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IMPROVING THE QUALITY PARAMETERS

OF STEEL SURFACES BY COMBINED
ELECTROSPARK CARBURIZING TECHNOLOGIES.
Pt. 2. Mathematical Models for Controlling

the Properties of Metal Surfaces

Modern mechanical engineering is grounded in the latest advances in science and tech-
nology, necessitating the implementation of reliable and fail-safe engineering solu-
tions, which ensure the reliability and durability of machine components operating
under severe conditions, including intensive loading, extreme temperatures, and cor-
rosive environments. Addressing these challenges requires the development of techno-
logical foundations for surface modification of machine parts, using environmentally
benign methods, which remains a pressing and relevant task. The present study dem-
onstrates that, among contemporary technologies, electrospark alloying (ESA) is of
particular interest, as it enables the formation of surface-layer structures with unique
physicomechanical and tribological properties. The objective of this work is to develop
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an adequate, physically substantiated mathematical model for predicting the quality
parameters of surface layers of steel components during electrospark carburizing
(ESC) and electrospark nitrocarburizing (ESNC) as functions of the energy and techno-
logical parameters of ESA equipment, employing a specialised saturating technological
medium (SSTM). The paper presents the results of investigations of the influence of
preliminary aluminium treatment on the quality parameters of modified steel surfaces,
using an SSTM composed of nitrogen—carbon constituents. Phase-composition analysis
reveals that the presence of an aluminium interlayer leads to the formation of alumin-
ium-containing phases, resulting in a significant increase in both hardness and thick-
ness of the surface layers. Experimental dependences of surface quality parameters on
the energy and technological parameters of ESA during ESNC and ESC processes are
established. Based on the conducted research, mathematical models describing the de-
pendence of surface quality on ESNC and ESC are developed, including equations for
the increment of the hardened-layer thickness and the increment of surface microhard-
ness as functions of ESA-equipment parameters. These models enable the determina-
tion of key technological characteristics of the formed layer, namely, the thickness of
the hardened layer and its microhardness. A methodology for determining the con-
stants of the increment equations for ESNC and ESC processes is developed. This in-
cludes the evaluation of both hardened-layer thickness (considering the maximum in-
crement as a function of discharge energy, process-intensiveness, and activation en-
ergy) and microhardness (considering the maximum increment as a function of
discharge energy, process-intensiveness, and activation energy). The proposed mathe-
matical models can be applied for strengthening the surface layers of components in
compressor and pumping equipment, including protective sleeves, end faces of rings,
mating surfaces of casings and covers, and bearing journals of centrifugal machinery
shafts, etc.

Keywords: electrospark alloying, carburizing, nitrocarburizing, hardened layer, math-
ematical modelling.

1. Intfroduction

Work [1] presents the urgency of the research, which is conditioned by the
growing requirements for the reliability and durability of the machine
parts operating under intense mechanical loads [2, 3], elevated tempera-
tures and the action of corrosive environments [4—6].

An analysis of the modern technologies for improving the quality of
the surface layers of the parts has been carried out, namely, chemical—
thermal treatment (CTT) [7—9], gas—thermal spraying the metal-ceramic
coatings [10], welding the coatings formed by composite materials [11],
performing the centrifugal reinforcement with tungsten carbide [12], ap-
plying the aluminium-oxide layer coatings [183—15], as well as using the
plasma and detonation spraying methods [16—19], etc. In addition, there
are technologies aimed at improving the surface operational properties
even at design stages [20—24], along with a series of theoretical models
[25—30] contributing to the analysis of structural changes and to improv-
ing the prediction of bulk- and surface-related parameters of aluminium-
containing alloys subjected to external treatments (particularly, surface
treatments such as electrospark alloying (ESA)).
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In addition, in Ref. [1], the technology for increasing the wear resis-
tance of the surfaces due to the multilayer coatings of hard wear-resistant
and soft antifriction materials [81-34], and the technology using modern
composite materials, which have increased wear resistance of surfaces,
high strength and toughness [35—37] have been considered. There has been
carried out an analysis of energy-efficient technologies for processing ma-
terials with the use of concentrated energy flows (CEF), namely, by ion
nitriding [38, 39], condensed ion bombarding [39—41], plasma spraying
[42—-45] and plasma processing [46, 47], as well as laser processing [48—
51]. It has been emphasized that, among the technologies implemented
with the CEF, the most noteworthy technologies are the ones which use
the ESA method.

Owing to the ESA methods, structures with unique physicomechanical
and tribological properties at the nanolevel are formed in the surface lay-
ers [52—54]. In Refs. [65—57], the advantages of the ESA method over the
traditional technologies for surface treatment of parts have been consid-
ered. In Refs. [68—-62], there have been analyzed the ESA technology dis-
advantages, which, when in combination with the other methods for
strengthening the surfaces of the parts, such as the ESA + the application
of the metal-polymer materials (MPM), act as advantages.

Depending on the ESA method, alloying medium, cathode and anode
materials, the properties of the surface layers are sufficiently presented
in Refs. [33, 63—67].

With the use of a special technological saturating medium (STSM), the
ESA method, namely, aluminizing [68], carburizing [69—71], and nitri-
ding [72], can be used to obtain not only single-component coatings, but
also multicomponent ones [73, 74].

In Refs. [75, 76], the wide possibilities of using graphite as an anode
during the ESA process have been proven. The free-state graphite is an
effective solid lubricant, and in the bound state, particularly in the form
of carbides, it acts as a solid wear-resistant phase. During the ESA pro-
cess, the surface of the part is saturated with carbon by a graphite elec-
trode, which gives grounds to compare it with a type of the CTT process,
namely, carburizing [77-79].

Considering that with the traditional CTT, during nitriding, the best
results, in terms of hardness and depth of the strengthened layer, are
achieved, when processing alloyed and high-value steels containing alu-
minium, the use of the STSMs allows for conducting the ESA process with
aluminium for the cheaper steels, such as 40, 45, 50, 40X (40Kh), etc.,
and after that, nitriding the surface layers thereof [80].

Thus, the analysis of the ESA technologies with a graphite electrode-
tool (ET) has shown that, despite the wide range of applications, unfortu-
nately, there is no correlation relationship between the quality parameters
of steel surfaces after the process of electrospark carburizing (ESC) and
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nitrocarburizing by the ESA method (NESC) and the energy and technolo-
gical parameters of the ESA equipment. The importance of conducting fur-
ther research is determined by the formulation of the purpose of the work.

The purpose of the work is to develop an adequate and physically
based mathematical model for predicting the quality parameters of the
steel part surface layers during the ESC and NESC processes, depending
on the energy and technological parameters of the ESA equipment when
using the STSMs.

To achieve this goal, the following technical problems must be solved:

- to investigate the quality parameters of the surfaces of steel parts
formed by the ESC method in the presence of an aluminium sublayer, us-
ing the saturating media containing N + C components;

« to determine and analyse the dependence of the quality parameters
of the part surfaces on the energy and technological parameters of the
ESA using the STSMs during the processes of nitrocarburizing and carbu-
rizing;

» to develop a mathematical model for predicting the quality parame-
ters of the surface layers of steel parts during the NESC process using the
ESA method;

» to develop a mathematical model for predicting the quality parame-
ters of the surface layers of steel parts during the ESC process using the
ESA method.

In Ref. [81], a new, environmentally friendly and effective process for
nitriding steel surfaces has been developed to ensure high durability of
steel parts. The process included the following stages: applying the STSM,
which is used as a pasty nitrogen component, to the working surface and,
without waiting for it to dry, carrying out the treatment of the ESA by
the ET made of a material identical to the material of the steel part being
processed.

When using this process for nitriding C22 steel and C40 steel, with an
increase in discharge energy from 0.13 to 3.4 J, the following parameters
increase: the thickness of the ‘white’ layer from 10 to 40 um and from 10
to 50 um, respectively, its microhardness from 6228 to 8969 MPa and
from 6860 to 9160 MPa, respectively, the surface roughness (R,) from 0.9
to 6.2 um and from 0.9 to 5.9 um, respectively, and the continuity of the
coating from 50% to 70% and from 60% to 80%, respectively.

The wear resistance of the nitrided surfaces increases as compared to
the untreated samples by 219% and 308% for steel 20 and steel 40, re-
spectively.

The disadvantages of this process are the small thickness of the ‘white’
layer and its relatively low microhardness.

It is known from Ref. [82] that, to obtain high-hardness steel in the nitri-
ding process, the aluminium-containing and improved steels 41CrAlMo,,
42CrMo, and 34CrAl, are used as the bases. This has been confirmed in
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Ref. [83], according to which nitrided steel is characterised by its high
durability, wear resistance, corrosion resistance, hardness and other fa-
vourable properties.

Taking into account the advantages and disadvantages of the above
processes, a new process implementing the ESA method has been proposed.
When using this process, before applying the STSM to the surface being
strengthened, an Al layer has been applied thereto by the ESA method at
discharge energy W, = 0.13-6.8 J.

A promising direction for increasing the resource of machine parts is
the CTT process, namely, the nitrocarburizing process, which makes it
possible to increase both the mechanical properties (strength, hardness,
fatigue limit) and the corrosion resistance. The nitrocarburized layer pro-
vides the parts with sufficient toughness and high strength. The nitrocar-
burized coatings have high resistance to abrasion, which is associated with
the formation of the N-containing phases [84].

The high-speed nitrocarburized process has certain advantages. These
include the short processing time, no need for special surface preparation,
and the availability of accurate localisation of the method [85].

According to Ref. [86], the authors have developed a method for
strengthening the surfaces of the heat-treated steel parts. The method
includes ESC processing and differs in that nitrogen is supplied into the
alloying zone. In this case, two processes are being carried out simulta-
neously, namely the ESC process and the nitriding one. These are actually
operating as a NESC process.

It should be noted that the implementation of this process requires the
constant presence of nitrogen, and rather high consumption thereof sig-
nificantly reduces its advantages.

According to Refs. [87, 88], a new environmentally safe and effective
nitrocarburizing process has been proposed. It is carried out by the ESA
method, including the stage of applying a pasty carburizer containing ni-
trogen—carbon components to the surface being strengthened. This pasty
carburizer, without waiting for it to dry, is processed with a graphite ET.

