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NITRIDING IN A HELICON DISCHARGE
AS A PROMISING TECHNIQUE FOR CHANGING
THE SURFACE PROPERTIES OF STEEL PARTS

The main types of state-of-the-art nitriding technologies, their advantages and dis-
advantages are considered. An innovative technology of ion nitriding in high-fre-
quency helicon-discharge plasma is proposed. The hardening of steel samples via
ion nitriding in a helicon discharge is experimentally revealed that (in a wide range
of operating parameters) allows us to have an influence on the process of diffusion
saturation with nitrogen atoms. The results of microhardness measurements along
the depth of nitrided steel samples are presented (the steel grade is C45 according
to the European standard EN 10027). The possibility of controlling the gradient of
the tribotechnical properties of friction parts by changing the parameters of the
technological process of ion nitriding in a helicon discharge is shown.

Keywords: nitriding, strengthening, ionic nitriding in helicon discharge, diffusion
coatings, increase of wear resistance.

1. Introduction

The studies aimed at further improvement of methods of strengthen-
ing of steel by choosing optimal parameters of technological processes,
introduction of existing and search for new innovative methods are
topical issues.

© E.M. RUDENKO, V.Ye. PANARIN, P.O0. KYRYCHOK, M.Ye. SVAVILNYI,
I.V. KOROTASH, 0.0. PALYUKH D.Yu. POLOTSKYI, R.L. TRISHCHUK, 2019

ISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 3 485



E.M. Rudenko, V.Ye. Panarin, P.O. Kyrychok, M.Ye. Svavilnyi et al.

Today, there are a large number of different methods of chemical
and thermal treatments of materials, in which the surface of metal parts
is subjected to saturation by other elements using diffusion implanta-
tion. The surface of such a sample is covered with a new layer, which
significantly differs from the sample centre by composition, structure,
and mechanical properties.

Cementation, nitrocementation and nitriding are the main ways to
increase the strength of parts of machines and aggregates by strength-
ening the surface. Recently, the method of nitriding has been most
widely used in practice. Nitriding is a process of chemical and thermal
treatment of materials, which includes saturation of the surface layer
of the sample with nitrogen. It results in higher wear resistance and
hardness of the surface layer of parts. It is practically proved that, af-
ter nitriding, the part acquires increased hardness, the wear resistance
and contact requirements are improved, and the corrosion resistance
significantly increases [1].

The process of ordinary nitriding consists of a number of previous
operations. First, we need a preliminary heat treatment of the work
piece. It consists of hardening and tempering of steel billet in order to
obtain increased durability and viscosity of the product. The tempering
is carried out at temperatures of 600—-675 °C, which are higher than the
maximum temperature of further nitriding that provides hardness to
the product, at which steel can be treated with cutting. After the heat
treatment, the part is being machined and grinded, which results to its
final sizes. Before the nitriding, the areas that are not subject to nitrid-
ing have to be protected applying either a thin layer (=0.01 mm) of tin
by electrolytic method or a liquid-glass coating. At the nitriding tem-
perature, the tin melts on the surface of the steel in the form of a thin
film impermeable for nitrogen. After all these procedures, the nitriding
actually takes place; then, the product assumes the desired dimensions
through grinding [2].

In order to accelerate the activation processes in a gas medium, it
is reasonably to use the ion nitriding, which significantly reduces the
duration of the process (up to 3 times) and significantly improves the
surface quality of the product.

2. Features of lon Nitriding Process
in a Plasma Glow Discharge

Nitriding in the glow discharge today is the most progressive method
of increasing the surface properties of steels as compared to traditional
furnace nitriding [1]. The advantages include reducing of energy con-
sumption, reducing of time processing [3], expanding of nitrogen con-
trol processes, and, therefore, surface properties of steels. Controlled
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nitriding in the glow discharge gives a possibility for the directed satu-
ration with nitrogen so that a continuous film of iron nitrides does not
form on the surface as long as possible, as it blocks further diffusion
of nitrogen atoms into the part limiting the thickness of the nitrided
layer [4]. In addition, since the transition zone between the nitride layer
and the initial base of the steel (interface) has a small thickness length,
then, there occurs a significant gradient of a series of properties, which
leads to accumulation of defects [5, 6], increase of stresses and, as a
result, destruction (spalling) of the nitrated layer [7].

