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For increasing the service life of steel components that form a friction pair and are operated under conditions of
dynamic loads, elevated temperatures and corrosive media, the process of working contact surface modification has
been developed with the use of the vacuum-arc technique. The process has been realized in a two-stage
technological cycle, including hardening of the base material by ion-plasma nitriding that replaces effectively the
“furnace” nitriding, and a subsequent deposition of protective coatings Mo-N (molybdenum nitride) and Ti-N
(titanium nitride). Various physical properties of the modified samples (microhardness depth profiles, as well as
structure peculiarities of nitrided layers and nitride coatings) have been investigated as functions of the parameters
of the process under development. Comparative laboratory tests of service characteristics (abrasion/corrosion
resistances) of the components have been made, and an essential improvement of these characteristics has been

demonstrated for the modified surfaces.

The development of turbine engineering makes
necessary the improvement in the reliability of turbine
control systems, in particular, the components of the
steam distribution unit. The structure of this unit in the
turbine K-325 comprises the elements that form the
friction pair, operate under dynamic loads, and are
subject to abrasion/corrosion wears, too. Fig. 1
illustrates some of those elements.

Fig. 1. Friction pair elements: “Support” (1) and
“Joint” (2). (The arrows show the contacting areas)

At plant conditions, for hardening of the mentioned
unit elements it was customary to use “furnace”
nitriding [1]. In accordance with the technical
requirements of PJSC “Turboatom” to increase the wear
resistance of the friction surfaces of the rotating
“Support” and “Joint”. That protective coatings have
proposed that thin (up to 10 um) layers of very hard
nitride-based coatings, well-proven earlier in all kinds
of service applications [2], should be used. However,
since the “furnace” nitriding had appeared incompatible
with a subsequent vacuum-arc deposition of coatings
because of their poor adherence, then, as an alternative,
the method of ion nitriding in the plasma created by the
two-step vacuum-arc discharge (TSVAD) was used
[3-4].

During deposition of wear-resistant coatings on the
bumpy surface of the «Joint», the molybdenum nitride
film was formed, while on the concave surface of the
“Support” the titanium nitride coating was formed. (In
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this particular case, the deposition of coatings having
different compositions was caused by the necessity to
overcome the setting-up effect typical for materials of
the same composition). The two successive stages
(nitriding + protective coating deposition) were realized
in a single technological process with one-time loading
of the elements into the vacuum chamber.

STAGES OF ST.25CrMoVa MODIFICATION

Fig. 2 shows the characteristic temperature-time
curve for the element at different stages of its surface
modification. The limiting heating temperature in the
TSVAD plasma and during metal ion bombardment was
determined (at a fixed heat removal to the element
holder) by the applied potential value and the duration
time of each of the process stages. The stage duration
was also dependent on the mass of the elements to be
hardened.
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Fig. 2. Different stages of sample surface modification
process in the temperature-time coordinates

In the “Cleaning” stage, the sample was exposed to
argon plasma created by means of the TSVAD. The use
of this stage, being the result of low-energy action of the
discharge plasma on the processed surface, has allowed
us to avoid local discharge positioning that may lead to
faulty production. The next stage, conditionally called
“Heating”, took place as the unit element was
bombarded by metal (titanium/molybdenum) ions at a
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higher accelerating potential, and it terminated upon
attaining the working temperature of nitriding. In the
“Ton nitriding” stage, nitrogen was let in the chamber
volume, and the two-step vacuum-arc discharge was
initiated. As the run of the curve in Fig. 2 shows, by the
end of the stage a certain temperature drop (within 10%)
of the processed surfaces occurred. The current density
of gaseous ions, accelerated by the -500V potential
applied to the unit element, was found to be
~ 1 mA/cm?. The duration of the nitriding stage was no
more than one hour.

The “Sublayer deposition” stage followed
immediately after the nitriding of the base material
(st.25CrMoVa) was completed. A thin (<2 um)
titanium or molybdenum layer was deposited by the
vacuum-arc method on the surface of the “Support” or
the “Joint”, respectively. This provided a high degree of
adherence to thicker (up to 10 um) nitride layers of the
metals deposited at the next stage of surface
modification.

