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Abstract

One of the modern and effective methods of hardening metals is nitriding in a glow discharge in ammonia
or in an anhydrous medium (nitrogen + argon) - BATR. This paper presents the results of experimental studies
comparing the results of tribological and physicochemical properties of hardened surfaces obtained by nitriding
with autonomous and interconnected BATR modes. The complex of traditionally fixed values of operating
parameters (temperature, composition of the gas mixture, pressure and saturation time) without taking into
account energy characteristics (voltage, current density and specific discharge power) significantly reduces the
technological capabilities of BATR to achieve the necessary physicochemical properties of metal surfaces
specified by conditions exploitation. Taking into account the energy characteristics of BATR, a significant
reduction in the energy consumption of the nitriding process is achieved. The energy levels of the main
subprocesses are significantly different: the formation of nitrides occurs at low energies, surface sputtering
occurs at high voltage values, and nitrogen diffusion occurs at increased current density values. In cases where
the energy of the flow is insufficient, either a glow discharge may not occur at all, or with a lack of voltage, the
nitride ball on the surface is not sprayed and it acts as a barrier that prevents the diffusion process into the inner
layers of the metal, which leads to low physicochemical and, correspondingly, tribological indicators of nitrided
balls. The gquantitative ratio between them and the required operational properties of the metal, respectively, can
be achieved only through an independent combination of the energy and operating characteristics of BATR.

Key words: non-hydrogen nitriding in a glow discharge (BATR); wear resistance of nitrided balls; phase
composition; voltage; current density; specific power of the discharge.

Introduction

One of the modern and effective methods of hardening metals is nitriding in a glow discharge in ammonia
or in an anhydrous medium (nitrogen + argon) - BATR. Nitriding in a hydrogen-free environment excludes the
possibility of explosion of the installation and hydrogen embrittlement of surfaces due to the diffusion of
hydrogen formed during the decomposition of ammonia into the depth of the metal. In addition, the BATR
process is absolutely environmentally friendly. Also, at present, most studies are devoted to nitriding processes
with interdependent parameters, i.e., each combination of operating parameters (temperature, composition of the
gas mixture and its pressure) automatically corresponds to a combination of energy (voltage, current density), as
a result of which the latter are not considered as controlled. process factors [1].

Among all the operating characteristics of the process, the most significant parameter is the preset surface
temperature, since to achieve and maintain it throughout the entire nitriding time, a certain specific combination
of voltage and current density is required. Providing a given surface temperature due to factors alternative to a
glow discharge allows changing the energy parameters of BATR in a wider range. In world practice, ensuring
the independence of temperature from the energy characteristics of BATR is achieved by using chambers with
"hot walls" [2]. Providing a given surface temperature due to factors alternative to a glow discharge allows not
only to reduce the nitriding time, but also opens up fundamentally new possibilities for improving the
controllability of the BATR process and obtaining the properties of surfaces of metallic materials specified by
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operating conditions, depending on the conditions of their operation. Despite the obvious new capabilities of
BATR with independent energy parameters, it has not actually been investigated in practical and experimental
terms. This paper presents the results of experimental studies comparing the results of tribological and
physicochemical properties of hardened surfaces obtained by nitriding with autonomous and interconnected
BATR modes.

Purpose of work — study of the influence of energy parameters on the tribological and physicochemical
properties of the diffusion layers of steel 40X at BATR with interdependent and autonomous saturation
parameters.

Materials and methods of testing

Nitriding was carried out on the UATR-1 unit designed and manufactured at the Podolsk Scientific
Physics and Technology Center (PNFTTSs) of the Khmelnitsky National University. The installation belongs to a
diode-type model with direct current and was additionally equipped with heating elements placed in the gas-
discharge chamber, which made it possible to arbitrarily change the voltage value U, and the value of the current
density j was determined as the ratio of the current strength to the total area of the parts (samples) of the cage
and suspension (j = 1/S, A/m?). The design features of the installation for carrying out BATR processes with
interdependent and autonomous nitriding modes are described in detail in [3].

Nitriding modes

The influence on the structure, phase composition and, accordingly, on the physicochemical properties of
the surface nitrided layers of temperature, composition of the gaseous medium, its pressure and saturation time
has been comprehensively studied, for example, in [1 ... 4]. Therefore, saturation was carried out in a mixture of
80 % N (nitrogen) and 20 % Ar (argon) at a temperature of T = 833 K for an hour. The voltage and current
strength were chosen arbitrarily, based on the experience of preliminary studies. Technological modes of
carrying out BATR processes are given in Table 1.