The essence of the technological process of ion nitriding in plasma
of the glow discharge is as follows. The glow discharge is activated
between cathode (part) and anode, through which the high-energy ions
of the gas target the surface of the part and heat it. When the deposi-
tion is carried out, the structure of the surface of the part changes, the
intensity of adsorption and diffusion are increased. The surface of the
work piece is saturated with nitrogen, compounds of nitrogen with met-
als are formed, therefore, the physical and mechanical properties of the
work pieces change, especially, there is an increasing of the hardness of
the nitrided layers of the sample [4].

The parameters of the strengthened surface layers of nitrogen
samples depend on the voltage between the electrodes, the composi-
tion of the gas mixture and the degree of its dilution, the operating
temperature in the chamber and the duration of the process as well as
the on the location of samples and electrodes. At the nitriding in the
glow discharge, the temperature in the chamber is maintained within
470-580 °C, and the voltage is 400—900 V. When we apply the pressure
to the gas mixture, it is necessary to take into account the limits of the
glow discharge. If the pressure is below 133 Pa, the energy of the ions
will not be sufficient to heat the sample to the operating temperature.
The pressure higher than 1330 Pa violates the stability of the glow dis-
charge passing into the electric arc, which may lead to melting of the
surface of the sample. The optimal pressure in the chamber depends on
the size and configuration of the work piece, since the change of the
pressure varies the length of the cathode zone of discharge. At the pres-
sure below 133 Pa, the discharge is quenched, and the area of the dark
cathode glow near the sample surface (which serves as a cathode) will
be at a distance of 10-50 mm, because, precisely at this interval, there
is an acceleration of positively charged ions due to the voltage drop be-
tween plasma boundary and cathode. In this case, the kinetic energy of
the ions in magnitude corresponds to the voltage of the discharge, the
ion current is minimal and its density does not exceed 0.5 mA/cm?. If
we raise the discharge voltage to 1000 V, then, ionization of gas will
still occur weakly due to the low pressure in the system. Increasing the
gas pressure in the working chamber will increase the number of colli-
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sions between particles and significantly reduce the kinetic energy of
the ions. At the pressure of gas mixture within the 133—-1330 Pa, the
cathode part of the discharge will reduce from 10 mm to 1 mm, and the
ion current density will increase dramatically to 20 mA/cm? due to the
intense ionization of the gas medium. The value of the discharge voltage
will decrease up to 400—500 V. The value of the current density in the
range of 0.5—-20 mA/cm? has not a special effect on the concentration
of the diffusion atoms, but only determines the heating temperature of
the steel sample [4].

The processes of surface hardening of steels with ionic nitriding in
plasma of the glow discharge, their details and the field of application
are described in a number of publications of Ukrainian [8-11] and for-
eign [12-15] authors.

The authors of Ref. [16] studied the effect of the size of the iron
nitride phases, their density, the nature of distribution, and chemical
composition on mechanical properties of nitrided steel samples. In Ref.
[17], authors showed that, during diffusion saturation of steel samples,
the structures on their surface were formed by a method similar to
decomposition of supersaturated solid solutions in alloys, in which the
ageing process takes place.

We have to note that possibilities to control the process of nitrid-
ing in the glow discharge are restricted depending on the range of its
existence, particularly, on the pressure of the gas and the voltage on the
substrate. The density of ion current depends on these two parameters,
and hence the effectiveness of the influence on the process of nitrogen
diffusion. In addition, significant disadvantages of the above-mentioned
method should include high specific power consumption of electricity as
well as relatively long process cycle.

The specified disadvantages of the glow discharge result in the new
challenges requiring searching for other plasma sources in order to im-
prove the efficiency of ion nitriding.

3. Helicon Source of Plasma

Currently, there are a number of studies of the design and physical
properties of an unconventional radiofrequency (RF) helicon plasma
source [18—27], which has not been widely practically applied yet. Fig-
ure 1 shows a schematic diagram of helicon plasma source with a single-
turn flat antenna and a combination of discharge and drift chambers
[18, 27].

