p-ISSN 1607-6885 Hogi marepianu i TEXHOJOTIi B MeTaIyprii Ta MammHoOyyBaHHi. 2025/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/2

CTPYKTYPOYTBOPEHHS. OIIIP PYWHYBAHHIO TA
PIBUKO-MEXAHIYHI BJJACTUBOCTI

STRUCTURE FORMATION. RESISTANCE TO DESTRUCTION AND
PHYSICAL-MECHANICAL PROPERTIES

UDC 669.245.018.044:620.193.53

Sergiy Byelikov Dr. Sc., Professor of the Department of Transport Technologies, National University
Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine, e-mail: belikov@zp.edu.ua,
ORCID: 0000-0002-9510-8190

Vitaliy Kononov Candidate of Technical Sciences, Associate Professor of the Department of Parts of Ma-
chines and Lifting and Transport Mechanisms, National University Zaporizhzhia
Polytechnic, Zaporizhzhia, Ukraine, e-mail: kononov1705@gmail.com, ORCID: 0000-
0002-0479-1386

Oleksandr Hlotka Candidate of Technical Sciences, Associate Professor of the Department of Physical Ma-
terial Science, National University Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine,
e-mail: glotka-alexander@ukr.net, ORCID: 0000- 0002-3117-2687

Valeriy Vinichenko Candidate of Technical Sciences, Associate Professor of the Department of Physical
Materials Science, National University Zaporizhzhia Polytechnic, Zaporizhzhia,
Ukraine, e-mail: valeryi_v@ukr.net, ORCID: 0009-0001-7631-9822

Yuriy Mykhaylov Postgraduate student of the Department of Physical Material Science, National University
Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine, e-mail: uramix82@gmail.com, OR-
CID: 0009-0006-4930-228X

Oleksiy Mykhaylov Postgraduate student of the Department of Physical Material Science, National Univer-
sity Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine, e-mail: asmykhay-
lov@gmail.com, ORCID: 0009-0001-2471-015X

Igor Makarov Postgraduate student of the Department of Physical Material Science, National Univer-

sity Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine, e-mail:
rogivorakam@gmail.com, ORCID: 0009-0004-0054-3600

THE INFLUENCE OF HEAT TREATMENT MODES ON THE STRUCTURE
OF PROTECTIVE COATINGS

Purpose. Increasing the durability of 'TK-101 hollow working blades due to double-sided protection of their profile
part.

Research methods. Microstructure studies were carried out on microsections under a ““Neophot-2”” microscope and
a “Stereoscan” microscope-analyzer. Microhardness was measured with a /7IMT-5 device. Short-term strength tests
(GOST 1497-61, GOST 9651-61, GOST 1497-84) were carried out on standard cylindrical samples (diameter of the
working part 5 mm, length 25 mm) at temperatures of 200, 800, 900 and 1000 € on a YME-10TM brand tensile machine.
Long-term strength tests (GOST 10145-81) were performed on standard cylindrical samples at temperatures of 800, 900,
10000 < and corresponding loads of 600, 400, 180 MPa on the AIMA-5-2 machine by uniaxial stretching of samples
under constant load. Comparative experimental studies of high-temperature corrosion of alloys were carried out in syn-
thetic ash using a method widely used in the industry. For corrosion tests, standard cylindrical samples (diameter <10
mm, length | = 12 mm) were used, on which, after preliminary degreasing, measurement and weighing on an analytical
balance with an accuracy of (+ 0.0005 g), synthetic ash in an amount of 12 mg / cm? was applied to their surface, simu-
lating the combustion products of gas turbine fuel, which were placed and kept in a furnace on a platform made of
refractory material in an air atmosphere.

Results. The influence of double-sided protection of the profile part of the working hollow blades of 7'TK-10l was
studied. It was shown that the formation of the coating is most effectively carried out at a temperature equal to or higher
than the peritectic reaction temperature (#1130 °C). Ir was established that the strength characteristics of superalloys
when using the complex protection technology at temperatures of 800 and 850 °C do not decrease. It was shown that at
relatively lower coating formation temperatures (1080 °C, 4 hours), the structure of the slip coating is significantly dif-
ferent from similar ones with a heterogeneous structure and fully corresponds to the classical RT-22A type. It was estab-
lished that the predicted service life of the working blades increases by 10 thousand hours when using their double-sided
protection using the complex technology.
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Scientific novelty. The obtained results make it possible to evaluate the processes occurring during coating appli-
cation and blade operation and to establish the relationships between the thickness, kinetics and type of coating and the

corrosion rate.