Table 1
Characteristics of BATR modes

Modes Experiment serial number

e | 2 | 3 | 4axa [ 5 | 6 | 77 | 8 [ 9
Pressure P, torr (Pa) 0,4 (53,2) 0,8 (106,4) 1,2 (159,6)
Voltage U, V 1100/680 | 820 | 515 | 840/610 | 515 | 300 | 700/540 | 515 | 300
gur_re;‘/ts‘;ens'tyj’“ M2 | 111153 |72 |32 |132/164 |72 |28 |158172 |128 72
Specific power of the glow | > 4104 1 59 | 1,65 | 11,1/100 | 37 | 0,84 | 11,193 |66 |22
discharge W, kW / m2 ’ ' ’ ’ ’ ' ' ’ e ‘ ‘

* — modes with interdependent parameters; ** — also, but with a modified suspension shape

The specific power of the glow discharge was determined by the formula:
W =UI/S=Uj,

where S — is the total area of parts (samples) and suspension (cathode area).

Experiments 1*, 4*, 7* were carried out under interdependent nitriding regimes (the first series of
experiments), i.e. each pressure of the mixture corresponded to the corresponding value of voltage and current
density. The second series of experiments (1**, 4**, 7**) was carried out under the same conditions but with a
changed shape of the suspension and, therefore, with a different cathode surface area. Experiments 2, 3, 5, 6, 8,
and 9 correspond to the autonomous modes of the BATR. At the same time, modes 3, 5 and 8 were carried out at

U =5158 = const, and modes 2, 5and 9 at j = 7, 2A/m® = const .

Metallographic studies were carried out on a MIM-10 microscope after etching microsections with a
3 % alcohol solution of nitric acid. The microhardness was determined with a PMT-3 microhardness tester at a
loading of 0.98N with fixing the hardness values on the surface and at a distance of 25, 50, 100, 200, 500 pm.

For X-ray phase analysis, a DRON-3 diffractometer was used in the range of angles 0 from 20° to 100°
with a scanning step 0,1° and an exposure time of 10 s.
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Tribological studies of the samples for wear resistance were carried out on a universal machine model
2168UMT according to the disk-finger friction scheme; friction without lubricant (dry); counterbody material -

steel I11X15 with hardness HRC61; pressure in the contact zone p = 16 MPa; controlled linear wear h, which
was determined by the change in the linear size of the sample measured along the normal to the friction surface
after passing the section of the friction path L in accordance with the accepted measurement step | (Table 2).

Table 2
Frequency of measurement of the results of tribological studies

Friction path section,m | 0-50 | 50-200 | 200 -400 | 400 - 1000 | more 1000
Measurement step, m 5 10 25 50 100

Research results and their discussion

The dependence of the wear resistance of the modified surfaces on the energy parameters of the discharge
was confirmed by tribological studies. As a result of the experiments, it was found that under dry friction
conditions for surfaces modified at higher energy values, the wear rate (Fig. 1, a) and the running-in period
(Fig. 1, b) decrease, and the period of stable wear increases, and, with an increase in the content of alloying
elements in steel, this pattern becomes more pronounced.

Of course, under other experimental conditions (for example, when studying the obtained samples for
corrosion resistance), the dependence of the tribological properties of nitrided surfaces on the current density and
voltage on the chamber electrodes may acquire a different character, but the very existence of such a dependence
is beyond doubt, which refutes the provisions given in [5], according to which the energy characteristics of the
discharge do not have a significant effect on the results of ATR.

Fig. 1, a— wear curves of steel;
b — running-in area of wear curves of nitrided steel 40 Kh

The data presented allow us to draw a completely obvious conclusion about the effect of voltage and
current density on the characteristics of the modified layer determine the wear resistance of nitrided steels in a
glow discharge - but not just essential, but decisive. Moreover, in the field of the energy parameters of the
regime, there is a certain limit below which the ATR process generally loses its meaning, since it leads to
unacceptable results, and this is despite the fact that the values of the regime remain constant.
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This means, in particular, that the set of traditionally fixed operating parameters (temperature, pressure,
composition of the gas mixture and the duration of the process) does not give an unambiguous idea of the
conditions for carrying out the ATR process, and therefore cannot serve as a basis for predicting its results.