The helicon discharge (Fig. 1) is activated in a metal cylindrical dis-
charge chamber using an external (in this case, azimuthally symmetric
single-turn) antenna, which is located behind the dielectric window and
is powered by a high frequency (RF) generator via a matching device.
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If in inductive RF sources of plasma, the introduction of RF energy
into plasma is carried out in a narrow skin layer under the antenna,
then in helicon sources, due to the external magnetic field, the RF
energy is introduced into plasma by electromagnetic waves, which are
activated by antenna, and can propagate far into plasma [18, 27-29].
Therefore, the design and spatial arrangement of the antenna, on which
the connection of antenna with plasma waves in the helicon plasma de-
pends, plays a significant role in the formation of a helicon discharge.
Typically, external antennas are located outside of the discharge cham-
ber (sources with antennas located inside the discharge chamber are
also used, but seldom) to activate the helicon discharge. In the helicon
sources of plasma with an external antenna located along the discharge
chamber, both azimuthally symmetric (ring) and azimuthally unsym-
metrical antennas of different geometry are used [21]. In sources with
flat antenna, the latter can be of single-turn (ring) [22], of multi-turn
(spiral) [23] or even more complex. In these helicon sources, we use the
antenna to control the spatial distribution of the input of the RF power
into plasma, and hence the magnitude and distribution of the plasma
density [18, 27-29].

It is principally for helicon sources to use of an external magnetic
field, which performs several functions [18, 27-29]. Firstly, with the
application of an external magnetic field, it is possibly to increase sig-
nificantly the density of plasma in discharge, with the same embedded
power, due to the excitation of bulk plasma oscillations of the helicon
type, and to control the spatial distribution of plasma. Secondly, the
magnetic field allows us to control effectively the intensity and energy
of the ion fluxes effecting the product, and to regulate the distribution
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of the density of plasma along the radius of the plasma flow. Finally, the
magnetic field increases the sustainability of the discharge, since the
plasma load resistance increases significantly as the field applied. The
operating regimes of the source and parameters of the ion flow flowing
from the source, essentially depend not only on the magnitude, but also
on the configuration of the magnetic field. Thus, the application of an
inhomogeneous magnetic field can increase the density of plasma in the
processing point of the work piece (table) in several times at the same
power as for a standard source with an activation antenna located along
the discharge chamber [24] and for a flat antenna source [25]. For creat-
ing a magnetic field, both coils and permanent magnets are used [26].

An important advantage of a helicon discharge, as compared with,
e.g., a capacitance, is the possibility of relatively simple independent
control of values of plasma density on the substrate and the bias poten-
tial on the substrate. Plasma density determines the degree of dissocia-
tion of the working gas and the magnitude of the ion flow on the sub-
strate, and the supply of an independent bias potential on the substrate
allows changing widely the energy of the ions targeting the substrate.

The main advantage of the helicon discharge (in comparison with
the usual induction discharges) is an application of a magnetic field,
which provides a regime of magnetization of plasma electrons [18, 27—
29]. Magnetization is a regime in which the cyclotron frequency of elec-
trons significantly exceeds the frequency of their collisions with atoms
and ions. The magnetization of plasma electrons is important for two
reasons. Firstly, magnetization of the electrons provides the movement
of plasma along the magnetic field (before it exits from the source),
which reduces the loss of plasma on the face wall. Secondly, in case of
a magnetic field, as we mentioned above, the introduction of high-fre-
quency energy into the plasma is realised not in the thin surface layer
(skin-layer), but via the electromagnetic waves, which can propagate
deeply into plasma and provide the bulk absorption of RF energy and,
as a result, increase ionization of the working gas.

Thus, the requirement for the magnetic field is to provide a helicon
discharge regime, in which the electromagnetic fields activated via the
antenna will penetrate into plasma much deeper than in a non-magnetic
field. The possibility to realize such regime depends on the intensity
of collisions of electrons in the plasma and on the configuration of the
magnetic field. RF energy in a source with a flat antenna, in contrast
to a standard source, is introduced into the plasma along the magnetic
field using helicon waves. Thus, almost up to the highest pressures of
the working gas, at which the magnetization of the electrons is provid-
ed, the depth of penetration of the RF fields into the plasma of a helicon
source with a flat antenna substantially exceeds the depth of penetra-
tion of a source without a magnetic field. Helicon sources (under the
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condition of magnetization of electrons) allow reducing plasma losses on
the faces via creation of the flows of charged particles directly along the
magnetic field. A standard helicon source has this feature only at a non-
uniform magnetic field with a magnitude of circa 100 Gs, in the range
of lower working gas pressures — 1.33—6.65 Pa. In the same magnetic
field, a helicon source with a flat end antenna implements a reduction
of plasma losses in a wider range of pressures, 1.33—-13.3 Pa, i.e., almost
throughout the whole field of magnetization of electrons. For pressures
exceeding 13.3 Pa, there is no a magnetization of electrons (at a mag-
netic field of 100 Gs), and the helicon source passes into the regime
of inductively coupled plasma. At such pressures, the use of helicon
sources is appropriate only with an enhancement of the magnetic field
above 100 Gs [18, 27-29].