During NESC processing the samples made of C22 steel and C40 steel,
with an increase in the discharge energy from 0.13 to 3.4 J, the following
parameters there increase: the thickness of the ‘white’ layer from 10 um
to 110 um and from 20 um to 120 pm, respectively; its microhardness
from 6.665 to 9.731 and from 7.135 to 9.932 MPa, respectively; the sur-
face roughness (R,) from 0.8 to 4.1 um and from 0.9 to 4.7 pm, respec-
tively; the coating continuity from 80 to 100% and from 90 to 100%,
respectively.

While processing at all the discharge energies being studied, the lar-
gest amounts of carbon and nitrogen have been located closer to the sur-
face, and they have been decreasing with increasing depths of their loca-
tions. Increasing the ESA discharge energy from 0.13 to 3.4 J leads to an
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increase in the parameters of the carbon and nitrogen diffusion zones,
namely, for carbon, from 20 to 45, and for nitrogen, from 20 to 55 um.

The disadvantages of this process are the small thickness of the ‘white’
layer and its relatively low microhardness.

According to Ref. [89], a new environmentally safe and effective car-
burizing process has been proposed. It is carried out by the ESA method,
and includes the stage of applying a pasty carburizer containing 80%
graphite powder and 20% petroleum jelly to the surface being streng-
thened while this pasty carburizer, without waiting for it to dry, is being
processed by a graphite ET.

It should be noted that due to the analysis of the above-mentioned
works aimed at improving the quality of the surface layers of the steel
parts, it has been found that from the point of view of efficiency, environ-
mental safety, cost, etc., the technologies based on the ESA method are
considered the most promising.

At the same time, owing to the use of the stage of applying a paste-
like carburizer containing nitrogen—carbon components to the streng-
thened surface, and because these components exhibit their maximum ac-
tivities at different temperatures (500—-900 °C), it is possible to process
the steel products, while using various methods for processing, namely:
from practically purely nitriding to nitrocarburizing and carburizing. In
addition, ESA processing of aluminium-strengthened carbon steel surfaces
can improve the quality parameters of the surface layers.

2. Materials and Methods

Before applying the STSM to the surface being strengthened, an alumi-
nium layer is applied by the ESA method with W, = 0.13-6.80 J.

The samples were made of C22 and C40 steels and had a size of
15x15%x8 mm.

To perform the aluminium deposition, a unit of ‘Elitron-52A’ model
was used, providing a discharge energy W, in the range of 0.05 to 6.80 J.
For the study, the values of W, =0.13, 0.52, and 3.40 J were used. Alu-
minium had been deposited by the ET in the form of an aluminium wire
having a diameter of 3.0 mm, AD grade, according to GOST 14838-78. For
ESA processing with a material identical to the material of the part being
processed, the modes of W, =0.13, 0.52, and 3.40 J were used. At the
nitriding process, a pasty mixture prepared by mixing 10% petroleum
jelly with urea powder (#90% ) was used as the STSM; at the nitrocarburi-
zing process, the paste-like mixture was prepared with the use of urea
(45%), yellow blood salt (45%) and petroleum jelly (10%), and at ESC
processing, the paste-like mixture was prepared with the use of graphite
powder (80% ) and petroleum jelly (20%).

The metallographic and durometric studies were carried out according
to the known technologies and with the use of the appropriate equipment.
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At all stages of processing, the surface roughness was measured using a
profilograph-profilometer of model 201 manufactured by the ‘Calibre’
plant.

The STSM in the form of a paste was applied to the surfaces of the
samples after processing the surfaces by the ESA method with the use of
an aluminium ET. Then, without waiting for the aforementioned surface
to dry, it was processed using the ESA method by the ET in the form of a
wire having a diameter of 3 mm, made of a material identical to the mate-
rial of the steel part being processed, while nitriding, or by the electrode-
tool (ET) in the form of a graphite rod of the EG-4 brand measuring
3x3x25 mm, while nitrocarburizing and in the course of the ESC process.

X-ray structural analysis was performed on the DRON-3 diffracto-
meter in CoK -radiation. The voltage and anode current were 30 kV and
24 mA, respectively. The x-ray diffractograms were taken by step-by-step
scanning with an exposure of 2 s at each point. The experimental results
were processed using special software.

3. Results and Discussions

Figure 1 shows the microstructure after the ESA process with the use of
an aluminium ET at W, = 3.4 J. Due to the analysis of Fig. 1, it has been
found that the coating consists of three zones, namely: the ‘white’ layer,
the diffusion zone and the base metal.

It should be noted that the coating parameters depend on the dis-
charge energy and W, during the ESA process. With increasing W, the
continuity of the ‘white’ layer, its thickness and microhardness increase.
The surface roughness also increases.

Figure 2 shows the microstruc-
ture of the surface layer of a C40
steel sample after the nitrocarburiz-
ing process by the ESA method,
which includes the following stages:
obtaining an aluminium sublayer by
the ESA method with the use of an
aluminium ET at W, =3.40 J; apply-
ing a nitrogen-containing paste to
the surface being processed; further
alloying the surface being processed
with a graphite ET at W, = 0.13,

Fig. 1. Microstructure of the surface layer
of a C22 steel sample after the ESA using
the aluminium ET: 1 — ‘white’ layer, 2 —
diffusion zone, 3 — substrate [80]
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Fig. 2. Microstructures of nitrocarburized surface layers of the C40 steel samples with
Al sublayers and processed via the ESA by the ET formed of C40 steel at: () — W, =
0.13, (b)) — W,=0.52, and (¢) — W, = 3.40 J, where I — ‘white’ layer, 2 — diffusion

zone, and 3 — substrate [80]

H,
MPa 3
10000

8000
Fig. 3. Microhardness distri-
bution along the surface depth 6000
of a C40 steel sample after the 1
ESA using aluminium ET at 4000
W, = 3.4 J, applying nitrogen-
containing paste to the pro- 2000
cessed surface, and alloying

the resulting surface with a 0 ! ! L L L L
graphite ET at W, = 0.13 (1), 50 100 150 200 250 300
0.52 (2), 3.40 (3) J [80] h, pm

0.52, and 3.40 J, respectively. As compared to the nitriding process, after
the nitrocarburizing process, the thickness of the ‘white’ layer and the
diffusion zone is greater. This is apparently because nitrocarburizing is
carried out with the use of a graphite ET, unlike nitriding, where an ET
made of steel is used. The microstructure shows a visible section having
incomplete recrystallization. For C40 steel, this is heating to a tempera-
ture of 730-755 °C. The metal in this section undergoes incomplete re-
crystallization. The base metal (C40 steel) has a ferrite—pearlite structure.
Figure 3 shows a graph of the distribution of microhardness in the
surface layer after the nitrocarburizing process by the ESA method. In the
graph: 1, 2, and 3 — with the aluminium sublayer obtained by the ESA
method using the aluminium ET at W, = 3.40 J, as well as by the ESA
method using a graphite ET at W, = 0.13, 0.52, and 3.4 J, respectively.
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The results of measuring the thickness, microhardness and continuity
of the ‘white’ layer, as well as the surface roughness of the C22 steel
sample and the C40 steel sample, each after the nitrocarburizing process,
are given in Table 1. After the nitrocarburizing process, the thickness
parameter of the deposited layer increases more intensively with the high-
er value of the discharge energy at which the aluminium sublayer is de-
posited. The microhardness and continuity of the ‘white’ layer had been
increasing while previously ESA processing by aluminium, but in that
case, the roughness changed insignificantly.

Table 1. The qualitative parameters of the nitrocarburized (N + C)
layers obtained by the ESA method on C22 steel and C40 steel [80]

Discharge | Thickness of the Microhardness Roughness, pm Continuity
energy, ‘white’ layer, of the ‘white’ layer, of the‘white’
nm MPa R, R, o layer, %
Without aluminium sublayer
C22 Steel
0.13 10-20 6665 0.9 1.9 6.5 80
0.52 30-40 7689 1.2 2.1 8.1 90
3.40 80-110 9731 4.1 11.3 | 25.1 100
C40 Steel
0.13 20-30 7135 0.9 2.2 7.3 80
0.52 30-50 7920 1.3 2.7 8.7 90
3.40 80-120 9930 4.7 16.2 | 35.1 100
With aluminium sublayer at W, = 0.13 J
C22 Steel
0.13 10-25 6850 0.9 1.9 7.5 80
0.52 10-30 8010 1.5 2.1 8.3 90
3.40 30-40 9930 5.6 12.4 | 28.5 100
With aluminium sublayer at W, = 0.52 J
C22 Steel
0.13 20-35 6900 0,9 2.0 7.5 85
0.52 30-45 8300 1.7 2.2 8.7 100
3.40 50-70 9800 5.7 12.7 | 28.7 100
With aluminium sublayer at W, = 8.4 J
C22 Steel
0.13 60-70 7150 1.1 2.1 7.5 90
0.52 60—-80 9721 1.6 2.3 9.1 100
3.40 90-110 10050 5.9 13.3 | 28.9 100
With aluminium sublayer at W, = 0.13 J
C40 Steel
0.13 50-70 7320 1.2 2.2 7.3 100
0.52 60-80 10380 1.9 2.9 8.7 100
3.40 80-110 10380 6.3 16.8 | 31.1 100
504 ISSN 1608-1021. Prog. Phys. Met., 2026, Vol. 27, No. 3
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Table 2 summarizes the results of measuring the thickness, micro-
hardness and continuity values of the ‘white’ layer, as well as the surface
roughness of the C22 steel sample after the ESC process, which consisted
of the procedures of alloying the surface by the ESA method with the use
of an aluminium ET at W, = 0.13, 0.52, and 3.40 J, applying a carbon-
containing paste to the surface being processed, and treating the resulting
surface by the ESC at W,=0.13, 0.52 and 3.4 J. The thickness and micro-
hardness of the ‘white’ layer had been increasing, while the previous ESA
by aluminium and the continuity had not been changing there. After the
ESC process, the thickness of the strengthened layer had been increasing

Table 2. The qualitative parameters obtained
by the ESC process for C22 steel and C40 steel [80]