The process of integrated hardening of the unit
element was completed by the deposition of the coating
based on titanium/molybdenum nitrides. At this stage, a
gradual temperature decrease took place, since the
energy contribution from the deposited ions at a lower
potential applied to the element, did not compensate the
heat removal losses.

The modification of the “Support” steel surface
through deposition of the Ti-N coating was realized by
using a similar pre-nitriding procedure as that applied
for the “Joint” with the Mo-N coating.

OPTIMIZATION OF COATING
DEPOSITION MODES

When forming coatings of different compositions
(MoN and TiN), the gaseous pressure value was chosen
out of the necessity to provide approximately equal
microhardness values H, for these coatings. This
requirement was dictated by the peculiarities interaction
of hardened element performance in the friction pair
under symmetrical contact loads.

The coating deposition process was also optimized
when choosing the substrate bias potential. This
parameter of the deposition process had an effect on the
characteristics of the both coatings. Thus, the maximum
hardness values for the Mo-N coatings were obtained at
minimum bias potentials; that corresponded to “colder”
deposition conditions. The increase of the potential, and
hence, of temperature in the condensation region led to
more equilibrium conditions of deposition; and in this
case the microhardness of the deposited coatings was
reduced (Table 1).

Table 1
Coating microhardness at different bias potentials
(Pn2= (1.5...2)-10° Torr)

H,, GPa
u.v Mo-N : Ti-N
50 33.9 27.2
60 29 26.2
100 23.5 245
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It should be noted that some modes of Mo-N coating
deposition are typified by the appearance of
microcracks. The titanium nitride coatings exhibited no
cracking in the whole range of deposition parameters
under study. That may testify to a lower level of internal
stresses in these coatings.

The absence of cracks on the coating surfaces is the
necessary, but insufficient criterion of fitness for service
applications. Though having rather high internal stress
levels, very hard coatings of Mo-N composition may
also exhibit cracking at their relaxation with time and
(or) under loads, which has a detrimental effect on their
performance characteristics. Therefore, the final choice
of the mode of coating deposition, and hence, of the
optimum H, value, was made on the basis of the
performance test results.

DEPTH DISTRIBUTION OF NITROGEN
CONCENTRATIONS IN STEEL

For measuring the hardened layer thickness,
metallographic sections of the processed samples were
prepared. In the measurements, the indentation
technique aided by the Nanoindenter G200 was used.
The initial microhardness on the non-nitrided surface of
st.25CrMoVa samples was determined to be no more
than 3.5 GPa.

Fig. 3 shows the depth distributions of the nitrogen
content and the microhardness for two samples (one —
nitrided only, the other — subjected to nitriding + a
subsequent Mo-N coating deposition. (The nitrogen
concentration profiles were measured with a 10 pm step

on the electron microscope, using the X-ray
fluorescence analysis).
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Fig. 3. Depth profiles of nitrogen concentration and
microhardness for the processes of ionic nitriding and
nitriding plus Mo-N coating deposition. (The hatching

defines the region related to the coating)

The increased (up to 45 at.%) nitrogen content of the
deposited coating (shaded region in Fig. 3) is attributed
to the synthesis of the corresponding molybdenum
nitride phases, i.e., to the stable-state presence of
nitrogen in the steel. It is just the presence of these
phases that explains the higher hardness of the deposited
nitride layer. Under the Mo-N coating, there was a thin
intermediate Mo layer deposited for improving the
adhesive properties under higher vacuum conditions
(P ~ 10 Torr); and the points on the curve in Fig. 3 just
refer to this layer having the minimum nitrogen
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concentration. As is seen from the figure, the spatial
extent (~ 10 pum) of the dip, related to the mentioned
minimum, substantially exceeds the thickness of the
deposited Mo layer. This is possibly due to the
processes of steel surface denitriding that occur during
surface heating under ion bombardment, which is used
before deposition of the molybdenum interlayer.