Practical value. The obtained results allow us to recommend developed coatings and application technologies to
increase the strength characteristics and durability of products.
Key words: nickel-based superalloys, protective coating, coating structure, high-temperature corrosion, strength.

Introduction

Protective coatings are designed not only to increase
the operating temperatures of turbine blades, which are
determined by the heat resistance of the alloys used for
their manufacture, but also to increase the service life and
reliability of the blades [1,2]. They have been used for
more than 50 years. At the first stage, aluminide coatings
were most widely used. Simple aluminizing of the working
and guide blades of turbines allowed to increase the service
life of gas turbine engines by approximately two times at a
temperature of 850 °C [3,4]. However, these coatings are
effective only in such typical corrosion as high-
temperature oxidation due to the formation of a barrier
layer of aluminum oxide. The use of low-grade fuel sharply
reduces their efficiency.

Aluminide coatings doped with chromium, silicon,
tantalum, niobium and other elements [5-7] have higher
corrosion resistance compared to simple alithization, and
also surpass them in thermal stability, plasticity and
thermal stability strength. They are applied to the blades by
various methods: diffusion (in powders with halide
activators and in vacuum), slip, metallization, etc. Their
thickness is within 40...100 microns. These coatings are
effective when used in gas turbines with high-quality fuel.
Under conditions of intense oxysulfide corrosion, their
service life is short, since nickel intermetallics are unstable
in contact with sodium sulfate and in its mixture with
sodium chloride [8].

Aluminide coatings with a sublayer of precious
metals (for example, platinum, rhodium) have become
widespread abroad. These include such coatings as LDC -
2, RT - 22, RT - 22A, RT - 44, etc. They are characterized
by high resistance to oxysulfide corrosion [9]. The
thickness of these coatings is 70...80 pum, the base is NiAl,
containing platinum aluminide PtAl .

Since the LDC-2 coating is characterized by porosity
of the platinum layer, the possibility of concentration of
contaminants at the platinum-substrate boundary,
improved coatings based on them JML — 1 and JIML -2 [8,
9] have been developed. The platinum layers included in
their composition are formed from molten salts.

Along with aluminide coatings, silicide coatings are
also used. They are used mainly in low-power turbines with
an operating temperature of up to 730 °C. They are
characterized by high fragility of the silicide layer, low
melting point (985 °C) of the eutectic formed by nickel
silicides, poor thermal stability, and deterioration of the
mechanical properties of the base metal due to the diffusion
of silicon into it. In this regard, they are modified with
chromium and tantalum [10].

Purpose

The main goal of the work was to increase the
durability of the I'TK-10l hollow working blades by
providing double-sided protection of their profile part.

Material and research methods

The development of nickel-based cast heat-resistant
alloys is primarily due to the fact that, in comparison with
deformed superalloys, they can achieve a greater
strengthening effect due to the y'- phase and carbides, and
higher structural stability. Their diversity is associated with
the level of operating temperatures and the requirements
imposed on the properties of alloys at these temperatures
(in particular, long-term strength, corrosion resistance). An
important advantage of materials of this class is also the
ability to cast thin-walled cooled blades of complex
configuration from them, which are practically impossible
to manufacture by forging and stamping methods. The use
of cast superalloys for gas turbine engine (GTE) blades was
largely facilitated by advances in the development of
ceramic materials, equipment and equipment that allow
castings with cooling channels to be obtained. For
stationary gas turbines, heat-resistant corrosion-resistant
alloys based on nickel DIT1-539JIM, UC-70BI, as well as
alloys developed by National University Zaporizhzhia
Polytechnic — 3MI-3 and 3MI-3V instead of imported
alloys IN-738 have become widely used. They are used for
the manufacture of working blades of gas turbines of the
I'TK-10l unit.

The chemical composition of the studied heat-
resistant alloys is given in Table 1.