In view of the mentioned above, the high-frequency helicon dis-
charge of low pressure [18, 27-29] provides greater possibilities for
controlling the nitriding process. It provides high plasma density, a wide
range of energy regulation of components of the plasma stream, its com-
position, the stability of functioning in a wide range of gas pressures,
and the ability to direct the ion flow at different angles to the surface
to be nitrated. The lack of sprayed electrodes allows keeping a high con-
stant cleanliness of plasma and provides practically unlimited operation
life. Helicon plasma sources, which relate to a class of electrodeless
high-frequency induction sources with a magnetic field, are capable of
generating a dense (n = 10''-10'® cm™3) low temperature (average elec-
tron energy of 3-10 eV) plasma in a wide range of operating gas pres-
sures (p = 0.067-13.3 Pa). The advantages of such sources include the
simplicity of construction and operation, the possibility of obtaining
high-density plasma with a large section (& = 30 cm) and a high degree
of homogeneity, which provides a high rate and quality of processing
the products with a large surface area.

The given advantages of the helicon discharge allow the nitriding
process to be carried out in such a way that the density of nitrogen
atoms on the surface of the sample is almost equal to the density of
their flow from the surface to the depth. Maintaining such a dynamic
equilibrium prevents the formation of nitride film on the surface and,
thus, does not inhibit the nitrogen atoms’ movement to the deeper lay-
ers. Moreover, this motion of atoms depends not only on the equilib-
rium solubility of N in Fe, but also on the defect concentration of steel,
which, in turn, is determined by the intensity of ion bombardment. The
appearance of a radiation defect flow from the surface to the bulk of the
sample accelerates the diffusion of N atoms in the same direction, which
increases the depth of the nitrided layer.

It is important that the controllability of the process makes possible
to stretch a depth layer saturated with nitrogen atoms within the solid
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solution, and thus, extend the interface and lower the nitrogen concen-
tration gradient. In addition to increasing adhesion and reducing local
stresses, it is possible to expect an improvement of such properties of
the surface layers as tribotechnical characteristics. It is known from the
tribology that the hardness of any surface does not always determine its
durability. Increasing the hardness of the surface exposed to constant
friction via common methods (applying hardening coatings, nitriding,
carburization, nitrocementation, etc.) reduces its plastic properties and
increases brittleness [30].

The friction process is practically the interaction of real contact
spots, in which high temperatures develop up to melting, as well as
large plastic deformations [31], while in the surface and near-surface
layers of the material there are alternating stress fields, strains, tem-
peratures, and some chemical processes, e.g., oxidation, are accelerated
[32, 33]. In such difficult conditions of the destructive processes, which
have a mutual influence, the presence of non-zero plasticity of the mate-
rial creates conditions for relaxation of local stresses. Different mech-
anisms exist for relaxation of stresses, including the transformation
of the metallographic structure, the emergence of so-called secondary
structures, and ‘white layers’. The material seems to adapt to friction
conditions by changing its structure and composition.

In the presence of such complex processes, the great brittleness of
the material reduces the possibility of adapting its structure to the fric-
tion conditions. The impossibility of stress relaxation leads to the fact
that material cracks, the products of destruction fall into the friction
zone, where they begin to behave as abrasive, increasing the degree of
wear. Thus, maximum hardness does not itself provide maximum du-
rability, since it is accompanied by almost zero plasticity. The relation
between hardness and plasticity should be optimal. Following this condi-
tion in our case means the necessity to create (in the process of nitrid-
ing) a stretched along the depth a strengthened layer with a minimum
nitrogen concentration gradient.

4. Nitriding in a Helicon Discharge: Techniques and Results
4.1. Investigation Method and Technology

Experimental studies of nitriding in the helicon discharge were carried
out on the substrates of medium-carbon steel C45 (according to Euro-
pean grading system), since, currently, this material is widely used due
to the relatively low cost of rolling.