It also follows from Fig. 3 that the nitrogen
concentration and the depth of its penetration into the
substrate material for the samples subjected to different
ion-plasma treatments are essentially different. The
coating-bearing  nitrided samples exhibit higher
concentrations of nitrogen and its greater penetration
depths than the samples that were subjected to nitriding
only. As a result of the process of ion-plasma nitriding,
the nitrogen is concentrated in the near-surface layer of
the steel substrate to a depth up to 20 pum, whereas at
depths up to ~ 80 to 100 pum the nitrogen concentration
is reduced to a level of ~ 2.5 at.%.

Considering that the process of nitride coating
deposition was carried out in the nitrogen atmosphere,
and with substrate heating (see Fig. 2), it was necessary
to verify whether the process of substrate nitriding has
ceased or still continued at the stage of coating
deposition. For this purpose, we have investigated the
nitrogen depth profile through the use of the
metallographic section of the steel sample that
underwent coating deposition but without the stage of
prenitriding. Fig. 4 shows the data of microprobe X-ray
fluorescence analysis related to the behavior of the main
substrate component, Fe, and to the plasma flow
components (Mo and N) participating in the process of
coating deposition.
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Fig. 4. Distributions of Mo, N and Fe components in the
metallographic section of the sample
with Mo (2 um) and Mo-N (4.5 um) layers

We call your attention to the component distribution
in the intermediate layer adjacent partially to the ~ 2 um
thick substrate surface and partially to the Mo layer
deposited on the substrate surface (~1.5um in
thickness). The interlayer exhibits the concentration
distribution of the Fe atoms as being the main
components of the substrate, and the deposited Mo
atoms. The existence of this layer can be explained in
terms of the processes of ion mixing, which take place
as the steel surface is exposed to molybdenum ions. The
ion mixing results from partial sputtering of the
substrate atoms, their ionization in the near-surface
layer and subsequent return to the surface under the
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action of the applied negative potential. As regards the
nitrogen atoms in the Mo sublayer, they were not
observed there, i.e., there was no penetration of nitrogen
into the steel substrate at the stage of vacuum-arc
coating deposition. In turn, the Mo layer is a barrier for
the escape of nitrogen already absorbed by the substrate
surface both at the stage of Mo deposition and the stage
of application of the Mo-N coating. As the deposition
processes are carried out, the samples continue to heat,
and the concentration of nitrogen atoms in the steel
substrate of the sample, formed in the stage of nitriding,
gets redistributed deep into the metal.

In this way, the two-stage process of ion-plasma
treatment has resulted in the formation of the layer of
improved hardness (H ~5 GPa) on the steel sample
surface to a depth of 100 um, and the nitride coating
with H ~ 30 GPa.

STRUCTURAL CHARACTERISTICS
OF THE MODIFIED LAYERS
Fig. 5 gives the comparative transverse-fracture
photographs taken from different samples: initial (1),
hardened by ion nitriding (2), and with Mo-N and Ti-N
coatings deposited onto the nitrided surface (3).

Input steel

LE -
Fig. 5. Transverse fracture pictures:

1 — initial steel st.25CrMoVa; 2 — nitrided steel;
3 — nitrided steel with Ti-N and Mo-N coatings

The pictures were taken using the scanning electron
microscope. The structure of the initial steel sample
shows the presence of specific grained formations with
predominance of large-size grains (~ 100 um). After ion
nitriding (see Fig. 5 (2)) some structure ordering with
grain refining to a layer depth of ~ 70 um takes place.
The essential steel structure rearrangement with grain
refinement down to 1...3 pm (immediately under the
coating) and with a tendency of grain coarsening up to
~10 pum is observed at a depth of down to ~ 100 pum
(see Fig.5(3)). This behavior of steel structure
characteristics reflects the mode of spatial distribution
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of nitrogen deep in the metal, and is responsible for the
formation of the hardness H(t) profile (see Fig. 3).