Discharge Thickpess of the Microha}rdness of the Roughness, R Continuit‘;y
energy, ‘white’ layer, ‘white’ layer, > 7 | of the ‘white’
nm MPa nm layer, %
Without aluminium sublayer
C22 Steel
0.9 50-70 9932 1.0 100
2.6 80-100 10796 3.7
4.6 100-230 10796 4.8
C40 Steel
0.9 60-80 11351 1.0 100
2.6 90-110 11787 3.8
4.6 130-240 11824 4.7
With aluminium sublayer at W, = 0.13 J
C22 Steel
0.9 55-T75 10153 1.0 100
2.6 85-110 11930 3.6
4.6 100-230 11995 4.8
With aluminium sublayer at W, = 0.52 J
C22 Steel
0.9 60-80 10320 1.0 100
2.6 90-120 11950 3.8
4.6 130-240 12100 4.8
With aluminium sublayer at W, = 3.4 J
C22 Steel
0.9 70-90 10370 1.0 100
2.6 100-130 12050 3.7
4.6 140-260 12200 4.9
With aluminium sublayer at W, = 0.13 J
C40 Steel
0.9 80-100 11760 1.0 100
2.6 110-140 12240 3.7
4.6 140-280 12375 4.9
ISSN 1608-1021. Usp. Fiz. Met., 2026, Vol. 27, No. 3 505



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

3500
BCC BCC
3000 - o
. FeNo.o939 = FeN0,0939
9500 - i e Fe,(CN)
2000 - -
1500 [ n .
[ ]
_ 1000+ . . " . i
[oN
3 0 1 1 1 1 1 1 1 1 1 1 1 1
e 40 50 60 70 80 90 100 110 40 50 60 70 80 90 100
% “ 2theta (deg) b
= 2000
— o
BCC
= AlC,
1500 [ y o CO,OSSFel,SMS

1000

° Fig. 4. X-ray diffraction patterns of

n the surface layers of the C40 steel

) . " . . . samples, each with an Al sublayer

0 40 50 60 70 80 90 100 110 after the ESA process at Wp =0.524dJ

2theta (deg) after nitriding (a), nitrocarburizing
¢ (b), and carburizing (c) [80]

500

with increasing discharge energy at which the aluminium sublayer had
been applied.

The studies of the phase composition of the obtained coatings on C40
steel have shown that while nitriding, the phase composition has been rep-
resented by the b.c.c. solid solution and cubic iron nitride in Fig. 4, a.
Most likely, aluminium has been dissolving in ferrite and nitride. In addi-
tion, there is a possibility of the formation of a sublayer of aluminium-
containing phases between the substrate and the nitrogen-containing coat-
ing. This is evidenced by the results of the microhardness measurements.
During ESA processing, the microhardness of the coating at a distance of
~70 ym from the surface has been increasing as compared to the values
thereof on the surface.

After nitrocarburizing by the ESA method, the presence of a b.c.c.
solid solution, cubic iron nitride, and iron carbide has been detected in
Fig. 4, b. As clearly seen in the figure, in the presented phases, carbon
atoms can be partially replaced by nitrogen atoms. In addition, it is quite
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probable that aluminium dissolves in ferrite and iron nitride, and it is
located in the sublayer between the coating and the substrate.

On carburizing the samples with aluminium sublayers obtained after
the ESA process, the x-ray diffraction analysis revealed the presence of a
b.c.c. solid solution, the diffraction maxima of which were completely
overlapped by tetragonal iron carbide C, ,,Fe, 4,s- The remaining diffrac-
tion maxima are associated with rhombohedral aluminium carbide Al,C,.

Analysis of the phase composition of the coatings indicates that the
presence of an aluminium sublayer ensures the formation of the phases,
the presence of which leads to a significant increase in hardness and con-
tributes to an increase in the thickness and quality values of the sur-
face layers.

Thus, based on the analysis of the studies conducted by the authors of
Ref. [80], the conclusions can be formulated as follow.

For C22 and C40 steels, when using nitriding, NESC and ESC pro-
cesses, with increasing discharge energy, the values of thickness, micro-
hardness and continuity of the ‘white’ layer, as well as the surface rough-
ness value, increase.

While nitriding, NESC and ESC processing the C22 and C40 steels,
previously processed by the ESA method with the use of an aluminium ET,
the thickness, microhardness and continuity of the ‘white’ layer increase,
while the roughness changes slightly.

Previously processing by the ESA method using an aluminium ET at
W, < 0.13 J does not lead to noticeable changes in the quality parameters
of the surface layer formed for all processing types, and at w, > 3.40 J,
it is accompanied by a sharp increase in the roughness of the surface layer.
For practical application, the recommended discharge energy parameters
are in the range of W, = 0.13-3.40 J for nitriding and the NESC process,
and those are in the range of W, = 0.13-4.60 J for the ESC process.

The analysis of the phase composition has shown that the presence of
the aluminium sublayer leads to the formation of the aluminium-contai-
ning phases, which in turn causes a significant increase in the hardness
and thickness values of the surface layers.

The proposed methods, viz., nitriding, NESC and ESC, can be used to
strengthen the surface layers of critical parts and their elements for com-
pressor and pump equipment: external and internal surfaces of protective
sleeves of floating seals, end surfaces of their rings and connecting parts
of housings and covers; bearing journals of rotor shafts of centrifugal
machines; piston rods, etc.
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3.1. Determining and Analysing

the Quality Parameters of the Part Surfaces
Dependent on the Energy and Technological ESA
Parameters: STSMs at NESC Processing

The new technologies for performing the synthesis of coatings by the ESA
method with the use of the STSMs are considered in Fig. 5.

At all stages of the research, see also Refs. [90, 92, 93], the surface
roughness was determined using a profilograph-profilometer device of
mod. 201 of the ‘Calibre’ plant production. To conduct the durometric
studies, analyse the Vickers-hardness distribution in the surface layer,
and along the depth of the section from the surface, the hardness testers
of the PMT-3 and NOVA 330/360 (manufacturer INNOVATEST Europe
BV, the Netherlands) models were used in accordance with GOST 2999-75
and ISO 6507. The investigations of the microstructural parameters of the
coatings were carried out on the microsections, using such microscopes as
the Hirox KH-8700 and MIM-7 optical microscopes, the SEO-SEM Inspect
S50-B scanning electron microscope equipped with an energy-dispersive
spectrometer of the AZtecOne type with an X-MaxN20 detector (manufac-
tured by Oxford Instruments plc).

Producing the samples, preparing the surfaces and studying the struc-
tural parameters were carried out according to Ref. [91].

The values of the ESA productivity were taken in accordance with the
recommendations of the ESA equipment manufacturers. Table 3 shows the
average data of these recommendations.

Considering that the presence of the STSM in a viscous-liquid state in
the ESA zone affects the mass transfer process, to study the influence of

Table 3. The discharge energy and the productivity recommended
for implementation by the ESA equipment suppliers [90]

Discharge energy W, J 0.130 0.52 1.30 2.60 4.60 6.80

Productivity @, cm?/min 0.5 1.1 1.4 1.7 2.3 2.8

Table 4. The dependence of the ESA productivity
and labour-intensiveness on W values [90]

Discharge energy W, J 0.13 0.52 3.4

Productivity @, cm?/min Option 1 ~0.3 ~0.6 ~1.0
Option 2 ~0.2 ~0.3 ~0.5

Option 3 ~0.1 ~0.2 ~0.3

Labour-intensiveness 1, min/cm? Option 1 ~3.3 ~1.7 ~1.0
Option 2 ~5.0 ~3.3 ~2.0

Option 3 ~10.0 ~5.0 ~3.3
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the discharge energy and process-
ing time (labour-intensiveness 1)
in the further experiments, the
processing time was increased by
2, 3 and 4 times as compared to
the recommended values given in
Table 3 (Table 4).

According to Ref. [80], pre-al-
loying with aluminium increases
the thickness, microhardness and
continuity values of the coating du-
ring nitriding, NESC and ESC pro-
cessing by the ESA method. The best
results were achieved when using

+ ] Alloying
" electrode

Spark )
discharge Coating

Fig. 5. Scheme of the ESA process [93]

the ET made of aluminium at a discharge energy W, = 3.40 J; therefore,
further studies were carried out using this particular processing technology.

For the STSM, the paste-like mixture of urea and yellow blood salt was
used to perform the NESC process; the mixture of 80% graphite powder
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H,
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6000
4000 Fig. 6. The microhardness distribu-
I tion along the surface layer depth of
2000 - a sample made of steel 20 after nitro-
I II carburizing by the ESA method with
1 1 1 1 1
0 options 1 (a), 2 (b), 3 (¢) and W, =
50 100h u1n50 200 250 " 13 (curve I), 0.52 (IT), 3.4 J (ITT)

c
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and 20% petroleum jelly was used to perform the ESC process. The ESA
process was carried out at the discharge energies W, = 0.13, 0.52, and
3.4 J.

There have been investigated microstructures of the steel 20 sample
surface layers after nitrocarburizing thereof by the ESA method with the
use of the STSM were investigated at different processing productivity
levels. The results of the metallographic analysis indicated that the coa-
tings at all productivity levels in Table 4 consisted of three zones, viz., a
‘white’ layer, a diffusion zone and base metal. The discharge energy and
the ESA productivity affect the parameters of the structural zones.

Figure 6 shows the distribution of the microhardness along the depth
of the NESC layer on steel 20. It should be noted that the maximum hard-
ness is fixed on the surface and it gradually decreases to the base, the
microhardness of which is of 1700-1800 MPa. Gradually changing the
microhardness of the coating-base indicates a good adhesion—diffusion
bond between the coating and the substrate. The microhardness of the
coating zones is determined by the energy parameters of the ESA process:
the higher the discharge energy, the higher the hardness of the ‘white’

Table 5. The quality parameters of the steel 20 samples surface layers
after nitrocarburizing thereof by the ESA method with the use of the STSM [90]

= N o : Microhardness, MP
g}) g 3 é g} 1cronaraness a g 4'%; o\o
; CS’ B~ Gy Q_‘:é t’a =
8 =5 £ 2%z s | 22
& = E = g g = P transition @ =R
o B = 8 ol white’ layer b= ERS
= 3 = S o zone o =5
< = <) =g = o =
7 3 5 €5 : | SF
A £ — 5 g &
Existing technology; productivity according to Table 1
0.13 0.4-0.6 1.7 145-165 7150 4450 1.1 90
0.52 1.0-1.3 0.8 155-190 9921 4650 1.6 100
3.40 1.6-2.2 0.5 210-260 10050 4970 5.9 100
Option 1; the productivity of the ESA is reduced by 2 times (Table 2)
0.13 0.3 3.3 165-180 7310 4550 1.0 100
0.52 0.6 1.7 175-210 10030 4750 1.5 100
3.40 1.0 1.0 225-275 10250 5130 6.5 100
Option 2; the productivity of the ESA is reduced by 3 times (Table 2)
0.13 0.2 5.0 170-185 7360 4590 1.0 100
0.52 0.3 3.3 180-215 10090 4780 1.6 100
3.40 0.5 2.0 230-280 10290 5190 6.4 100
Option 3; the productivity of the ESA is reduced by 4 times (Table 2)
0.13 0.1 10.0 170-185 7360 4530 1.1 100
0.52 0.2 5.0 180-215 10100 4580 1.5 100
3.40 0.3 3.3 230-280 10300 4910 6.3 100
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0 50 100 150 200 250 O 50 100 150 200 250
H, a he, pm b
MPa
10000 -
8000 -
6000
4000 Fig. 7. The distribution of the micro-
111 hardness values along the depth of
2000 - the surface layer of a sample of steel
. . . I 1T . 40 after nitrocarburizing thereof by
0 the ESA method with options 1-3
50 100 150 200 250
B, um (a—c) and W,=0.138, 0.52, 3.4 J (cur-
“e ves I-IIT), respectively [90]

layer and, accordingly, the transition zone. Such a change in microhard-
ness is apparently associated with the diffusion of nitrogen and carbon
into the substrate, and it might be caused by a change in the phase com-
position of the layer [74].