Table 1 — Chemical composition of the studied cast

nicke-base superalloys
Alloy Element content, % by mass

grade [ C |Cr |Co |Al [Ti |Mo (W [Nb|Ta [Hf [Re [Ru | Zr B
3MI-3 |0,1 [13 |55 |29 |49 |18 45]-

BMI-3V|0,1 |13, |50 |3,4 (48 (09 (73|- |- |- |- |- - 10,01
yc70 (0,1 |15 |10 (2,8 |46 |20 p5/02|- |- |- |- |0,05|0,02
IN-738 |0,1 |16, (85 (34 |34 |17 260917 |- |- |- |0,05|0,01
[EI1-539 10,1 |18, 19, |3,0 |30 (42 |- |- |- |- |- |- [0,05[0,01
EI-929 |01 (15 |17 |47 |35 |50 |- |- |- |- |- |- |0,02|0,03

To protect the outer surface of the studied samples
and working blades, condensing coatings developed by the
E.O. Paton Institute of Electron-beam Technology are
used, which are applied on a vacuum electron-beam
installation VE-175M. The compositions used in the
studies of electron-beam coatings (EBC) are presented in
Table 2.
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Table 2 — Chemical composition of electron beam

coatings
Coating Element content, % by mass
brand Co Cr Al Y
CHII-11A basis 26...28 | 45...65 | 02...06
CJI1-8 basis 25...28 9...11 0,2...0,6

After spraying, the first level of diffusion annealing is
performed at a temperature of 1030...1130 °C, 2 hours in
an electrothermal vacuum furnace of the type CILB
8.12/13 EM1 or “Schmetz”. Before the second level of heat
treatment, strengthening shot blasting with glass balls of
170...200 pum in size is performed on a shot blasting unit
VIIM-2.

Protection of internal cavities of samples and hollow
working blades of GTP is performed using technology
developed by National University Zaporizhzhia
Polytechnic.

The compositions of the applied suspension coatings
used are presented in Table 3.

Table 3 — Chemical composition of diffusion
coatings

Element content, % by mass
Coatings cr | Al Si [ Ti| Fe
Al-Si - 80...88| 12...20| - -
Cr-Al-Si 8...10| 70...80| 10...12| - -
Cr-Al-Si-Ti 16...25 65...72| 6...10|1...5| -
Cr-Fe 70 - - - 30
Microstructure  studies were carried out on

microsections under a microscope “Neophot-2” and a
microscope-analyzer “Stereoscan”. Microhardness was
measured with a TIMT-5 device. Phase composition and
lattice periods of the main components — on JIPOH-1
diffractometer in copper Ka radiation. The content of
chemical elements - on a scanning electron microscope
REM-106l.

Short-term strength tests (GOST 1497-61, GOST
9651-61, GOST 1497-84) were carried out on standard
cylindrical samples (diameter of the working part 5 mm,
length 25 mm) at temperatures of 200, 800, 900 and
10000C on a YME-10TM brand tensile machine. Long-
term strength tests (GOST 10145-81) were performed on
standard cylindrical samples at temperatures of 800, 900,
10000C and corresponding loads of 600, 400, 180 MPa on
the AIMA-5-2 machine by uniaxial stretching of samples
under constant load. The relative elongation of the samples
was recorded using mechanical strain gauges. At each load
level, 3-5 samples were tested.

To assess the degree of reduction in the strength
characteristics of the studied alloys as a result of prolonged
thermal action at temperatures of 8500 and 9500 °C with
different aging bases of 1000, 3000, 5000 hours, additional
tests of samples were performed in accordance with the
above-mentioned standards.

Research results and their discussion

The choice of heat treatment modes is associated with
the physicochemical characteristics of the alloy (phase
dissolution temperature), operating conditions (resource
and level of operating temperatures and stresses), as well
as the parameters of thermal technological action in the
manufacture of blades (for example, coating application).

In this regard, the temperature and duration of
diffusion annealing for the formation of a protective
coating were determined taking into account the maximum
preservation of the mechanical and physicochemical
properties of protected alloy.

The structure of condensed coatings of the Co-Cr-Al-
Y type, used to protect the outer surface of the working
blades, has been sufficiently studied in the equilibrium
state (annealing at 1040...1130 °C, 2...4 hours in vacuum),
is y- a solid solution based on cobalt, containing up to
25 % Cr and 3 % Al, in which there are particles of the
intermetallic p — CoAl (up to 30 % by volume) and o — Cr
(Figure 1). The 6- CoCr phase, which is in the coatings
immediately after deposition, dissolves in the solid
solution as a result of annealing. Since chromium reduces
the solubility of aluminum in cobalt, excess aluminum is
consumed to form - CoAl.

To analyze the phase composition of coatings
deposited on heat-resistant nickel alloys, isothermal
sections of the Ni-Cr-Al phase diagrams are used. The
intermetallic compound y’-NizAl has an fcc lattice, the B-
NiAl and B-CoAl phases have a bcc lattice.