CRYSTALLOGRAPHIC STUDIES
OF THE COATED SAMPLES

The analysis of X-ray spectra taken from the coated
samples (Fig. 6) gives the following estimates for the
crystal orientations in the obtained coatings. The
titanium nitride-based coatings exhibit predominantly a
strong reflection (111), which corresponds to the NaCl —
type crystalline structure with the parameter
a =0.426 nm and the coherent-scattering region of size
L~41 nm. The X-ray spectrum for the molybdenum
nitride-based coatings is more complicated. It shows
three y-Mo,N lines with the lattice parameter a = 0.420
and the size L = 11 nm. Note that the amplitudes of each
of the reflections under discussion differ insignificantly
from each other.
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Fig. 6. X-ray patterns of protective coatings based on
Ti-N (above) and Mo-N (below)

The differences between the X-ray spectra of Ti-N
and Mo-N coatings are also confirmed by structural
electrooptical images of fractured samples having
coatings of different compositions (Fig. 7).

——NE T o
Fig. 7. Electrooptical images of 7i-N and MoN-coatings
fractures

In fact, while the photograph of the Ti-N-coating
clearly shows the columnar structure of the preferred
orientation, the crystallites seen in the fracture of the
Mo-N-base coating are smaller-sized, and their
preferred orientation is absent.
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INTERNAL STRESSES IN THE COATINGS

The analysis of X-ray spectra taken from the
samples with coatings of different compositions has
enabled us to estimate the macrodeformational
compression stresses in the chosen (optimal) modes of
deposition; the obtained results are given in Table 2.

Table 2
Macrodeformational compression stresses
and microhardness of the coatings

Potential H Compressive
Coating | displacement, b deformation
GPa
B g, %
Mo-N -85 27.8 -1.84
Ti-N -90 25.8 -0.77

As it follows from the table, the level of the stresses
in the Mo-N-base coatings is substantially higher than in
the Ti-N-coatings, even though their microhardness
values differ insignificantly.

ADHESIVE CHARACTERISTICS
OF THE COATINGS

In principle, the vacuum-arc deposition techniques
provide a satisfactory adherence of coatings to the
substrate. This is achieved by applying ion-beam
cleaning of the base surface done immediately before
application of coatings. This cleaning technique not
only provides the removal of possible impurities off the
surface, but also initiates the process of ion mixing of
the sputtered base atoms with the deposited coating
atoms.

The ion-plasma nitriding followed by application of
protective coatings also provides high adhesion
characteristics of the obtained coating-base formation.
The good adhesion is additionally contributed by thin (1
to 2 um) intermediate layers of titanium or molybdenum
deposited onto the nitrided surface of the base with the
use of the same cathodes as the ones used for
subsequent Ti or Mo nitride layers.

N
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Fig. 8. Transverse fractures of steel samples with

deposited layers of metals and their nitrides

Fig. 8 gives the photographs of brittle fractures of
the samples having coatings of different compositions.
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The attention is drawn to a high degree of consistency
the substrate-metal and metal-its nitride interface
profiles, this bearing witness to a reasonable level of
adhesion.

Fig. 9 presents the photos of the track produced as
the diamond indenter passed under increasing load
conditions over the surface of the Mo-N-coating, which
was deposited onto the steel samples being in the initial
and nitrided states. (The total run length of the indenter
in the figure is ~ 400 um). We call your attention to a
substantial delay in the onset of cracking (and peeling)
of the coating deposited on the nitrided base in
comparison with the coating deposited on the initial-

state steel.
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Fig. 9. Mo-N-coated surfaces with track marking
of diamond indenter run:
a — coating on the initial-state steel base;
b — coating on the nitrided steel

So, the application of the given technique has
confirmed the fact of improvement in the adhesive
properties of coatings as they are deposited on the
nitrided steel base.

PHYSICAL AND MECHANICAL
CHARACTERISTICS OF THE COATINGS

Tables 3 and 4 give the research data on the physical
and mechanical characteristics of the obtained Ti-N and
Mo-N-coatings, depending on whether the coatings
were deposited on the initial surface of steel or on its
surface after nitriding.