The productivity of the ESA process does not have a significant effect
on the microhardness indicators of the strengthened layer, but it has
a positive effect on the thickness and continuity of the surface layer in
Table 5. If at traditional productivity values ( = 0.4-0.6 cm?/min and
W, =0.13 J), it is not possible to obtain a continuous layer, then, with
a decrease in @, it is possible to achieve 100% continuity with an incre-
ase in the thickness of the coating. However, the surface roughness
increases.

The analysis of the microstructure of the surface layer of the steel 40
samples after nitrocarburizing by the ESA method using the STSMs con-
taining nitrogen—carbon components was carried out. Due to ESA proces-
sing the steel surface, there occurs the ET (anode) destruction; the ET
erosion products are transferred to the surface (cathode) being processed,
and the micrometallurgical processes occur on the surface being processed;
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the ET and the STSM material elements diffuse into the surface layer of
the product; the surface of the product acquires a new specific relief;
there is formed a modified layer, which contains a ‘white’ layer and a dif-
fusion zone. Thus, on the surface, a new layer forms with properties dif-
ferent from those of the initial state. Those are determined by the param-
eters of the spark discharge (discharge energy W) and the process pro-
ductivity (®).

As on steel 20, increasing the discharge energy increases the thickness
of the ‘white’ layer and that of the diffusion (transition) zone. During the
ESA process, with amplification of the discharge energy, the diffusion
processes accelerate, and obviously, the diffusion zone between the coa-
ting and the base increases. At the classical productivity values in Table 6,
at W, =0.13 J, the thickness of the strengthened layer is 150 to 170 pm,
while, at W = 3.4 J, it is of about 215 to 265 pm. In this case, the conti-
nuity of the coating reaches 100%.

Figure 7 shows the microhardness distribution in the surface layer on
steel 40. The ‘white’ layer has a maximum microhardness of 7150 to
10580 MPa, depending on the processing parameters, and it has been gra-
dually decreasing to the hardness of the base. The increase in the hardness
of the transition zone can be caused by the phase transformations that
occur when the steel has been heated above critical temperatures and
rapidly cooled in air. Rapidly cooling after the ESA process leads to some
strengthening of the surface layer of the steel and to an increase in hard-
ness. As in steel 20, in the surface layer of steel 40, there is a probability
of the formation of intermetallics, nitrides, carbonitrides and oxides since
the ESA process has been carried out in air in the STSM environment. In
addition, the formation of the above-mentioned phases contributes to an
increase in the microhardness of the coating and the diffusion zone.

Figures 8-10 show the dependences of the thickness values of the
strengthened layer (a) and the values of microhardness of the ‘white’
layer on the W, and t values when nitrocarburizing by the ESA method of
steel 20 for option 1, option 2, and option 3, respectively [92].

It should be noted that, for steel 40, the nature of the dependences of
the thickness of the strengthened layer and the microhardness of the
‘white’ layer on the discharge energy and processing time (labour-inten-
siveness of the ESA) during the nitrocarburizing process for all processing
options in Table 6 does not differ from that of the dependences indicated
in Figs. 6-8 for steel 20. A slight difference is noted only in the increase
in the thickness of the ‘white’ layer and microhardness (see Table 5).

Thus, due to the conducted studies, the following conclusions have
been achieved:

« compared to nitriding, in the course of the nitrocarburizing process,
the thickness of the strengthened surface layer and its microhardness in-
crease;
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Fig. 8. The dependences of the strengthened layer thickness (a) and the microhardness
(b) of the ‘white’ layer on W, and t during nitrocarburizing the steel 20 for option 1
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Fig. 9. The same as in the previous figure, but for option 2 [92]
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Fig. 10. The same as in the previous figure, but for option 3 [92]
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Table 6. The quality parameters of the steel 40 samples surface layers
after nitrocarburizing thereof by the ESA method with the use of the STSM [90]

o o0 & « o
é;n':: g & g 5 gg % é % Microhardness, MPa § :EL *E;; o\i
S8 BEX | 855 | £u%E . | 508
22 £ =g SEE =283 ‘white’ transition g gﬁ >
Ao e S EC 2 layer zone A~ Shule
o+ =]
Existing technology
0.13 | 0.4-0.6 1.7 150-170 7150 4450 1.1 90
0.52 | 1.0-1.3 0.8 160-195 9921 4650 1.6 100
3.40 | 1.6-2.2 0.5 215-265 10050 4970 5.9 100
Option 1
0.13 0.3 3.3 170-185 7510 4550 1.0 100
0.52 0.6 1.7 180-215 10520 4750 1.5 100
3.40 1.0 1.0 230-280 10550 5130 6.5 100
Option 2
0.13 0.2 5.0 175-190 7550 4590 1.0 100
0.52 0.3 3.3 185-220 10560 4780 1.6 100
3.40 0.5 2.0 235-285 10580 5190 6.4 100
Option 3
0.13 0.1 10.0 175-190 7560 4530 1.1 100
0.52 0.2 5.0 185-220 10560 4580 1.5 100
3.40 0.3 3.3 235-285 10550 4910 6.3 100

« with increasing the discharge energy, the thickness values of the
‘white’ layer and the diffusion zone also increase, as well as there is an
increase in the microhardness, roughness and continuity of the surface;

« with decreasing ESA productivity, the thickness of the strengthened
surface layer (zone of increased microhardness) and its microhardness in-
crease, as well as the coating continuity improves;

« when replacing the steel 20 substrate with that made of steel 40, the
thickness of the strengthened surface layer and its microhardness slightly
increase.

3.2. Determining and Analysing the Quality Parameters
of the Part Surfaces Dependent on the Energy
and Technological ESA Parameters: STSMs at ESC Processing

According to Ref. [93], the ESC process was carried out in compliance
with the following scheme: the samples of steels 20 and 40 had been pre-
liminarily processed by the ESA method with the use of the aluminium
ETs at W, = 8.40 J; then, the carbon-containing STSMs were applied onto
to the processed surfaces and subsequently alloyed with the use of the
graphite ETs at the productivities according to options 1, 2, and 3 of Tab-
le 1, at W, =0.13, 0.52, and 3.40 J.
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Table 7. Quality parameters of surface layers of steel 20 samples
after carburizing thereof by the ESA method using STSMs [93]

Dis- Produc- ) Lab01'1r- Thickness | Microhardness, MPa Continuity
charge tivity @, intensive- of the : — Roughness ‘of t-he’
energy, em?/min ness T,2 strengthened| ‘white’ transition R,, pm whltef)

min/cm layer, pm layer zone layer, %
Existing technology

0.13 0.4-0.6 1.7 145-165 10370 4450 1.1 90

0.52 1.0-1.3 0.8 155-190 12050 4650 1.6 100

3.40 1.6-2.2 0.5 210-260 12200 4970 5.9 100

Option 1

0.13 0.3 3.3 165-180 10510 4550 1.0 100

0.52 0.6 1.7 175-210 12180 4750 1.5 100

3.40 1.0 1.0 225-275 12290 5130 6.5 100

Option 2

0.13 0.2 5.0 175-195 10570 4590 1.0 100

0.52 0.3 3.3 185-220 12250 4780 1.6 100

3.40 0.5 2.0 235-285 12330 5190 6.4 100

Option 3

0.13 0.1 10.0 180-200 10590 4530 1.1 100

0.52 0.2 5.0 190-225 12280 4580 1.5 100

3.40 0.3 3.3 240-290 12350 4910 6.3 100

Due to the metallographic and durometric analyses, as well as the de-
termination of the roughness of the processed surface in Table 7, it has
been established as follows.

While carburizing the steel 20 and the steel 40 samples each by the
ESA method, a surface layer has been formed, which has a greater thick-
ness of the strengthened zone and higher microhardness as compared to
the layer after nitrocarburizing.

With an increase in the discharge energy, the thickness of the streng-
thened layer and its microhardness, as well as the roughness and conti-
nuity of the coating, increase.

With a decrease in the ESA productivity and, accordingly, an increase
in the labour-intensiveness of the process, the thickness values of the
‘white’ layer and the diffusion (transition) zone increase, as well as there
is an increase in the microhardness and continuity of the coating;

When replacing steel 20 with steel 40, the thickness of the ‘white’
layer, the diffusion (transition) zone and the microhardness of the surface
increase slightly.
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3.3. Mathematical Model for Prediction of the Quality Parameters
of the Steel Part Surface Layers: NESC Processing by the ESA

Due to the analysis of Tables 5 and 6, it has been found that, at the exist-
ing technology for both steel 20 and steel 40, with an increase in W, there
is an increase in the thickness of the strengthened layer Ah,,, as well as in
the microhardness AH_,, of the surface in Table 8. In addition, Table 8
shows that these parameters also increase with the duration of processing
a certain plane (7).

Let us consider the effect of the discharge energy on the thickness of
the strengthened layer, Ah,,, = (W) [94].

Figures 11, a and b present the dependences of the thickness of the
strengthened layer (Ah,,,,, ) of steel 20 and steel 40, respectively, at
w,=0.13, 0.52, and 3.4 J and values 1/w,=1.17,1.9, and 0.3 J! (in
Fig. 12) with the existing technology and the ESA options. Figure 13 pre-
sents the dependences of the logarithm of the thickness of the streng-
thened layer (InAh,,,, ) of steel 20 and steel 40 on the value of 1/W,.