In B-NiAl, the solubility of chromium at 20 °C is
2.5%, and at 1445 °C it is about 10 %. With a decrease in
the aluminum content in the intermetallic compound NiAl,
the solubility of chromium in it increases.

b x 400
Figure 1. Structure of Co-Cr-Al-Y on the outer surface of the
blades: a — IN-738; b —4C-70
By limiting the formation of the y’- phase, chromium
in Ni-Cr-Al- Y coatings contributes to the preservation of
the B — NiAl phase for a longer time, when aluminum is
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consumed for the formation of o — Al,O3 scale or diffuses
from the coating into the protected alloy.

According to the phase equilibrium diagram in Ni-Cr-
Al condensate systems at 1020 OS, the transition y + f§ <
a + v should be observed.

At higher temperatures, y + B — phases will prevail in
the structure of the coatings, and with a decrease in
temperature, closer to the interface with the surface of the
cooled blade being protected, the region of existence of the
a + vy - phase expands.

For a suspension coating of the Cr-Al-Si-Ti type, it has
been established that at a diffusion annealing temperature equal
to or higher than the peritectic reaction temperature (<1130 OS),
layers of 120...160 pm and more are formed in 2...4 hours. A
clearly expressed heterogeneous structure of the layer is formed
on the basis of the compositions Cr-Al-Si and Cr-Al-Si-Ti with
a chromium content of 15...20 and titanium of 4.5...6 wt. % at
a silicon content of about 8 wt. % (Fig. 2). If the diffusion
annealing temperature exceeds the temperature of the peritectic
reaction, the chromium and titanium contents exceed their limit
solubility in the melt (Cr-Al-Si) and (Cr-Al-Si-Ti), then the
coating thickness decreases almost twice (from 140 to 80 pum).

At relatively lower diffusion annealing temperatures, in
particular, at 1080 °C, 4 hours, the structure of the Cr-Al-Si-Ti
slip coatings is significantly different (Fig. 3) from similar ones
with a heterogeneous structure (Fig. 2) and completely
coincides with those well known from the literature.

This is due to the long-term existence of the liquid
phase in the liquid solution due to the replacement of the
NizAl compound with a melting point of 854 °C by the
NiAl compound doped with tungsten and molybdenum.

The determining factor in the formation of the coating
is the chemical and phase composition of the base, which
determines the quantitative transition of nickel and
alloying elements in the coating.

< :
o = Qs
be et - Pk
6 x 400
Figure 2. Structure of the Cr-Al-Si-Ti slip coating:
a-3MI-3V, 1130 °C, 2 h; 6 — OI1-539. 1130 °C, 2 h

o % 300

Figure 3. Structure of the Cr-Al-Si-Ti slip coating:
a —IN-738, 1080 °C, 4 h.; 6 — 3MI-3V, 1050 °C, 4 h

The studied compositions of protective coatings have
an effect on the mechanical properties of heat-resistant al-
loys, which is due, first of all, to the mechanical character-
istics of the compounds forming the coating, the mechani-
cal characteristics of the protected alloy, the ratio between
the thickness of the coating and the cross-sectional size of
the sample, the interaction between the coating and the pro-
tected alloy during high-temperature tests. The influence of
the temperature cycle of coating application on the me-
chanical properties of the protected alloy is excluded due
to the combination of the thermal cycle of coating for-
mation and the adopted heat treatment of the alloy, as well
as its combination with reductive heat treatment during re-
use.

With double-sided protection using electron beam
coatings CIII-11A and CHII-8 and suspension Cr-Al-Si-
Ti (thickness 60...80 and 80...120 um, respectively), a de-
crease in the mechanical properties of the metal is not ob-
served in comparison with unprotected samples.

The influence of the studied coatings on the long-term
strength of the alloys 3MI-3 and 3MI-3V is primarily asso-
ciated with the peculiarities of their destruction in a corro-
sive environment at high temperatures. Corrosion during
the tests contributes to the formation of surface cracks and
the development of destruction. The application of protec-
tive coatings protects the surface from corrosion destruc-
tion and has a positive effect on their long-term strength.