Table 3
Physical-and-mechanical properties
(“Micron-Gamma” measurements)
Micro- | Nano | Elastic
Modified | hardness, | hard- | modu-
H/E
surface GPa ness, lus,
GPa GPa
Ti-N 29.7 28.6 451 0.06
Nitriding + | »g g 29.2 | 447 | 0.065
Ti-N
Mo-N 29.8 30.3 377 0.08
Nitriding +
Mo-N 28.5 32.1 439 0.07
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Table 4
Physical-and-mechanical properties
(G200 and PMT-3 measurements)
Modified surface H,GPa | E, GPa | H/E
Ti-N 34 436 0.08
Nitriding + Ti-N 36.5 | 425 0.09
Mo-N 32 308 0.1
Nitriding + Mo-N | 38 381 0.1

The investigations were performed using different
methods and devices, in particular, the facility “Micron-
Gamma” [7] when working with the Vickers indenter
(see Table 3), and the devices G200 and PMT-3 at
nano- and microindentation (see Table 4). Despite the
fact that the two methods give somewhat different
results, these differences are insignificant. As it follows
from Fig. 3, the process of nitriding has led to an
appreciable increase in the hardness of the steel base
from 2.7 up to 9 GPa. However, on subsequent
deposition of the protective coatings Ti-N and Mo-N, all
the H, values measured with one method (see Table 3),
and also, the H, and H values measured with the other
method (see Table 4), are practically no different from
the corresponding values for the coatings deposited on
the initial steel surface. This implies that the parameters
describing the physical-mechanical characteristics of the
coatings (see Tables 3 and 4) are independent of the
properties of the base, onto which the coatings were
deposited. Surely, this conclusion is valid for relatively
thick coatings, when their thickness considerably
exceeds the depths of indentation.

The parameter H/E is one of the important
characteristics of the material [5]. It characterizes the
ability of the material to resist changes in shape and
dimensions under deformation. It can be also used for
estimating the frictional wear of the material. There are
empirical relationships [6], which enable one to define
the type of the structural state by using the mentioned
parameter. As it is evident from Table 5, the range of
H/E values for our Mo-N and Ti-N-coatings varies
between 0.06 and 0.08, and that corresponds to fine-
crystalline structural condition. In this case, the
physical-mechanical properties of the modified layers of
different compositions, but appearing to be the
contacting pair in the frictional unit, differ
insignificantly.

WEAR RESISTANCE OF THE COATINGS

The wear rates of different coating materials were
compared by measuring the parameter I, which is the
ratio of the indentation depth to the path length covered
by the diamond indenter over the surfaces of the given
materials. As it follows from the data given in Table 5,
the resistance of the nitride coatings Ti-N and Mo-N to
the given wear mode is essentially dependent on what
substrate the coatings were deposited. And in the case of
the nitrided steel, the linear wear index is lower than
that of the coatings deposited on the initial material.
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Table 5
Linear wear of different materials

Coating | St.25CrMoVa | Linear wear /;, 10”7
. — 0.95
TN nitriding 0.52
— 0.75
Mo-N nitriding 0.61
TRIBOLOGICAL CHARACTERISTICS
OF THE COATINGS

The comparison of friction coefficients of different
materials (Table 6) was carried out using the “Micron-
Gamma” facility. The diamond indenter was used as a
counterbody; therefore, the friction coefficient values
given in Table 6 are relative and can be used only for
the purposes of comparison with different materials.

Table 6
Coefficients of diamond indenter friction over different
materials at different loads

Coefficient of friction, f;

Coating | St.25CrMoVa Load, g
225 375 525
. - 0.09 0.09 0.09

Ti-N —

nitriding 0.05 0.06 0.06
- 0.09 0.09 0.09
Mo-N nitriding 0.065 | 0.066 | 0.07

Note the load independence of the f; values listed in
the table. In this case, the friction coefficients for the
coatings deposited on the nitrided base are substantially
lower than those found for the coatings deposited onto
the steel base not subjected to nitriding.