This fact has been repeatedly confirmed when technological processes carried out at similar values of
operating parameters, but in different installations (or even in one installation, but using a different suspension),
led to completely different results.

This is due to the fact that the factors that determine the effectiveness of the nitriding process in a glow
discharge are not only the parameters of the mode, but also such indicators as the cathode distance, the shape and
size of the suspension and the test sample (or part), the presence of local exceptions on its surface, and many
other factors.

The list of factors that are decisive for ATP, given by the American researcher David Pye in [6],
including thirteen items.

Of course, direct consideration of all these indicators would lead to incredible complications in the
management of the APR process. However, they can be taken into account indirectly, since the influence of all
the listed factors reflect the energy parameters of the process.

It is known that the depth and phase composition of the nitride zone of the surface layer of steel determine
its physicochemical properties. Thus, the nitride zone, which consists only of a phase, is characterized by a rather
high plasticity, and the zone containing the phase has a lower plasticity, but a higher corrosion resistance [7, 8, 9].

The layer without a nitride zone has the highest plasticity [9, 10]. In general, the thinner the nitride zone,
the more plastic the nitrided layer, but the lower its resistance to abrasive and corrosion-mechanical wear.

Thus, according to [11], for parts that are operated in corrosive environments and for wear at low contact
voltages, the BATR should be carried out at the maximum possible voltage and current density, which
contributes to the formation of a phase and, accordingly, we have a high corrosion resistance, as well as good
running-in of friction surfaces. In this case, in order to avoid the transition of a glow discharge to an electrospark
one, the condition W < Wxg should be observed, i.e. the specific power of a glow discharge should not exceed
the critical specific power of the occurrence of an electric arc discharge.

A decrease in voltage and current density leads to an increase in the phase fraction, which contributes to
an increase in the fatigue strength of parts operating under conditions of corrosion-mechanical wear (CMC) in
corrosive environments [12].

The dependence of the wear resistance of the nitrided surfaces of steel 40Kh on the energy parameters of
the discharge is confirmed by the results of testing samples with dry friction (Fig. 1, a, b) nitrided according to
modes 6, 9, 3, and 5, which were nitrided at low values of U and j. in wear resistance than samples nitrided at

higher values of U and j (7*, 1*, 8, 4* and 2, see Table 1). These samples (6, 9, 3, and 5) are characterized by
small running-in periods at a constant wear rate and a high wear rate, determined by the tangent of the tangent to
a point in the wear curve section.

The data of X-ray structural analyzes s,y/ — (Fig. 2) and microdurometric measurements (Table 3)
confirm and explain the results of tribological experiments (Fig. 1, a, b). So, at BATR according to mode 7*
(Table 1), a nitride ball of the greatest thickness (Table 3), consisting of phases (Fig. 2, a), is formed on the
surface. A decrease in the values of U and j (Table 1) for mode 8 contributes to a decrease in both the thickness
of the nitride zone N (Fig. 2, b) and the thickness of the diffusion layer h (Table 3), which were identified by
measuring the microhardness along the depth of the layer. The phase composition of the nitride and diffusion
layers remains practically unchanged.
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Fig. 2. Diffraction patterns and microsections of 40X steel samples:
a— nitriding according to mode 7;
b — according to mode 5;
¢ —according to mode 9

Table 3

Thickness of nitride hN, diffusion layers h and surface microhardness HV0.1

Ne regime | 1* 2 3 4* 5 6 7* 8 9
hN micron | 588 | 242 |0 364132 |0 8,76 166 |0
h, micron {400 | 300 | 75 [300 | 200 |0 300 | 250 | O
HVO0,1 796 | 676 | 412 | 647 | 444 | 230 | 842 | 625 | 238

Nitriding according to mode 9 corresponds to the case when W << Wgp, i.e. the specific power of the
discharge is much less than the required one and the glow discharge does not occur and, accordingly,
h = hN =0 (Fig. 2, ¢). We have similar cases when nitriding in modes 6, 3 and partly 5, which have low wear
resistance.