Figures 4 and 5 show that the use of protective coat-
ings provides 3MI-3V alloy with a level of long-term
strength at 800 and 850°C not lower than that of the alloy
without a coating. At the same time, cracking of the pro-
tective layer and its separation from the substrate does not
occur, and no centers of local corrosion are observed.
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The intensity of the corrosive environment on mate-
rials under long-term strength testing conditions depends
on the applied heat treatment. Samples that have undergone
850°C aging for 24 hours have a level of long-term strength
higher than samples without aging.
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Figure 4. Long-term strength of 3MI-3 alloy at 800 °C:

1 - alloy without coating;
2 — alloy with using complex technology
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Figure 5. Long-term strength of alloy 3MI-3 at 850 °C:

1 - alloy without coating;
2 — alloy with using complex technology.

The heat resistance of the coated samples was deter-
mined in an oxidizing atmosphere at 800 and 850 °C. Dur-
ing the tests, it was necessary to obtain a heat-resistant ox-
ide on the surface of the coating that performs protective
functions, diffusion of coating elements into the protective
oxide, diffusion of coating elements into the protected al-
loy, diffusion of alloy elements into the coating.

Since the outer zone of the suspension coating is
made up of a Ni-Al compound, a protective Al,O3 oxide is
formed on the surface of the coating at the initial moment
of the tests.

Increasing the time of heat resistance tests leads to a
deterioration of its adhesion to the coating surface, crack-
ing and delamination.

The depletion of the outer zone of the coating with
aluminum during the testing process leads to a change in
the structure of the protective oxides and an acceleration of
oxidation processes.

Changes in the structure during thermal stability tests
of the tested protective coating compositions are shown in
Fig. 6-9.

X300

Figure 6. Structure of coatings in the initial state:
a - Cr-Al-Si-Ti; b — Cr-Al-Si; ¢ — Cr-Fe

As can be seen from the figures, with increasing test
time, there is a redistribution of the phase components of
the coating, as well as diffusion of coating elements into
the substrate and vice versa, from the substrate into the
coating. After testing at 860 °C for 600 hours (Fig. 7), the
structure of the coatings practically does not change. The
outer zones of the suspension Cr-Al-Si-Ti consist of p-
NiAl compounds, inside the grains of which there are pre-
cipitates of silicides MexSiy and y'- NizAl.

B X300

Figure 7. Structure of coatings after testing at 850 °C 600 h:
a — Cr-Al-Si-Ti; b — Cr-Al-Si; ¢ — Cr-Fe
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C x300

Figure 8. Structure of coatings after testing at 850 °C 1500 h:
a— Cr-Al-Si-Ti; b — Cr-Al-Si; ¢ — Cr-Fe

The total content of molybdenum and tungsten de-
creases to 1 %, due to the separation of a dispersed phase
based on these elements. In the Cr-Al-Si coating, the inner
zone increases, consisting mainly of BCC — solid solutions
based on tungsten and molybdenum and carbide phase. In
the Cr-Fe coating, the substrate elements diffuse and the
intermediate zone PC — base increases. After 1500 hours of
testing (Fig. 8), the outer zone of the Cr-Al-Si-Ti suspen-
sion PC is dominated by the B — phase (NiAl), enriched in
chromium and titanium, carbides of the Me23Cs type and
silicides. In the Cr — Al — Si coating, the inner zone “dis-
solves” into the outer one. In some places, the y’- phase
with an aluminum concentration of up to 10 wt.% is ob-
served. The Cr-Fe coating continues to diffuse into the sub-
strate with the formation of the embrittlement 6- phase
[(Cr, Mo)x(Ni,Co) Y]. After 5000 hours of testing (Fig. 9)
the structure of the Cr-Al-Si-Ti suspension can be consid-
ered as consisting of two structural zones. The outer zone
consists of B- and y’- phases, the inner zone consists of “is-
lands” of B-phase, u — phase based on molybdenum, car-
bide phase, mainly Cr21(MoW).Cs, silicides, and also the
primary (B +v") — phase.

On the gas-dynamic stand, the alloys YC-70 and 3MI-
3 showed the highest corrosion resistance. Comparative
tests of alloys with protective coatings at 800-900 °C give
preference to Co-Cr-Al-Y. They are followed by suspen-
sion Cr-Al-Si-Ti with a heterogeneous structure, then dif-
fusion Cr-Fe, applied by diffusion vacuum metallization.

c " x300
Figure 9. Structure of coatings after testing at 850 °C 5000 h:
a - Cr-Al-Si-Ti; b — Cr-Al-Si; c — Cr-Fe

The structure of suspension protective coatings Cr-
Al-Si-Ti after testing on the gas-dynamic stand of cylindri-
cal hollow samples is shown in Fig. 10. It is identical to the
structure of coatings applied to the working blades of the
I'TK-101 turbojet turbine, which have been used in real
conditions for 9.5 thousand years.

