cepenoBuil; — CTC) i HAHOCTPYKTYPYBAHHSA ITOBEPXHEBUX
mapiB IIJISXOM BBeIEHHS A0 IXHBOTO CKJIaAy BYIJIEIIEBUX HAHOTPYOOK. [ociaimskeHo
CTPYKTYPHO-(ha30BUI CKJAJ Ta EeKCIJIyaTalliliHi BJIACTUBOCTI NHOKPUTTIB, OAEP:KAHUX
yzockoHanenumu texHosoriamu EIJI. PosrasamyTo MmeTonu e1eKTPOiCKPOBOIL IeMeHTarrii,
EILJI TBepauMu 3HOCOCTIHKMMU Ta M’ AKUMU aHTUPPUKIIHHUMEU MeTajlaMu, (GOpMyBaHHS
KOMOiHOBaHUX 0araToIlliapoBUX IIOKPUTTIB, a TAKOK TiOPUOAHI TexXHOJOrii, IM0 moemHy-
ote ElLJI 3 momanbIiioro moBepxHeBO miactuuHoio nedopmariero (III1M1). ITposemeno
MiKDPOCTPYKTYDPHi, TpubosoriuHi Ta MexaHiuHi JOCTiAKEeHHs, a TAKOK aHaJi3 HaIpyKe-
HO-ZIe(OPMOBAHOTO CTaHy IOBepXHeBUX mapis. [lokaszaHo, 110 eJIeKTPOiCKPOBA IleMeHTa-
mia 3abesmeuye aHOMAaJBHO BUCOKY nudysito KapOony Ta (opMyBaHHA HEPiBHOBAMKHUX
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Ipi6HO3epHUCTUX CTPYKTYD i3 TBepaicTio no 72 HRC. Komb6inyBauua EIJI 3 rpadiroBum
enextponoMm 3 moganbmioio IIIII nae sMory 3MeHIINTH HIOPCTKiCTh MOBepxXHi mo R, =
= 0,1-1,5 MKM, OigBUIIUTU 3HOCOCTiNKiCTh i aAresifiHy MiIHiCTh IIOKPUTTIB, a TAKOMXK
KepyBaTu pPiBHEM 3aJUIIKOBUX HaNpysKeHb. Buxkopucranusa CTC i3 ByriemneBumMu HaHO-
TpyOKamMu crupuse (GOpMyBaHHIO HAHOCTPYKTYPOBAHUX ITOKPUTTIB 3 IiABUIIIEHOIO MiKpO-
TBEPAIiCTIO Ta KOPO3iiHOIO cTiliKicTio. IIpaKTUuHe 3acTOCyBaHHA OJEP:KAHUX PE3yJIbTa-
TiB IOJIATAaE y BIIPOBAIKEeHHI KOMOIHOBAHUX €JIEKTPOiCKPOBUX TEXHOJOTiH A 3MiIlHEH-
HA Ta BiJHOBJIEHHA JeTaJiell MaIlluH, 30KpPeMa eJIeMeHTiB HACOCiB, YIIiJIbHEHD 1 migmInm-
HUKOBUX BY3JiB, 110 3abe3neuye MMiABUIIEHHS IXHbOI HAAIMHOCTI Ta JOBrOBiYHOCTI.

KarouoBi cioBa: eleKTpoiCKpoBe JieTyBaHHS, eJIEKTPOICKPOBA IleMeHTallid, KoMOiHOBaH
TOKPUTTS, MiKPOCTPYKTYpPa, TOBTOBIUHICTE MeTajeil MaIllnH.
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