The analysis of Fig. 13, a makes it possible to conclude that there
is an exponential relationship between the increase in the thickness of
the strengthened layer and the discharge energy (W,). It has been noted

Table 8. Dependence of the strengthened layer thickness
of steels 20 and 40 and their microhardness on the technological parameters

of the ESA process during nitrocarburizing with the use of the STSM [94]

. Produc- Labour- Thickness Ak, , pm Microhardness AH_,,, MPa
Discharge tivity @, | intensiveness T,
energy, J cm?/min min/cm? Steel 20 Steel 40 Steel 20 Steel 40
Existing technology
0.13 0.6 1.7 155.0 160.0 7150 7160
0.52 1.2 0.8 170.0 175.0 9921 9950
3.40 2.0 0.5 235.0 240.0 10050 10070
Option 1
0.13 0.3 3.3 175.0 182.5 7310 7510
0.52 0.6 1.7 190.0 200.0 10030 10520
3.40 1.0 1.0 250.0 255.0 10250 10550
Option 2
0.13 0.2 5.0 180.0 187.5 7360 7550
0.52 0.3 3.3 200.0 205.0 10090 10560
3.40 0.5 2.0 255.0 262.5 10290 10580
Option 3
0.13 0.1 10.0 182.5 189.0 7365 7560
0.52 0.2 5.0 202.5 207.5 10100 10565
3.40 0.3 3.3 257.5 265.0 10300 10585
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Fig. 11. The strengthened layer thickness Ak, , ~of steel 20 (a) and steel 40 (b) vs.
W, for existing technology (curve 1) and ESA options 1-3 (curves 2-4, respectively)
[94]
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Fig. 12. The same as in the previous figure, but for Ak, vs. 1/W, [94]

1w, J*

Fig. 13. The same as in the previous figure, but for InAh,, . vs. 1/W,[94]
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that the increase in the thickness of the strengthened layer Ak, in-
creases with the increase in the activation energy AE,,, , of the nit-
rocarburizing process.

From the correlation dependence of the increase in the thickness of
the strengthened layer on the value of the reciprocal discharge energy
(Fig. 12), it follows that (Fig. 13)

ln Ah’s.l.n.W oC 1/Wp ’ AEAhW n.* (1)
Passing from the approximate to the exact equality, we obtain
7AEAthn.
Ah =Ce ", (2)

s.l.n.W,

thened layer). The“;l,

_AEAhWPn .
w,

Ah = Ah e M. 3)

s.l.n.W, s.l.rz.meﬂx

Equation (3) can be defined as the equation of the thickness of the
strengthened layer depending on the discharge energy. If, in Eq. (3),

AEAthn. = Wp ’ (4)

Ahs.l.n.Wp /Ahs.l‘n.mea = e_l . (5)

X

Thus, AE,, , is a physical value that is equal to such a discharge

energy W,, at which the thickness of the strengthened layer is e times
less than its maximum value.

The AE,,y, , value can be determined by the constant of the equation

of the thickness of the strengthened layer depending on W,. The other
constant of this equation is Ah,,,, , viz., the largest thickness of the
strengthened layer.

The largest thickness of the strengthened layer Ak, , viz., the
constant of the equation of the strengthened layer thickness, can be de-
termined by the segment cut off on the ordinate axis by the point of in-
tersection of the extended straight line of the graph of the dependence
of the logarithm of the thickness of the strengthened layer (InAh,,, )
of steel 20 and steel 40 on the reciprocal value as for the discharge
energy, 1/W, (see Fig. 13).

The second constant of the equation of the thickness of the strengthe-
ned layer, namely, the activation energy, is denoted as AE ., = tgo
where o is the angle of inclination of the straight lines of the depen-
dences of InAh,,,,, on W 1.

Let us consider the influence of the labour-intensiveness t on the
change in the thickness of the strengthened layer at the traditional
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Fig. 14. Graphical representations of the data in Table 9: Ah

s.l.n.t

vs. 1 [94]

Table 9. The increase in the strengthened layer thickness (Ah,,, )

for different labour-intensiveness values (1) as a result

of the ESA (options 1-3) of steels 20 and 40 at W, = 0.13, 0.52, 3.4 J [94],
as compared with existing technologies, for which Ah =0

s.l.n.t

inter]::lik:loel;izss T, Ahs-l-'”’ interI;:likx)/(:alill;ss T, Ahs-l-'”’ inter%:iti/c:alrlll:ass T, Ahs-l-'”’
min/cm? nm min/cm? um min/cm? pm
X Y X Y X Y
wW,=0.13J W,=0.52J W,=34J
Steel 20
1.7 0 0.8 0 0.5 0
3.3 20.0 1.7 20.0 1.0 15.0
5.0 25.0 3.3 30.0 2.0 20.0
10 27.5 5.0 32.5 3.3 22.5
Steel 40
1.7 0 0.8 0 0.5 0
3.3 22.5 1.7 25.0 1.0 15.0
5.0 27.5 3.3 30.0 2.0 22.5
10 29.0 5.0 32.5 3.3 25.0

labour-intensiveness of the ESA process and the one being studied,
namely, Ak, = f(t). Table 9 and Fig. 14 present the dependences of the
increase in the thickness of the strengthened layer of steel 20 and steel
40, respectively, on the labour-intensiveness t at the existing techno-
logy and options 1, 2, and 3 of the ESA process.

Table 10 and Fig. 15 represent the dependences of the increase in
the thickness of the strengthened layer (Ax,,,.) for steel 20 and steel 40
on the reciprocal labour-intensiveness, 1/t, with the existing techno-
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Fig. 15. Graphical view of the data in Table 10: the same as in the previous figure, but
for Ah vs. t! [94]

s.l.n.t
Table 10. The same as in the previous table, but for different
reciprocal labour-intensiveness values t! [94]

Reciprocal labour- Reciprocal labour- Reciprocal labour-
i H -1 Ahs.l.rm’ i H -1 Ahs.l.n.r’ 3 i -1 Ahs.l.n.t’
intensiveness 1!, intensiveness 1, intensiveness v,
cm?/min nm cm?/min nm cm?/min nm
X Y X Y X Y
WP =0.13J Wp =0.52J WP =34J
Steel 20
0.6 0 1.2 0 2.0 0
0.3 20.0 0.6 20.0 1.0 15.0
0.2 25.0 0.3 30.0 0.5 20.0
0.1 27.5 0.2 32.5 0.3 22.5
Steel 40
0.6 0 1.2 0 2.0 0
0.3 22.5 0.6 25.0 1.0 15.0
0.2 27.5 0.3 30.0 0.5 22.5
0.1 29.0 0.2 32.5 0.3 25.0

logy and options 1, 2, and 3 of the ESA process. Table 11 and Fig. 16
represent the dependences of the logarithm of the increase in the thick-
ness of the strengthened layer (AE,,, ,) for steel 20 and steel 40 on the
reciprocal labour-intensiveness (1/7).

The analysis of Fig. 16 makes it possible to conclude that there is
an exponential relationship between the increase A4, and the labour-
intensiveness t. It has been noted that the increase in the thickness of
the strengthened layer Ak, ,,, grows with the increase in the activation
energy AE,,; , of the nitrocarburizing process.
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Fig. 16. Graphical visualisations of the data in Table 11: the same as in the previous
figure, but for InAh_, , vs. T![94]

Table 11. The same as in the previous table, but logarithmic values
of the strengthened layer thickness (InAh_, ) for different reciprocal
labour-intensiveness values (t™!) [94]

s.l.n.t

Reciprocal labour- Reciprocal labour- Reciprocal labour-
intensiveness t!, | InAh,, | intensiveness t!, | InAh ,, | intensiveness v, | InAh,,, .
cm?/min cm?/min cm?/min
X Y X Y X Y
wW,=0.13J wW,=0.52J W,=34J
Steel 20
0.3 2.99 0.6 2.99 2 2.70
0.2 3.22 0.3 3.40 1 2.99
0.1 3.31 0.2 3.48 0.5 3.11
Steel 40
0.3 3.11 0.6 3.22 2 2.70
0.2 3.31 0.3 3.40 1 3.11
0.1 3.37 0.2 3.48 0.5 3.22

From the correlation dependence of the increase in the thickness of
the strengthened layer on the reciprocal labour-intensiveness value
(see Fig. 15), it follows that the logarithm of the increase in the thick-
ness of the strengthened layer (Fig. 16)

InAR_, _oc —17L, (6)

s.l.n.t

Running from the approximate to the exact equality, we have
-1

Ah, —=Cpe-, (7)

s.l.n.t

where C, = AR Ah is the largest increase in the thickness of

Sl T ey SN Tax
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the strengthened layer:

-1

et . (8)

max

Ah

s.l.n.t

= Ah

s.l.n.t

Dependence (8) can be considered as an equation of the increase in
the thickness of the strengthened layer depending on the labour-inten-
siveness. The largest thickness of the strengthened layer Ak, , that
is the constant of the equation of the increase in the thickness of the
strengthened layer depending on the labour-intensiveness, can be de-
termined by the value of the segment cut off on the ordinate axis by
the point of intersection of the extended straight line of the graph of
the dependence (InA#h,, ) of steel 20 and steel 40 on 1/t (Fig. 16).

Considering that the total increase in the thickness of the layer of
increased hardness depends on w, and labour-intensiveness, i.e.,
2 Ah,, =[(W,,1) after the above studies, it can be concluded that

_AEAthn. =

S A, =Ah, ., e " +Ah er . 9)

Pmax s.0.n.T

Dependence (9) can be taken into account by the equation of the total
increase in the thickness of the strengthened layer.

Further, we consider the effect of the discharge energy on the mi-
crohardness of the strengthened layer in the course of the nitrocarbu-
rization process. The dependences of the microhardness of the strengthe-
ned layer (AH, . ) of steel 20 and steel 40 on the W, =0.13, 0.52, 3.4 J
are shown in Fig. 17, and, on the 1/W = 7.7, 1.9, 0.3 1/J, they are
shown in Fig. 18 with existing nitrocarburizing technology (1) and op-
tions 1, 2, 3 of the ESA process (2)—(4).

Figure 19 presents the dependences of the logarithm of the microhard-
ness of the strengthened layer InAH, o, of steel 20 and steel 40 on 1/W .