Thus, it has been established that under conditions of dry friction for surfaces of steel 40Kh nitrided at
high energy values, the wear rate and the running-in period decrease (Fig. 1), the latter refutes the statement of
K. Keller [13] that the energy characteristics of BATR do not have a significant influence on the results of
nitriding. On the contrary, the above BATR results allow one to draw completely obvious conclusions about the
significant effect of voltage and current density on the physicochemical and tribological properties of nitrided
layers. In addition, there is a certain limit of energy parameters below which (modes 9, 6, 3) carrying out BATR
processes does not make sense at all, since it leads to negative results, and this despite the fact that the values of
operating characteristics (temperature, composition of the gas mixture, its pressure, etc.) nitriding time) remain
unchanged. Thus, the set of traditionally fixed operating parameters of the BATR cannot unambiguously
characterize the conditions of the nitriding process and be the main one for predicting its results. This fact is
confirmed by the fact that at similar values of the operating parameters, the change of the suspension led to
completely different results of nitriding, which is explained by the change in the energy characteristics of the
BATR process (Fig. 3).
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Fig. 3. Dependences of the specific power of the discharge w
on the pressure of the gas mixture at interdependent BATR modes:
I — modes 1*, 4* and 7*;
11 — also when changing the shape of the suspension (modes 1**, 4** and 7**)

In addition to comparing the physicochemical and tribological properties of nitrided balls of steel 40Kh at
BATR with interdependent and autonomous energy modes of processes, the purpose of the work was also to
check the effect of the specific power of the glow discharge w, which in [5] was called the plasma energy density
(PEP) and where it is stated, that the dependence of the pressure of the gas mixture on the specific power of the
discharge has an extreme character: i.e. the pressure of the gas mixture, which corresponds to the maximum w,
ensures the production of a nitrided sphere of the greatest depth [5]. However, studies [3] and the results of our
experiments (Fig. 3) do not confirm the existence of such an extreme dependence.

Changing the shape of the suspension led to a change in the values of w (curves | and Il in Fig. 3), and in
the second case, we have significantly lower energy costs for the nitriding process. However, this is not the main
advantage of nitriding, but the main factor is the physicochemical properties of the hardened layers, which
provide the specified performance characteristics of the hardened surfaces of parts. So, in works [6, 7, 11, 12]
doubts are expressed about the legitimacy of the use of specific power as the only energy criterion due to the
possibility of arbitrary combination of its values with different values of voltage and current density at a constant
pressure of the gas mixture. The studies given by us have shown that it is more expedient to assess the changes
in voltage and current density. The specific power of the discharge can only serve as an estimate of the transition
from a "dark" to a glow or to an electric arc discharge.

The study of current-voltage characteristics of BATR with interdependent (without heating) parameters
showed their significant difference when changing the shape and size of the suspension (Fig. 4).
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Fig. 4. Current-voltage characteristics of the BATR process
at autonomous (interdependent) saturation modes
(I and 11 are different forms of suspensions)

So the change of the suspension led to a shift of the current-voltage characteristic of the process to the

left: a decrease in voltage values led to an increase in the current density with a simultaneous decrease in W
(Fig. 3). At the same time, the operating parameters (pressure, temperature, mixture composition and nitriding
time), as indicated above, remained unchanged. An increase in the mixture pressure also leads to a decrease in
voltage with a simultaneous increase in the current density (Fig. 4). Since the increase in the value of the
absolute value of the current is much less in comparison with the absolute value of the voltage (Table 1), the
result is a decrease in the value of the specific power of the energy flow W (Fig. 3).

According to [3, 5], at a constant composition of the gas mixture in the pressure range of 100 - 120 Pa, a
minimum of the active power of the discharge is observed. In our experiments, this dependence is not traced
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(Fig. 3). Obviously, due to the fixation of not the active power of the energy flow acting on the metal surface and

determined by the speed of electrons, but the electric power (W = Uj), which is 35 % - 300 % [3], may be less
active.

According to the energy theory, the following main subprocesses occur during BATR: the formation of
nitrides, sputtering of the surface, and diffusion of nitrogen into the depth of the metal [3]. The energy conditions
for the main subprocesses are significantly different. Thus, the formation of nitrides occurs at low energies and,
on the contrary, the surface sputtering process is activated at high voltage values. The higher the current density,
the more intensively the diffusion of nitrogen sputtered on the surface occurs deep into the metal with the
formation of nitride and diffusion layers [3, 6, 11]. Each of the above processes is primarily implemented in
those cases that are energetically most favorable under the given conditions [3]. In our studies, with a constant
composition of the gas mixture and its pressure for each batch of samples of a series of experiments, the nitriding
time, the main factors influencing the results of BATR are the current-voltage characteristics of the process. In
fig. 5 illustrates the results of the dependence of the depths of diffusion h and nitride balls hN on the values of
voltage U and current density j under interdependent nitriding modes.