The nitriding was performed in an ion-plasma vacuum-technological
equipment (created at the G.V. Kurdyumov Institute for Metal Physics
of the National Academy of Sciences of Ukraine) containing a helicon
plasma source (operating frequency — 13.56 MHz) with a multi-turn
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antenna located behind the dielectric window, and separate discharge
and drift chambers (Fig. 2) [28, 29, 34—-37].

In construction of a helicon source, a planar antenna is used to gen-
erate a discharge. The antenna is located outside the dielectric window
closing the metal or dielectric discharge chamber from the end. In this
case, the RF power is introduced along the magnetic field. In our design,
we (for the first time) used technological drift chamber and showed the
possibility of carrying out technological processes with a high plasma
density outside the helicon reactor. The structural features, technical
characteristics, and studies of properties of the helicon plasma produced
in the ion-plasma vacuum-technological equipment are reported in de-
tail in Refs. [28, 29, 33-37].

Technological process of ionic nitriding of C45 steel in helicon plas-
ma of an ion-plasma vacuum-technological equipment was carried out in
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two stages [38]: first, preliminary cleaning (purification) of the sample
(with helicon plasma in the argon medium); second, direct process of
nitriding in the helicon plasma.

Preliminary purification of the surfaces of each sample was per-
formed in two stages as well. Initially, we performed a preliminary
pumping of the working chamber of the vacuum-technological equip-
ment to a value of residual pressure of the order of 0.013 Pa. There-
upon, we performed the puffing of working gas (argon) to the working
chamber and purification operations.

Cleaning (purification) of the sample was performed at the following
technological parameters: pressure of working gas (argon) — 0.93 Pa;
the magnitude of the RF generator power — P = 600 W; the potential
of the working table — U = —-50 V; the duration of the purification pro-
cess — 5 min.

The process of nitriding the sample surfaces begins after the com-
pletion of the cleaning operation and without the removal of samples
from the working chamber. After the cleaning, the working argon gas
was pumped out from the working chamber, then we filled the chamber
with the working nitrogen gas (or mixture of N and Ar), in the atmo-
sphere of which ‘Column’ regime of the helicon discharge was realised
[29, 35]. The duration of the nitriding process was 30 minutes.

Parameters of the nitriding regimes for steel (C45) samples

Sample | Generator Gas pressure Potential Temperature
No. power, W (nitrogen/mixture), Pa of the table, V | of the substrate, °C

1 600 0.93 -50 330

2 600 0.93 Floating 330

3 600 0.93 -197 330

4 600 0.93, mixture (argon 30%, -50 330
nitrogen 70%)

5 600 0.66-0.93, mixture (argon Floating 330
30%, nitrogen 70%)
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Parameters of the nitriding process in the helicon plasma for five
samples are contained in Table.

Based on previous studies, optimal technological parameters of ni-
triding the steel C45 in helicon plasma were established.

Sizes of the samples subjected to nitriding (Fig. 2) were (W xLxH)
10x20x3 mm?3. The schemes of the microhardness measurement and ar-
rangement of the pyramid impressions of the microhardness-tester are
given in Figs. 3—6. The mutual arrangement of the primary (normal)
and tangential (lateral) flows of nitrogen ions is shown in Fig. 6. The
side faces of the samples were unprotected from the tangential flow of
N ions, in contrast to other faces closed by metal screens.

In our work, the main criterion for formation of properties of the
layer nitrided in the helicon discharge is a microhardness, since it en-
ables to determine (locally, along the depth) the effect of the distribu-
tion and interaction of diffusing N atoms with Fe ones as the basis
of the medium-carbon steel. Changing the conditions of nitriding, the
potential on the sample (the energy of the nitrogen ions), the gas pres-
sure (ion current density), the temperature of the sample, the time, it is
possible to adjust the properties and structure of the N-saturated layer,
thus to select the optimal parameters of the process. To increase the lo-
cality of the microhardness measurement along the depth of the nitrid-
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ed layer and to eliminate the mutual influence of the metal (deformed
because of the pyramid impressions) on the adjacent impressions, they
were plotted according to the scheme shown in Fig. 3. We select the
loading on the pyramid such to provide the maximal accuracy of the
measurement of the diagonal of the impression and minimal distance
from the surface and the impressions between each other.

Figures 4—6 exhibit results of the microhardness measurements for
nitrated layers taking into account the normal and tangential dropping
of N ions. In order to increase the reliability of the obtained results, the
measurements were made at two points located close to each other and
in directions marked with impression images. Such a scheme for mea-
suring the microhardness allows considering possible differences caused
by the different efficiency of nitriding in the discharge in directions
relative to surfaces, oriented normally and tangentially to the direction
of falling of N ions.