The analysis of Fig. 17 has shown that there is an exponential rela-
tionship between the increase in the microhardness of the strengthened
layer and the discharge energy (W)). It has been noted that the increase in
the microhardness of the strengthened layer increases with an increase in
the activation energy of the nitrocarburizing process (AE, y,,)-

From the correlation dependence of the increase in the microhardness
of the strengthened layer on the reciprocal discharge energy (Fig. 18), it
follows that the logarithm of the microhardness of the strengthened layer
and the activation energy:

InAH, o /W, AE .- (10)
Proceeding from the approximate to the exact equality, we obtain
7EAHMan.
w
AH, .., =Ce 7 > (11)

P
where C, = AH, , (AH, , 1is the greatest thickness of the streng-
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Fig. 17. Microhardness of the strengthened layer (AH, ) vs. W for steels 20 (a) and
40 (b), where curve I corresponds to the existing technology, Whlle curves 2-4 —
options 1-3, respectively, of the ESA process [94]
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Fig. 18. The same as in previous figure, but for AHM”'W = AH“W.W w,) [94]
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Fig. 19. The same as in the previous figure, but the dependence is logarithmic:
In AH““_W vSs. l/WP [94]
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thened layer). Then,

-E,
AH Wpn.

AH = AH e v (12)

Hs.i.n.wp Hs.tnwp o

The latter dependence (12) can be taken into account by the equation
of the total increase in the thickness of the strengthened layer.

Dependence (12) can be defined as the equation of the microhardness
of the strengthened layer depending on the discharge energy. If, in Eq. (12),

E =W (13)

AH W,n. p?

AH, /AHMM.WPW =e’. (14)
Thus, the activation energy AE,,, , is a physical value that is

equal to the discharge energy W, at which the microhardness of the

strengthened layer is e times less than its maximum value.

The value of AE,; ., can be determined as a constant of the equa-
tion of the microhardness of the strengthened layer depending on W .
The other constant of this equation is AH bW, viz., the greatest mi-
crohardness of the strengthened layer.

The greatest microhardness of the strengthened layer AH, , ,
namely, the constant of the equation of the thickness of the strengt'h
ened layer, can be found by the segment cut off on the ordinate axis by
the straight line of the dependence of the logarithm of the microhard-
ness of the strengthened layer (InAH, ) of steel 20 and steel 40 on
the reciprocal discharge energy 1/W, (1n Fig. 19). The other constant
of the equation of the thickness of the strengthened layer is defined as
AE, 4w, = tga, where a is an angle of the inclination of the straight
lines of the dependences InAH, ., on 1/W,.

Let us consider the 1nf1uence of the labour intensiveness T on the
increase in the microhardness of the strengthened layer, AH,, = f(1).
Table 12 and Fig. 20 here represent the dependences of the increase in
the microhardness of the strengthened layer (AH, ) of steel 20 and
steel 40 each on the labour-intensiveness t for the existing technology
and options 1, 2, and 3 of the ESA process at the W, =0.13, 0.52, and
3.4 J.

Analysing Fig. 20 allows us to conclude that there is an exponen-
tial relationship between the increase in the microhardness of the
strengthened layer (AH, ) and the labour-intensiveness t. The increase
in the microhardness of "the strengthened layer AH, increases with
increasing r. ‘

Table 13 and Fig. 21 represent the dependences of the increase in
AH, for steel 20 and steel 40 on the values of 1/t. Those are given for
the ex1st1ng technology and options 1, 2, and 3 of the ESA process.
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Fig. 20. Graphical representation of the data in Table 12: AH,  vs. 1 [94]

Table 12. The increase in the strengthened layer microhardness (AH Mm) for differ-
ent labour-intensiveness values (t) due to the ESA (options 1—3) of steels

20 and 40 at W, = 0.13, 0.52, 3.4 J [94] as compared with existing technologies

Labour- , Labour- , Labour- AH ,
intensiveness T, Hs.Ln.t intensiveness T, Hs.Ln.t intensiveness T, Hsln.t
cm?/min MPa cm?/min MPa cm?/min MPa
X Y X Y X Y
Wp:0.13J Wp:0.52J Wp:3.4J
Steel 20
1.7 0 0.8 0 0.5 0
3.3 160 1.7 109 1.0 200
5.0 210 3.3 169 2.0 240
10 215 5.0 179 3.3 250
Steel 40
1.7 0 0.8 0 0.5 0
3.3 350 1.7 570 1.0 480
5.0 390 3.3 610 2.0 510
10 400 5.0 615 3.3 518

Table 14 and Fig. 22 represent the dependences InAH, for steels

20 and 40 on the values with the reciprocal labour-intensiveness (1/7).

As follows from the correlation dependence of the increase in the mi-

crohardness of the strengthened layer on the reciprocal labour-intensive-

ness (Fig. 20), the logarithm of the increase in the microhardness of the
strengthened layer (Fig. 21),

InAH ot

Hs.in.x

(15)
Running from the approximate equality to the exact one, we have
-1

AH =Cer,

Ms.in.

(16)
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Fig. 21. Graphical view of the data in Table 13: the same as in the previous figure, but
for AH,  vs. 1" [94]

Table 13. The same as in the previous table,
but for different reciprocal labour-intensiveness values (t!) [94]

Reciprocal labour- AH Reciprocal labour- AH Reciprocal labour- AH
intensiveness 1/, “sine’ | intensiveness 1/1, “sine’ | intensiveness 1/, HsLne
cm?/min MPa cm?/min MPa cm?/min MPa
X Y X Y X Y
W,=0.13J W,=0.52J W,=38.4J
Steel 20
0.6 0 1.2 0 2.0 0
0.3 160 0.6 109 1.0 200
0.2 210 0.3 169 0.5 240
0.1 215 0.2 179 0.3 250
Steel 40
0.6 0 1.2 0 2.0 0
0.3 350 0.6 570 1.0 480
0.2 390 0.3 610 0.5 510
0.1 400 0.2 615 0.3 518
where C, = AH w3 AH, s the greatest increase in the microhard-
ness of the strengthened layer. Then,
-1
= AH et . an

Ms.in.< Hs.i.n.tmax

Dependence (17) can be considered as an equation of the increase in
the microhardness of the strengthened layer depending on the labour-in-
tensiveness.

The greatest increase in the microhardness of the strengthened
layer AH,, ., that is the constant of the equation of the increase in
the microhardness of the strengthened layer depending on the labour-
intensiveness, can be determined with the value of the segment
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Fig. 22. The dependence of In AH, on 1! for the existing technology and all the op-
tions of the ESA of steels 20 (a) and ‘40 (b), where W, = 0.13 (curve 1), 0.52 (curve 2),
and 3.4 J (curve 3) [94]

Table 14. The same as in the previous table, but for InAH, , _vs. 1 [94]

Reciprocal labour- Reciprocal labour- Reciprocal labour-
intensiveness v, | InAH win. | intensiveness 1, | InAH win. | intensiveness T, InAH hatne
cm?/min cm?/min cm?/min
X Y X Y X Y
w,=0.13J w,=0.524J wW,=344J
Steel 20
0.3 5.08 0.6 4.69 1 5.30
0.2 5.35 0.3 5.13 0.5 5.48
0.1 5.37 0.2 5.19 0.3 5.52
Steel 40
0.3 5.86 0.6 6.35 1 6.17
0.2 5.97 0.3 6.41 0.5 6.23
0.1 5.99 0.2 6.42 0.3 6.25

cut off on the ordinate axis by the point of the intersection of the
extended straight line of the graph of the dependence of the logarithm
of the increase in the microhardness of the strengthened layer (InAH, )
of steels 20 and 40 on the reciprocal labour-intensiveness 1/t (Fig. 22)

Considering that the total increase in the microhardness of the
strengthened layer depends on the discharge energy and labour-inten-
siveness, that is ZAHH_M = f(Wp,T) after the above studies, it can be
concluded that

-E
AH Wpn.
w,

DAH, =AH, e ' +AH ev. (18)

Hs.i.n.tpmax

-1
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Dependence (18) can be considered as an equation of the increase in
the microhardness of the strengthened layer depending on the ESA pro-
cess parameters.

Table 15 presents the summarised data in compliance with the con-
stants of the equations of the thickness of the strengthened layer and its
microhardness in the course of the nitrocarburization of steels 20 and 40
using the ESA method.

In conclusion to this subsection, we can summarize as follows.

There have been developed the mathematical models of the depen-
dences of the surface quality values during the NESC process by the ESA
method with the use of the STSMs (the equation of the increase in the
thickness of the strengthened layer and the equation of the increase in the
microhardness of the surface) on the energy and the technological param-
eters of the ESA equipment: the discharge energy (W) and the labour-
intensiveness (t), respectively. This event allows determining the main
technological parameters of the formed layers, namely, the values of the
thickness of the strengthened layers A ,, and those of the microhardness
H,  thereof.

There has been set a method for determining the constants of the
equation for the increase in the thickness of the strengthened layer (the
greatest increase in the thickness of the strengthened layer depending on
the discharge energy Ak, , activation energy AE,,, and the greatest
increase in the thickness of the strengthened layer depending on the
labour-intensiveness of ESA processing Ah . , as well as the equation
for the increase in the microhardness of the surface (the greatest increase

n

Table 15. The constants of equations of the thickness of the strengthened layer
and its microhardness in the course of the process of nitrocarburizing steels 20
and 40 using the ESA method [94]. Here, the numerator is the value

of the constants for steel 20; the denominator is that for steel 40

ESA Ahu.mwpmﬂx’ AEMW n. Ahs.l.n.rmax’ sl Wpmax® AEAH Won. Us.Ln.tmax’
modes um as tga um MPa as tgo MPa
Existing | 236.8 0.710 10498 1.204
modes — — — —
240.2 0.713 10524 1.204
Option1 | 248.4 0.717 32.9 10657 1.206 259.5
254.9 0.720 33.7 11109 1.210 433.2
Option 2 255.5 0.720 42.0 10705 1.207 241.7
266.5 0.726 37.0 11110 1.210 644.2
Option 3 259.1 0.722 26.8 10716 1.207 279.0
270.5 0.728 31.9 11100 1.211 537.2
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in the microhardness of the strengthened layer depending on the discharge
energy AHM B activation energy AE,, v, and the greatest increase in

the microhardness of the strengthened layer depending on the labour-

intensiveness of ESA processing AHHM" ).