With an increase in the mixture pressure (points 1*, 4* and 7*), the voltage U automatically decreases
and the depth of the diffusion layer h decreases (Fig. 5, a) With a changed shape of the suspension (points 1**, 4
** and 7**) on the contrary, with increasing pressure the values of h increase (Fig. 5, a, curve Il). However, at
the same time, at a pressure p = 106.4 Pa (points 4** and 4*) there is a minimum of the depth of diffusion h and
nitride layers hN (Fig. 3, a; curve Il and curve | in Fig. 5, b). On the contrary, with an increase in the mixture
pressure (1* / 1**, 4* | 4** 7* | 7**), the depth of the nitride zone hN increases and, accordingly, the stress
decreases (Fig. 5, b). The sharp difference between curves | and 11, as well as the presence of minima on curves |
and 11 at points 4* and 4** (Fig. 5, a, b; curve II) indicates the dependence of the BATR processes on the shape,
configuration of the suspension, and placement on it. parts, the presence of sharp edges, grooves, holes and the
like on the parts. The list of factors that influence the results of BATR is given in [6] and includes 13 items. The
presence of a minimum on the curve | (point 4* in Fig. 3, b), in addition to the listed factors, can be justified by a

minimum of active (consumed) power at a pressure of P = 106.4 Pa [3, 6].
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Fig. 5. Dependences of the depths of the diffusion sphere h (a)
and the nitride zone (b) on the voltage value U;
also (c, d) on the value of the current density j
(I and 11 are different forms of suspensions)
with the interdependent characteristics of the BATR
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With an increase in the pressure of the gas mixture, the current density j increases and the value of h
decreases (curve | in Fig. 5, c). At the same time, the depth of the nitride zone hN increases (curve | in Fig. 5, d).

Here, too, at a pressure of p = 106.4 Pa, we have a minimum point (point 4*, curve | in Fig. 5, d).

With a change in the shape of the suspension, j increases with increasing pressure, and also increases,
according to the dependences close to a straight line, h and hN (straight lines 11 in Fig. 5, ¢ and d), which once
again indicates the particular importance of taking into account the influence of additional factors on BATR

results when designing a suspension, taking into account its shape and surface area, placing parts on the
suspension, the presence of grooves, sharp edges on parts, etc.

In autonomous modes of BATR with increasing pressure at U = 515 V = const (points 3, 5 and 8 in Fig.
6), the specific discharge power increases, and at j = 7.2A / m2 = const (points 2, 5 and 9 in Fig. 6) decreases.
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Fig. 6. Dependence of the specific power w on the Fig. 7. Dependences of current-voltage
pressure of the gas mixture p at BATR characteristics of BATR
with autonomous saturation modes on the pressure of the gas mixture

(curve I — nitriding at U = 515B = const
and curve Il — nitriding at j = 7.2A / m? = const)

The results of X-ray structural analysis also indicate that the structure and phase composition of steel
40Kh depend on the energy characteristics of the discharge. The energy conditions for the main subprocesses
(formation of nitrides, surface sputtering, and nitrogen diffusion), as mentioned above, differ significantly.

Consideration of the current-voltage characteristics shows (Fig. 7) that with increasing pressure pi1, pz,
P3, the values of U and j increase. The indicated dependencies are straightforward. However, in all cases, the

values of U and j for modes with interdependent parameters are higher than for stand-alone modes. In this case,
with an increase in pressure, the voltage decreases, however, to ensure a glow discharge in the chamber, the
value of the specific current density j rises automatically (points 1*, 4* and 7* in Fig. 7).

In the autonomous mode of the BATR, with decreasing pressure P, the values of U and j decrease, and at
p = 159.6 Pa (point 9 in Fig. 8, aand b) h = hN = 0. At a pressure p = 106.4 Pa U =515V, and j = 7.2 A/m?
and, accordingly, we obtain the maximum value of hN (Fig. 8, b; point 5).
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Fig. 8 Dependences of the depth of the diffusion layer h (a)
and the nitride layer hN (b) on the voltage at j = 7.2 A/ m? = const;
also ¢ and d on the current density j at U = 515B = const

In the case of a fixed value U = 515 V, with an increase in pressure and current density j, the values of h
and hN increase, practically along a straight-line relationship (Fig. 8, ¢ and d). In this case, at p = 53.2 Pa and
J =3.2 A/m?, there is no nitride layer at all, hN = 0 (point 3 in Fig. 8, d). The latter is explained by the low value

of W = 1.65 kW/m? and, as a consequence, the absence of a glow discharge.