Figure 4, b (scheme 1) represents the extrapolation of the micro-
hardness curve via the second order polynomial. Such an averaging of
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the microhardness values along the depth allows suggesting a hypotheti-
cal prediction for the profile of the wear resistance curve in case of the
sliding friction, since a wear-resistance is also an additive value and
represents the sum of interactions between the surfaces of the counter
body and the sample at the points of real contact.

4.2, Analysis of Experimental Results

A general view of the dependences of the microhardness distribution
over the depth of the nitrogen layer is consistent with all three schemes
in Figs. 4—6. Some differences in the absolute values of microhardness
can be explained by the measurement error and the effect of the sample,
since the sizes of the structural components of steel C45 (mixture: fer-
rite + cementite tertiary) are commensurable with the magnitude of the
microhardness tester pyramid impression.

For all three cases of the plotted microhardness distribution curves
H, =H,() (n=1, 2, 3) in Figs. 4-6, there are two peaks at a depth of
10-20 pm from the surface (Figs. 4, 5) and at a depth of 50-110 pum
(Fig. 6). Increase of the depth of the peak positions in case of Fig. 5 can
be attributed to ‘additional’ influence of N atoms diffusing through the
side face of the sample (shown in Fig. 6 with curved arrows). In cases
shown in Figs. 4 and 5, this flow of N atoms on the side faces does not
reach the areas of microhardness measurement (0.5L, 0.25L) due to the
large diffusion path.

The presence of the microhardness peak closer to the surface can
be explained by the strengthening of the crystalline iron lattice due to
N atoms dissolved in the Fe lattice. Their concentration on the surface
is maximal and decreases with increasing of the depth of the nitra-
ted layer, determining the decrease of microhardness after passing the
maximum.

The presence of the second peak can be attributed to the formation
of iron nitrides, which increase the microhardness as compared with
the previous area of the nitrogen solid solution. Since the effectiveness
of the dispersion strengthening of iron with nitride particles is higher
than with solid solubility strengthening of nitrogen atoms, the value
of the second peak is also higher. The almost axially located decreasing
ranges of the curves after passing the first and second peaks indicate
that the distribution of N atoms from the surface, where the concentra-
tion is maximum and close to the concentration in nitride, and their
distribution after the passage of the second peak is similar.

The smaller values of the first peaks in comparison to others may
indicate that the penetration of N atoms from the surface is facilitated
as compared to the passing through a layer of nitrides, which acts as a
barrier. In order to improve the properties of nitrided layers, it is desir-
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able to extend the depth of the first zone (with dissolved N atoms) and
to remove the zone of formation of nitrides as far as possible from the
surface. This technological process is the most effective at the nitriding
in a helicon discharge, which can affect the diffusion of N atoms in a
wide range of parameters.

5. Conclusions

In this paper, we develop an effective method for strengthening of the
surface of steel parts modifying the near-surface layers applying tech-
nology of the ion-plasma nitriding in a helicon discharge.

We showed experimentally the possibility of surface hardening of
steel C45 using nitriding using in a helicon discharge, which affects
the process of diffusion saturation with N atoms in a wide range of
parameters.

The obtained values of microhardness over the depth of the nitrided
layer give an opportunity to predict the improvement of the tribotech-
nical characteristics for nitrided steel parts under sliding friction
conditions.

Nitriding in the helicon discharge, obviously, allows separating (by
depth) the processes of solid state strengthening with N atoms and
dispersion strengthening during formation of the nitride layer, which
opens up a possibility to regulate the gradient of the tribotechnical
properties of the steel parts being under friction in the process of ex-
ploitation.
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AB0TYBAHHSA ¥V I'EJIKOHHOMY PO3PSNI K IIEPCIIEKTUBHU METO[I
3MIHEHHSA ITOBEPXHEBUX BJIACTUBOCTEN KPUITEBUX OETAJIIB