3.4. Mathematical Model for Predicting the Quality Parameters
of the Steel-Part Surface Layers: ESC Processing by the ESA

The carried out investigations allow setting the correlations between the
energy and technological parameters of the equipment for the ESC: W,
and 1, respectively, and the main parameters of the quality of the surface
layers, namely, the thickness of the strengthened layer (%,,.) and the mi-
crohardness of the surface carburized by the ESA method (H,,,).

The previous studies in Table 7 have shown that, with the existing
technology for both steel 20 and steel 40, with an increase in W, the
thickness of the strengthened layer (Ah,, ) increases, which consists of
the thickness of the ‘white’ layer and the diffusion zone, as well as the
microhardness (AH, ) of the surface (Table 16). In addition, Table 16
shows that these parameters also increase with the duration of proces-
sing a certain plane (t). Here, it is a consideration of the effect of the

Table 16. The dependence of the thickness of the strengthened layer
and its microhardness on the technological parameters of the ESA process,
while carburizing with the use of the STSMs [94]

) Labour- Thickness Microhardness
Discharge Productivity | intensi- of the strengthened layer of the strengthened layer
e‘;l,e rg:Iy @, cm?/min veness ARy, WM AH,,., MPa
" T, min/em*|  Gtee] 20 Steel 40 Steel 20 | Steel 40
Existing technology

0.13 0.6 1.7 155.0 160.0 10370 11760

0.52 1.2 0.8 172.5 177.5 12050 12240

3.40 2.0 0.5 235.0 240.0 12200 12375
Option 1

0.13 0.3 3.3 172.5 175.0 10510 11880

0.52 0.6 1.7 192.5 195.5 12130 12360

3.40 1.0 1.0 250.0 255.0 12290 12490
Option 2

0.13 0.2 5.0 180.0 185.0 10570 11930

0.52 0.3 3.3 200.0 207.5 12250 12415

3.40 0.5 2.0 255.0 265.0 12330 12540
Option 3

0.13 0.1 10.0 182.5 190.0 10590 11950

0.52 0.2 5.0 202.5 210.5 12280 12435

3.40 0.3 3.3 257.5 270.0 12350 12555
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discharge energy on the thickness of the strengthened layer, namely,
Ahs.l.c. = f(Wp) °

The methodology of the research aimed at setting the dependences
between the energy and technological parameters of the equipment
during the ESC process (W, and t, respectively) and the main param-
eters of the quality of the surface layers, namely, the thickness of the
strengthened layer (Ah,,,) and the microhardness of the surface carbu-
rized by the ESA method (AH, ), coincides with the methodology for
predicting these parameters, Wthh have been presented above. There-
fore, we would focus only on the theoretical investigations without
references to the experimental studies [94].

From the correlation dependence of the thickness of the strength-
ened layer on the reciprocal discharge energy, it follows that

InAh,, yw /W, AE .. (19)
On the way from the approximate to equality, we obtain
_AEAthL‘.

Ahyyow, =Ce (20)
where C, = Ak, .y 5 Ah, .y, is the greatest thickness of the strength-
ened layer. Then, Ay,

Ahs.l.c.W = Ah’s l.c. W e " ° (21)

Dependence (21) can be considered as an equation of the thickness of
the strengthened layer depending on the discharge energy.

If
AE

ARW .

=W

p b

Ahs.Lc.Wp /Ahs l.e.W, = e_l * (23)

Pmax

(22)

Thus, the activation energy AE AW . is a physical value equal to the
discharge energy W, at which the thickness of the strengthened layer
is e times less than 1ts maximum value. The value AE,,,, . can be deter-
mined by the constant of the equation of the thickness of the streng-
thened layer depending on the discharge energy. The other constant of
this equation is Ah,,., , ie., the greatest thickness of the streng-
thened layer.

The greatest thickness of the strengthened layer Ak, ., , viz., the
constant of the equation of the thickness of the strengthened layer, can
be determined by the value of the segment cut-off on the ordinate axis
by the point of intersection of the extended straight line of the graph
of the dependence of the logarithm of the thickness of the strengthe-
ned layer (InAh,, ., ) of steels 20 and 40 on the reciprocal discharge
energy 1/W . The other constant of the equation for the thickness of
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the strengthened layer, the activation energy, is defined as AE,;,, . = tga,
where o is the angle of inclination of the straight lines of the depen-
dences of InAh,, ., on 1/W,.

Let us consider the influence of the labour-intensiveness, t, on the
change in the thickness of the strengthened layer at the existing labour
intensity of the CESA process and the one being studied, viz.,
Ahs.l.c. = f(T) °

As follows from the correlation dependence of the thickness increase
of the strengthened layer on the reciprocal discharge energy value, the
logarithm of the thickness increase of the strengthened layer is

In AR S (24)

s.l.c.t

Taking the exact equality instead of the approximate one, we obtain
-1

Ah,.. =Ce-, (25)

s.l.c.t

Where CS = Ah’s.l.c.-rrmlx (Ah’s.l.c.rmax
strengthened layer) and

is the greatest thickness increase of the

-1

Ah. = Ah et . (26)

s.l.c.t s.0.C. T

Relation (26) can be considered as an equation of the increase in
the thickness of the strengthened layer depending on the labour-inten-
siveness. The greatest thickness of the strengthened layer, the con-
stant of the equation of the increase in the thickness of the streng-
thened layer depending on the labour-intensiveness, can be determined
by the value of the segment cut off on the ordinate axis by the point
of intersection of the extended straight line of the graph of the depen-
dence of the logarithm of the increase in the thickness of the streng-
thened layer (InAh,, ) of steel 20 and steel 40 on the labour-intensive-
ness reciprocal value (1/7).

Considering that the total increase in the thickness of the streng-
thened layer depends on the discharge energy and labour-intensiveness,
2Ah, =f(W,1), after the above studies, it is quite possible to conclude
that

—AE,
AW pe. 1

DA = AR, e T AR, et 27)

s.0.C. T ax

Expression (27) can be taken into account by the equation for the total
increase in the thickness of the strengthened layer.

Further, we consider the effect of the discharge energy on the mi-
crohardness of the strengthened layer: AH oW, = f(W).

As follows from the correlation dependence of the microhardness of
the strengthened layer on the value of the reciprocal discharge energy,
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In AHHW’WP o« 1l/W,, AEAHMWPC.. (28)
Replacing the approximate equality by the exact one yields
_AEAHMWPC.
w,

AHus.l_c_w,, =Ce 7 (29)
where Cq = AH_ ., 3 AH, y, is the greatest microhardness of the
strengthened layer. Then,

*AEAH“WPE.
AHHs.l.c.W = AHH&M.W e WP : (30)

Dependence (30) can be taken into account as an equation of the mi-
crohardness of the strengthened layer depending on the discharge energy.
If, in Eq. (30),

AE

AH W c.

=W

P b

(31)

AHus,zAcAwp AHHsAzAcAwpmx =e’. (32)

Thus, the activation energy AE,p w.. is a physical value that is
equal to the discharge energy W, at which the microhardness of the
strengthened layer is e times less than its maximum value. The value
AE,y w... can be determined by the constant of the equation of the mi-
crohardness of the strengthened layer depending on the discharge ener-
gy. The other constant of this equation, AH o ea? is the greatest mi-
crohardness of the strengthened layer.

The greatest microhardness of the strengthened layer AH, .~
namely, the constant of the equation of the microhardness of the
strengthened layer, can be determined by the value of the segment cut
off on the ordinate axis by the point of the intersection of the extended
straight line of the graph of the dependence of the logarithm of the
microhardness of the strengthened layer (InAH Hs_l_c_anm) of steel 20 and

b

steel 40 on the value of the reciprocal discharge energy. The other con-
stant of the equation of the thickness of the strengthened layer, the
activation energy, is determined as AE,, y, . = tga with being the angle
of inclination of the straight lines of the dependences of InAH,  on
1w,
Further, we consider the effect of the labour-intensiveness, t, on
the increase in microhardness of the strengthened layer, AH, = (1) .
As follows from the correlation dependence of the increase in the mi-
crohardness of the strengthened layer on the value of the reciprocal la-
bour-intensiveness, the logarithm of the increase in the microhardness of
the strengthened layer
InAH, —oc -t (33)
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Passing from the approximate to the exact equality, we obtain:
-1

AH,,  =GeT, (34)

where C, = AH (AH is the greatest increase in microhardness

Hs.reTmax Ms.r.c.Tmax

of the strengthened layer). Then,

-1

= AH et .

Ms.tc.x
m

AH

Ms.lc.x

(3%)

Dependence (30) can be considered as an equation of the increase in
the microhardness of the strengthened layer depending on the labour-in-
tensiveness at the ESC process.

The greatest increase in the microhardness of the strengthened
layer AH, . , namely, the constant of the equation of the increase in
the microhardness of the strengthened layer depending on the labour-
intensiveness, can be determined using the value of the segment cut
off on the ordinate axis by the point of the intersection of the extended
straight line of the graph of the dependence of the logarithm of the in-
crease in the microhardness of the strengthened layer InAH, of steel
20 and steel 40 on the value of the reciprocal labour-intensiveness 1/7.

Considering that the total increase in the microhardness of the
strengthened layer depends on the discharge energy and labour-intensive-
ness, AH, = f(Wp,r), after the conducted studies, it is quite possible to

conclude that

_EAH Whe.
u”p -1
AH, =AH, e " +AH e, (36)
Table 17. The constants of equations of the thickness
of the strengthened layer and its microhardness at ESC processing
steels 20 and 40 with the use of the ESA method [94]. Here, the numerator
is the value of the constants for steel 20; the denominator is for steel 40
ESA Ahs.l.c.Wp AEAthc. Ahs.l.c.r AHHs_z_c_w EAH We. AH“s.l.m
mo des max’ max s Pmax " max
um as tga um MPa as tgo MPa
Existing | 936 8 0.711 12419 1.225
modes — —
240.2 0.713 12402 1.225
Option1 | 948 9 0.717 35.9 12495 1.226 287.1
256.5 0.721 44.6 12517 1.227 224.3
Option2 | 955 5 0.720 43.0 12571 1.227 431.5
268.7 0.727 46.9 12570 1.227 253.6
Option3 | 959 1 0.722 41.5 12597 1.228 187.4
273.7 0.730 40.9 12588 1.228 224.3
ISSN 1608-1021. Usp. Fiz. Met., 2026, Vol. 27, No. 3 533



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

Expression (36) can be considered as an equation of the increase in the
microhardness of the strengthened layer depending on the ESA parameters.