The ratio of the intensity of the main subprocesses determines the structure and phase composition of the
nitrided layers. Depending on the flow combination of energy parameters, the formation of the nitrided layer can
occur in different directions. The intensity of the formation of one or another phase can be different not only in
magnitude, but also behind the sign, since the previously formed phase can disappear. Thus, the nitride phase
hN, due to further diffusion of nitrogen into the depth of the metal, disappears and a zone of internal nitriding is
formed - a nitrogenous solid solution Me [N] (mode 9, a and b), or the nitride layer consists of a small amount of
the (Fe4N) phase (mode 3 on Fig. 2, c and d).

According to the results of X-ray structural analysis, at the maximum values of the energy parameters (all
modes with interdependent parameters 1*/1**, 4*/4** 7*[7** mode 8 and partly 5 with autonomous saturation
parameters), a nitrided layer is formed, which consists of (Fe2N), (Fe4N) and (Me [N]) - phases (Fig. 2, mode 7).
A decrease in voltage and current density leads to an increase in the phase fraction in the nitride zone of the
nitrided layer and, accordingly, to a decrease in the phase (Fig. 2, modes 7, 8). At minimum values of the energy
characteristics, a nitride layer does not form on the surface and it consists only of a phase (Fig. 2, mode 9).

Thus, it has been established that under conditions of dry friction for the surfaces of 40Kh steel nitrided at
high energy indicators, the wear rate and the running-in period decrease (Fig. 1, b), the latter refutes the
statement of K. Keller [13] that the energy characteristics of BATR do not have significant influence on the
results of nitriding. On the contrary, the above BATR results allow one to draw completely obvious conclusions
about the significant effect of voltage and current density on the physicochemical and tribological properties of
nitrided layers. In addition, there is a certain limit of energy parameters below which (modes 9, 6, 3) carrying out
BATR processes does not make sense at all, since it leads to negative results, and this despite the fact that the
values of operating characteristics (temperature, composition of the gas mixture, its pressure, etc.) nitriding time)
remain unchanged. Thus, the set of traditionally fixed operating parameters of the BATR cannot unambiguously
characterize the conditions of the nitriding process and be the main one for predicting its results. This fact is also
confirmed by the fact that at similar values of the operating parameters, the change of the suspension led to
completely different results of nitriding, which is explained by the change in the energy characteristics of the
BATR process (Fig. 3 ... 8).

Conclusion

1. The complex of traditionally fixed values of operating parameters (temperature, composition of the gas
mixture, pressure and saturation time) without taking into account energy characteristics (voltage, current density
and specific discharge power) significantly reduces the technological capabilities of BATR to achieve the
necessary physicochemical properties of metal surfaces specified by conditions exploitation. Taking into account
the energy characteristics of BATR, a significant reduction in the energy consumption of the nitriding process is
achieved.

2. The energy levels of the main subprocesses are significantly different: the formation of nitrides occurs
at low energies, surface sputtering occurs at high voltage values, and nitrogen diffusion occurs at increased
current density values. In cases where the energy of the flow is insufficient, either a glow discharge may not
occur at all, or with a lack of voltage, the nitride ball on the surface is not sprayed and it acts as a barrier that
prevents the diffusion process into the inner layers of the metal, which leads to low physicochemical and,
correspondingly, tribological indicators of nitrided balls.
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3. The priority in the formation of this or that phase (8, y'ua), the quantitative ratio between them and

the required operational properties of the metal, respectively, can be achieved only through an independent
combination of the energy and operating characteristics of BATR.

Designations

BATR hydrogen-free nitriding in a glow discharge; p — pressure; U is the voltage; j is the current
density; W is the specific power of the glow discharge; S is the total area of parts (samples) and suspension
(cathode area); h is the depth of the diffusion layer; hN is the depth of the nitride zone; HV 0.1 — surface
microhardness; KMZ — corrosion-mechanical wear; phases of the nitrided layer: (Fe2N), (Fe4N) and (Me [N]).
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Creyummna H.M., Creyumnn M.C., MapTuniok A.B., Jlykpanwk M.B., Jlioxoseus B.B., Biink
FO.M. BrmimB napameTpiB BOJHIO a30Ty a30Ty Yy TIIIOYOMY po3psii Ha TpuOosoriuni Ta (iznko-XimiuHi
Bi1acTHBOCTI craii 40X.