PERFORMANCE CHARACTERISTICS
OF THE MODIFIED SAMPLES

To investigate corrosion resistance in the 3% NaCl
medium, the potentiometer testing technique was used.
Fig. 10 shows the current density j curves as functions
of the potential ¢ for the following samples: initial steel,
discharge-nitrided steel, and the nitrided steel having the
protective Mo-N and Ti-N-coatings.

j, mkm/cm®

200+

/ -100

. 200

Fig. 10. Current-voltage characteristics of different
samples in aggressive medium at corrosion testing:
1 —steel in the initial state; 2 — steel after “furnace”
nitriding; 3 — steel after ion-plasma nitriding;
4 — Mo-N-coated nitrided steel;
5 —Ti-N—coated nitrided steel
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For comparison, the same figure gives the corrosion
test data for the steel subjected to “furnace” nitriding.
From the behavior of the j(p¢) curve for the initial
st.25CrMoVa it follows that this material has a low
corrosion resistance. The performance of “furnace” or
ion-plasma nitriding processes results in improving the
anticorrosion properties of steel. Notably that the second
of the two mentioned processes has a distinct advantage.
However, the highest protective properties against
corrosion medium are exhibited by the samples
subjected to a combined modification, when the Mo-N
or Ti-N-coatings were deposited onto the steel surface
that underwent nitriding in the gas-discharge plasma.

Fig. 11 shows the comparative data on the resistance
of different samples under abrasive action. The abrasive
wear of the coatings was performed with the setup
described in ref. [8]; it was estimated by the weight loss
of the sample surface exposed to abrasion cycling.
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Fig. 11. Abrasive wear of different sample

As can be seen from Fig. 11, the application of the
above-discussed processes for modifying the initial steel
surface leads to a substantial improvement of its
abrasion resistance. Thus, ionic nitriding increases the
abrasion resistance by more than an order of magnitude,
while the Ti-N-coating deposited on the nitrided steel
base increases the resistance of the initial steel by a
factor of more than 20, and the Mo-N-coating — by a
factor of up to 500.

CONCLUSIONS

1. To replace the “furnace” nitriding, the method of
ion-plasma nitriding of the steel has been offered, which
is compatible with a subsequent coating deposition.

2. The pilot process of vacuum ion-plasma nitriding
of the surface has been developed for full-scale
components forming the friction pair. As a result, layers
of improved hardness have been formed on the sample
surface to a depth up to 100 um.

3. Processes of depositing protective Mo-N- and
Ti-N-coatings on the nitrided sample surfaces have been
investigated. In the selected optimized modes of
deposition, coatings with close values of microhardness
(at a level of 29 GPa) have been obtained.

4. The process of combined vacuum-arc hardening
in a single technological cycle (nitriding + coating) has
been developed for full-scale components.

5. Diversified studies on physical characteristics
have been made for modified layers applied for
protecting working surfaces of the components. The
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steel base nitriding results in size reduction of the
structure formations, viz., the grain size decreases by an
order of magnitude.

6. The use of protective coatings on the nitrided steel
surface has provided a substantial improvement in the
service characteristics of the hardened samples. Their
corrosion resistance has become nearly fivefold higher,
while the abrasion resistance has increased by one to
two orders of magnitude.
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KOMBUHUPOBAHHOE YIIPOUHEHME JIETAJIEH Y3JIOB TPEHUS
BAKYYMHO-AYI'OBBIM METOJI0OM