PosruigaHyTo OCHOBHI THIM CyYacHUX TEXHOJIOTiN a30TyBaHH:, IXHi mepeBaru Ta HeJo-
JiKu. 3ampoIlOHOBAHO iHHOBAIiIMHY TEXHOJIOTiI0 MOHHOI'O a30TYBaHHA y ILJIasMi BU-
COKOYACTOTHOTO T'eJIiKOHHOTO PO3PAAY [JIA 3MillHEHHSA ITOBEPXHi Ta MPUIIOBEPXHEBUX
miapiB geTaiB, AKi IpamiooTh B YMOBaxX TepTsa KOB3aHHA. EKcIepuMeHTaJIbHO BCTa-
HOBJIEHO 3MiIlHEHHS ITOBEPXHEBUX i MPUIIOBEPXHEBUX IIapiB KPUIEBUX 3pPas3KiB Me-
TOJOM HOHHOTO a30TYyBaHHA y TeJiKOHHOMY DPO3pAAi, AKWil (y IIMPOKOMY qiamasoHi
napaMeTpiB QYHKI[IOHYBaHHSA) YMOKJIMBJIIIOE BILJIUB HA mepedir mpoiecy audysiiitHOTO
HacuyeHHa aromamu Hirporerny. Ilomano pe3ynabTaTy MipsSsHHS MiKPOTBEPAOCTH 3a
rInOMHOI a3oToBaHUX 3paskiB Kpuili (C45 3a €BpomeiicbKUM MapKyBAaHHAM KPHUIb).
ITokaszano MOMKIMBICTE PeryaOBaHHA I'paficeHTa TPUOOTEXHIUHUX BJIACTUBOCTEH IeTa-
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JIiB TEPTHA IIIAXOM 3MiHM ImapaMeTpPiB TEXHOJIOTIYHOTIO IIPOIleCy HOHHOTO a30TyBaHHSA
Yy TeJTiKOHHOMY PO3PAIi.

Kiarouosi cioBa: azoTyBaHHsA, 3MiIIHEHHs, HOHHE a30TYBAHHA Y I'eJIiIKOHHOMY PO3Psi,
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AB0TUPOBAHUE B I'EJIUKOHHOM PA3PANE KAK IIEPCIIEKTUBHBIN
METO N3MEHEHUS IIOBEPXHOCTHBIX CBOVMICTB CTAJILHBIX NTETAJEN

PaccMOTpEeHbI OCHOBHBIE TUIIBI COBPEMEHHBIX TEeXHOJIOTUY a30TUPOBAHUS, UX [IPEUMY-
I[ecTBa M HeNOCTATKHU. lIpeisioKeHAa WHHOBAIMOHHAS TEXHOJIOTMS HMOHHOTO as30THU-
pOBaHWsA B ILJIa3M€ BBICOKOYACTOTHOrO TeJMKOHHOTO paspfAfa JiAd YIPOYHEHUS IIO-
BEPXHOCTU ¥ IPUIIOBEPXHOCTHHIX CJIOEB [eTajieil, paboTamoIUX B YCAOBUAX TPEHUS
CKOJIB}KEHUs. DKCIIEPUMEHTAJIbHO YCTAHOBJIEHO YIIPOYHEHUE CTAJbHBIX 00pasIloB Me-
TOJOM MOHHOTO a30TUPOBAHWS B TeJIMKOHHOM pPaspsje, KOTOPHIH (B IIMPOKOM JUala-
30He mapamMeTpPoB (DYHKIMOHUPOBAHUS) MO3BOJISET BJIMNATH HA IPOTEKAHMe Ipoliecca
nuhdy3NOHHOTO HACHIIIEHUS aTOMaMu a3oTa. IIpefcTaBiIeHbl Pe3yabTaThl NU3MePeHU s
MHUKPOTBEPIOCTH IIO TJIyOMHE a30TMPOBAaHHBIX 00pa3moB cranu (C45 mo eBpomeiicKoit
MapKupoBKe craJei). [JokazaHa BO3MOKHOCTb PEryJIUpPOBAHUSA I'paJueHTa TPUOOTeX-
HUYECKUX CBOVCTB AeTajieil TPeHUs IyTEM N3MEeHEeHUs 1apaMeTPOB TeXHOJIOTMYECKOr0
IpoIecca MOHHOTO a30TUPOBAHUSA B MeJIMKOHHOM paspsijie.

KaroueBsie cioBa: a30oTUpoBaHUe, YIPOUYHEHNE, NOHHOE a30TUPOBAHNE B T€IMKOHHOM
paspane, nuddy3snoHHbIe ITIOKPHITUA, IOBBIIIIEHNE N3HOCOCTOMKOCTH.
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