OpmHuM i3 cydacHHX Ta €(EeKTHBHUX METOIIB 3MIITHEHHS METANIB € a30TyBaHHS Yy TIIIOUOMY pO3psIi B
amiaky ab6o B Oe3BomHOMY cepemoBuii (asor + aproH) - BATP. V miii craTri mpencrtaBieHi pe3yabTaTh
eKCIEPUMEHTANBHUX JOCIIIKEHb, y SKUX TOPIBHIOIOTBCA PE3yNbTaTH TPHOONOTIYHHUX Ta (i3WKO -XIMIYHHX
BJIACTHBOCTEH 3aTBEPALINX IIOBEPXOHb, OTPUMaHi a30TYBaHHIM 3 aBTOHOMHHMH Ta B3a€EMOIIOB'SI3aHIMH MOJaMH
BATR. Kommekc TpanumiitHo ¢ikcoBaHUX 3HA4E€Hb poOOUYNX MapaMeTpiB (TeMIeparypa, CKIaJ ra3oBoi CyMini,
THCK 1 9ac HaCHYEHH:) 0e3 ypaxyBaHHS CHEPTeTUIHUX XapaKTEPUCTHK (HAIPYTH, MIITBHOCTI CTPYMY Ta MMATOMOL
MOTY>KHOCTI PO3PsY) 3HAYHO 3HIKYE TECXHOJOTIUHI MOXIUBOCTI BATP miis mocsarHeHHs HEOOXiMHUX (i3UKO -
XIMIYHI BJIaCTMBOCTI METaJIeBHX ITOBEPXOHb, BH3HAUCHI YMOBAaMH eKCIulyaTamii. BpaxoByloum eHepreTHuHi
xapakrepuctuku BATP, nocsraeTbcsi 3HauHEe CKOPOYEHHS CHOXKHMBAHHS €HEprii B mpolieci a3oTyBaHHs. PiBHi
eHeprii OCHOBHMX HiJINPOLECIB ICTOTHO BiJPI3HSIOTHCS: YTBOPEHHS HITPUAIB BiAOYBA€ThCS NMPU HU3BKUX
SHEeprisiX, IMOBEPXHEBE PO3MWICHHS BiIOYBAa€ThCS INPH BUCOKUX 3HAYEHHSX HANpyru, a audysis asory
BiZI0OYBA€THCS NpU 30UIBIIEHUX 3HAUYEHHSX MIUIBHOCTI CTPyMy. Y BHIIaJKaX, KOJW €HEepris NOTOKY HEeJOCTaTHS,
abo Tiirounii po3pAn MOXKe B3arajli He BUHHKATH, a00 MpH HecTadi HampyrH HITpUAHA KylbKa Ha MOBEPXHI HE
PO30pH3KYEThCs, 1 BOHA Ji€ K Oap’ep, M0 MEPEIIKOIKAE Tporecy OUQy3ii B BHYTPINIHIX IIapiB MeTaly, II0
MPU3BOANTE O HHU3BKHX (DI3WKO -XIMIYHHX i, BIIMOBiTHO, TPHOOJOTIYHMX IMOKA3HHKIB a30TOBAHHUX KYIBOK.
KinmpkicHe CIiBBiZHOMIEHHAS MK HIMH Ta HEOOXITHUMH SKCIUTyaTaI[ifHIMHU BIACTHBOCTSIMH METAy BiATIOBITHO
MO)ke OyTH JOCSTHYTO JIMIIE IUIIXOM HE3AJISKHOTO MOEJHAHHS CHEPreTUYHHX Ta POOOYMX XapaKTePHCTHK
BATR.

Kawuosi cinoBa: Ge3BomHeBe a30TyBaHHs y Tiirouomy po3psiai (BATP); 3HOCOCTIHKICTh a30TOBaHUX
KyJIbOK; (ha30BHii CKJIa/I; HANpyra; T'yCTHHA CTPYMY; IUTOMA IIOTYXHICTb PO3PSIY.