Table 17 represents the summarized data of the constants of the equa-
tions of the thickness of the strengthened layer and its microhardness at
the ESC processes for steel 20 and steel 40.

4. Conclusions

(i) When NESC and ESC processing the C22 steel and the C40 steel, previ-
ously processed by the ESA method with aluminium, there increases the
thickness, microhardness and continuity of the ‘white’ layer, while the
roughness changes slightly.

(ii) Precisely processing by the ESA method with aluminium at
W, < 0.13 J does not result in noticeable changes in the quality parame-
ters of the surface layers formed at all processing types, and, at W,> 3.40 J,
it is accompanied by a sharp increase in the roughness of the surface layer.
For practical application, the recommended parameters are in the range of
W,=0.13-3.4 J for the NESC process, and those ones are in the range of
W,=0.13-4.6 J for the ESC process.

(iii) The analysis of the phase composition has shown that the presence
of an aluminium sublayer results in the formation of the aluminium-con-
taining phases, which cause a significant increase in the hardness and
thickness of the surface layers.

(iv) The proposed NESC and ESC technologies can be used to strengthen
the surface layers of the critical parts and their elements for compressor
and pump equipment, namely: the external and internal surfaces of the
protective sleeves for the floating seals, the end surfaces of their rings
and the connecting parts for their housings and covers; the bearing necks
for the rotor shafts of the centrifugal machines; the piston rods, etc.

(v) In case of the NESC processing,

compared to nitriding, the thickness of the strengthened surface layer
and its microhardness increase;

with increasing the discharge energy, there increases the thickness of
the ‘white’ layer and the diffusion zone, as well as the microhardness,
roughness and surface continuity;

with decreasing the ESA productivity, the thickness of the strength-
ened surface layer and its microhardness increase, as well as the continu-
ity of the coating improves;

when replacing the steel 20 substrate with steel 40, the thickness of
the strengthened surface layer and its microhardness increase slightly.

(vi) In case of the ESC processing,

a surface layer is formed, which, as compared to the layer after NESC
processing, has a greater thickness of the strengthened zone and a higher
microhardness value;
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with an increase in the discharge energy, the thickness of the strength-
ened layer and its microhardness, as well as the roughness and the conti-
nuity of the coating, increase;

with a decrease in the ESA process productivity and, accordingly, an
increase in the labour-intensiveness thereof, the thicknesses of the ‘white’
layer and the diffusion (transition) zone increase, as well as the micro-
hardness and the continuity of the coating;

when replacing steel 20 with steel 40, the thickness of the ‘white’
layer, the diffusion (transition) zone and the microhardness of the surface
increase slightly.

(vii) Due to the research, there have been developed the mathematical
models of the dependences of the surface quality values at NESC and ESC
processing by the ESA method with the use of the STSMs (the equation of
the increase in the thickness of the strengthened layer and the equation of
the increase in the microhardness of the surface) on the energy and tech-
nological parameters of the ESA equipment: the discharge energy (W) and
the labour-intensiveness (t), respectively. This event allows determining
the main technological parameters of the formed layer, i.e., the thickness
of the strengthened layer and its microhardness, and, thus, improving the
technology of manufacturing and repairing the critical parts of the dy-
namic equipment depending on the requirements imposed on them.

(viii) There has been developed a procedure for determining the con-
stants for the equations of the increase at the NESC and ESC processes by
the ESA method: the thickness of the strengthened layer (the greatest
increase in the thickness of the strengthened layer depending on the dis-
charge energy and the activation energy), the greatest increase in the
thickness of the strengthened layer depending on the labour-intensiveness
of the ESA process, as well as the equation for the increase in the surface
microhardness (the greatest increase in the microhardness of the strength-
ened layer depending on the discharge energy and the activation energy),
the greatest increase in the microhardness of the strengthened layer de-
pending on the labour-intensiveness of the ESA process.
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IIIIBUIITEHHA ITAPAMETPIB AKOCTI CTAJIEBUX

IIOBEPXOHb KOMBIHOBAHMMM TEXHOJIOTI'ITAMN

EJIEKTPOICKPOBOI ITEMEHTAITII.

Y. 2. MaTemaTtuuHi Mozesi OJid peryJIOBaHHS BJIACTHUBOCTEI MeTaJeBUX ITIOBEPXOHD

CyuyacHe MammHOOyAyBaHHS 6a3yeThCsA HAa HOBITHIX MOCATHEHHAX HAYKU Ta TeXHiKH, 10
3YMOBJIIOE HEOOXiMHICT, BUKOPUCTAHHA HALiMHUX i 6€3BiIMOBHUX iH/KEHEPHUX pillleHb,
AKi BILIMBAIOTH Ha HAHIMHICTL i JOBrOBiUHICTDL AeTasieil MAIlIWH, IO IPAIIOIOTH Y BaK-
KHX yMOBaX iHTEHCUBHUX HaBaHTAKe€Hb, EKCTPEMAJbHUX TEeMIIepaTyp i KOoposiliHux ce-
penoBuill. Po3B’A3aHHA HMux IpobJsieM MMOTpedye BAOCKOHAJEHHS TEXHOJOTiYHUX OCHOB
IOBEPXHEBOTO MOAU(DIKYBaHHA AeTasiell MAalluH eKOJIOTiuHO 0e3leYHUMU MeTONaMu, IO
€ BKpall aKTyaJbHUM 3aBAaHHAM. ¥ Po0OOTi JOBeneHO, IO cepel Cy4acHUX TEeXHOJIOTik
HaN6iIBII0l yBaru 3acayroBye MeTo] ejeKTpoickpoBoro jgeryBaunas (EIJI), saBgsaxku ako-
My B HOBEPXHEBUX IHIapax (OPMYIOThCA CTPYKTYPU 3 YHIKAJIbHUMU (PisUKO-MeXaHiuHU-
MU Ta TPUOOJOTIUYHUMU BJIACTUBOCTAMU. MeToro poboTH € pPo3pobaeHHsS ageKBaTHOI, (i-
3UYHO OOI'PYHTOBAHOI MaTeMaTHUYHOI MOJeJIi IPOrHO3yBAaHHA MapaMeTpiB AKOCTi IOBepX-
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HEBUX IlIapiB CTaJieBUX JAeTanell mix uac eseKTpoickpoBoi memenranii (EIl) Ta miTpo-
uemenTailii (HEIL) meTozoM eIeKTPOiCKPOBOTO JIETYBAHHS 3aJ€KHO BiJi €HEPTeTUYHUX 1
TeXHOJIOTiYHUX mapaMeTpiB obnamHaunuAa EIJI i3 BUKOpPHMCTAHHAM CHEIiaJbHOTO TEXHO-
Joriunoro HacuuyBajabHOro cepemoBuiiia (CTHC). HaBemeno pesyabTaTé TOCTiAKeHb
BILIMBY IIOIIEPEIHBOI0 00po0JIeHHA geTaseii AoMiHieM Ha mapamMeTpu AKOCTi Moaudi-
KOBaHUX CTaJIeBUX MOBepX0Hb i3 BuKopucranuaM CTHC y Buraani HiTporeHKapOOHOBUX
KOMITOHEHTiB. AHaJi3 (pa3oBOro cKJaaay IOKasas, 1[0 HAABHICTH aJIlOMiHi€eBOro miaimapy
CIPUUYMHSAE YTBOPEHHS aJIlOMiHieBMicHUX (has, 1110 3yMOBJIIOE 3HAYHE IIiIBUIIIEHHSA TBEP-
JIOCTi Ta TOBIIVHM ITOBePXHeBUX IapiB. EKcneprMeHTaIbHO BUBHAUYEHO 3aJI€XKHOCTI IIa-
paMeTpiB AKOCTi IIOBEPXOHb [eTajiell Bil eHEepreTUYHMX i TEeXHOJIOTIYHUX IIapaMeTpiB
ELJI mig wac HEIT i EIl. Takoxx pospobsieHO MaTeMaTHYHI MOJeJi 3aJIeKHOCTH SKOCTL
noBepxoHb 3a ymoB HEII i EIl (piBHAHHA OIPUPOCTY TOBIIUHU 3MilIHEHOTO IIapy Ta PiB-
HAHHSA IPUPOCTY MiKPOTBEPAOCTi IOBEPXHi) Bi/l eHEPTEeTUYHUX i TEXHOJOTIUHUX Iapame-
TpiB obsagHanusa ELJI, 110 qae 3Mory Bu3HaYaTH OCHOBHI TeXHOJIOTiUHI mapamerpu cdop-
MOBAHOI'0 IMapy — TOBINUHY 3MIiIIHEHOI'O IIapy Ta HOro MiKpoTBepAicTh. Po3pobsieHo
MEeTOAVKY BUBHAUEHHA KOHCTAHT PiBHAHB npupocty 3a ymoB HEII i EIl: ToBmiuHM 3Mint-
HEHOTro I1apy (3 ypaxyBaHHIM MaKCHUMAJbHOTO IPUPOCTY 3aJIEKHO BiJ eHepril pos3psamy
Ta TPYAOMICTKOCTi, a TaKoK eHepril akTuBailii) Ta MiKpoTBepmocTi (3 ypaxyBaHHIM
MaKCHUMAaJbHOTO IPUPOCTY 3aJIEKHO Bix eHeprii po3pAny, TPYAOMiICTKOCTi i eHeprii ak-
TuBaIil). 3aIpPorIOHOBaHI MaTeMaTUYHI MOAEJIi MOKYTh OYyTH BUKOPUCTAHI AJIA 3Mil[HEH-
HsA MOBEPXHEBUX IIIApPiB [AeTajliB KOMIPECOPHOTO Ta HACOCHOTO OOJIaMHAHHA: 3aXUCHUX
BTYJIOK, TOPIIEBUX IIOBEPXOHb KiJIeIlb, CIIOJTYUYHUX YACTUH KOPIYCiB i KPUIIIOK, IIiIITHUII-
HUKOBUX IITUHAOK BaJiB BiAIIEHTPOBUX MAIIUH TOIIO.

KarouoBi coaoBa: eleKTpoicKpoBe JeryBaHHA, IleMeHTAallid, HiTpOIleMeHTaIlisd, 3MiljHe-
HUI miap, MaTeMaTu4YHe MOJEeJIFOBaHHA.
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