B.A. Benoyc, H.I'. Epmonenko, FO.A. 3aonenpoeckuii, H.C. Jlomuno

B nensx yBenwdeHUs 9KCIUTYaTallMOHHOTO PECypca CTANBHBIX JeTaleH, MPeACTaBIIONINX co00i napy TpeHus 1
paboTaouMX B YCIOBHSAX JMHAMHUYECKOW HArpy3Kd, MOBBILIEHHOH TeMIeparypsl M KOPPO3HOHHOW Cpepl,
pa3zpaboraH mpoiecc MOIUPHUIMPOBAHHS KOHTAKTHPYIOIIUX Pa00YMX MOBEPXHOCTEH C UCIIOIb30BAaHUEM BaKYyMHO-
JYroBOr0 METoJa. DTOT MPOLECC Peall30BaH B JBYXCTaJUHHOM TEXHOJOTMYECKOM LIUKIIE: YIPOUHEHHE OCHOBBI
METOOOM HMOHHO-IIa3MCHHOTI'O a30TUPOBaHUA, 3(1)(1)6KTI/IBHO 3aMCHAIOIIUM «MIE€YHOEC»  a30TUPOBAHUC, u
nocieayomiee ocaxaeHne 3amuTHeIX HOKpeITHH Mo-N u Ti-N. HccnenoBana 3aBHCHMOCTh psiaa (H3MUECKUX
CBOMCTB MOJIU(HUIUPOBAHHBIX 00pa3loB (NpOo(UIN MHUKPOTBEPIOCTH IO TIYOMHE OT IMOBEPXHOCTH, a TaKKe
CTPYKTYpHBIE OCOOEHHOCTH a30THPOBAHHBIX CJIOEB M HHUTPUIHBIX TOKPBITHH) OT MapamMeTpoB pa3padaThBacMOTo
nporecca. BBIMONHEHBI CpaBHUTEIbHBIE J1a0OPAaTOPHBIC HMCIIBITAHUS CITyKEOHBIX XapaKTepUCTHK (aOpa3MBHON M
KOPPO3HOHHOW CTOMKOCTEH) JeTaseil ¥ IMpoieMOHCTPHUPOBAHO CYIIECTBEHHOE YIIyUIICHHE ATUX XapaKTePUCTUK IS
MOJIU(UIMPOBAHHBIX TOBEPXHOCTEH.

KOMBIHOBAHE 3MIITHEHHS JIETAJIEA BY3JIIB TEPTS
BAKYYMHO-AYI'OBUM METOJIOM

B.A. Binoyc, LT. €Epmonenxo, FO.A. 3aonenposcokuii, M.C. Jlomino

B winsix 301bIIeHHS eKCIUTyaTalliiHOrO pecypey CTajeBuX JeTallei, 110 € Mapolo TepTs 1 MPaIfolounX B yMOBax
JMHAMIYHOTO HaBaHTa)XCHHsI, MIiJBHMIICHOI TEMIEpaTypu 1 KOPO3iHHOTO CepeloBHIlia, PO3POOJIEHO MpOILEC
MoIu(iKyBaHHS KOHTAKTYIOUHX IIOBEPXOHb 3 BHKOPHUCTAHHSAM BaKyyMHO-AyroBoro wMetoxy. Llei mporec
peanizoBaHO B JBOXCTAIIMHOMY TEXHOJIOTIYHOMY LHMKJi: 3MII[HEHHS OCHOBHM  METOJIOM 1OHHO-TIIa3MOBOTO
a30TyBaHHS, e()eKTHBHO 3aMiHIOIOUMM «IIiYHE» a30TyBaHHS, 1 MOJAIBIIE OCAKEHHS 3aXHCHHUX MOKPHUTTIB Mo-N i
Ti-N. JlocmimKeHo 3anexHICTh psaay (i3HYHHMX BIACTUBOCTEH MOAM(IKOBaHHX 3pa3KiB (Mpodiii MIKpOTBEpPIOCTI
1O TMOWHI BiJl NMOBEPXHi, a TAKOX CTPYKTYypHI OCOOJIMBOCTI a30TOBAHMX IIApPiB 1 HITPUIHHUX MOKPHUTTIB) BiX
napaMeTpiB MpoIecy, M0 po3poOJsieThCs. BUKOHAHO NOPIBHAIBHI J1aOOpaTOpHI BHUIPOOYBAaHHS CITy>KOOBHX
XapakTepucTuK (abpa3uBHOI 1 KOPO3iHHOI CTIMKOCTI) Jeranedl i NMpOJEeMOHCTPOBAHO iCTOTHE MHOJIIIIEHHS IMX
XapaKTepUCTHK T MO (PIKOBAHUX TOBEPXOHb.
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