The corrosion kinetics of samples from the 3MI-3 al-
loy with different protective coatings is shown in Fig. 11.
The test results determined the following series of re-
sistance: solid samples with Co-Cr-Al-Y, hollow — with
double-sided protection, applied in a combined mode, solid
with diffusion Cr-Fe, hollow — with external Co-Cr-Al-Y
(without internal) and samples without coating.

a X 200

b X200

Figure 10. Structure of the coating of the Cr-Al-Si-Ti system:
a — outer surface; b — inner surface
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Figure 11. Corrosion kinetics of 3MI-3VY alloy samples

Figure 12 shows the dependences of the change in
the wall thickness of hollow samples depending on the time
of testing on a gas-dynamic stand with simultaneous ther-
mal cycling. The nature of the change in the wall thickness
of samples without protective coatings is significantly dif-
ferent from similar ones. In the first case, for 200 t of test-
ing, the wall becomes thinner by 0.780...0.850 mm, in the
second — by 122.5...135 um (practically, by the thickness
of the protective coating) in the cross section.
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Figure 12. Change in wall thickness of hollow specimens

The conducted studies allow us to conclude that tests
of hollow samples with a duration of 50, 100, 150 and 200
hours correspond to the real operation of working blades in
a gas turbine for 5000, 10000, 15000 and 20000 hours, re-
spectively, in terms of parameters such as:

- condition of the outer surface;

- depth of corrosion penetration;

- structure; dynamics of corrosion damage, including
the geometry of samples before and after the test;

- long-term strength.

All these parameters and research results allow us to

predict the durability of gas turbine parts both without pro-
tective coatings and with double-sided protection. Thus,
without taking into account the corrosion effect at a nomi-
nal stress in the average cross-section of 120 MPa, the ser-
vice life of the working blades is determined at 32 thousand
hours (Fig. 13), and taking into account the corrosion effect
and changes in wall thickness (according to the test results
— a decrease for every 5 thousand hours by 5-7 %) — 25
thousand hours. When using double-sided protection using
complex technology, the service life of the blades should
be 35 thousand hours.
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Figure 13. Durability of T'TK-101 workingblades:
1 (1") - excluding oxysulfide corrosion;
2 (2") - including oxysulfide corrosion;
3 (3") - blades protected using comprehensive technology
(including oxysulfide corrosion)

Conclusions

1. It is shown that the formation of
thermodynamically stable coatings in the complex
multicomponent system Cr-Al-Si-Ti is most effectively
carried out at a temperature equal to or higher than the
peritectic reaction temperature (= 1130 °C).

2. It is shown that at relatively lower coating
formation temperatures (1080°C, 4 hours), the structure of
the slip coating is significantly different from similar ones
with a heterogeneous structure and fully corresponds to the
classical RT-22A type.

3. It is established that the strength characteristics of
heat-resistant superalloys when using complex protection
technology at temperatures of 800 and 850 °C do not
decrease.

4. The increase in heat resistance is due to a favorable
combination of components and a perfect coating structure.

5. Slip coatings Cr-Al-Si-Ti with a heterogeneous
layer structure (“high-temperature”) have higher resistance
than “low-temperature”.

6. The projected service life of the working blades
increases by 10 thousand hours when using their double-
sided protection using integrated technology.
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Mema pooomu. [liosuwernns 0ozosiunocmi pobouux nopoxcrucmux aonamox I'TK-101 3a paxynox 06ocmopoH-
Hb02O 3axucmy ix npo@ineHol vacmuHu.

Memoou docnioxcenns. /[ocniodcenuss MIKpOCMPYKMypu npo8oOULUCs HA MIKpownigax nio mikpockonom «He-
oom-2» i mixpockonom-ananizamopom «Cmepeockany. Mikpomeepoicms eumiproganu npuiadom IIMT-5. Bunpoby-
sanns Ha kopomkouacuy miynicmo (I'OCT 1497-61, TOCT 9651-61, TOCT 1497-84) npogoounu Ha cmanHOapmHux yui-
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po3puenii mawuri mapku YMD-10TM. Bunpobysanns na mpusany miynicme (I OCT 10145-81) nposodunu na cmanoa-
PMHUX YuniHOpuuHux 3paszkax npu memnepamypax 800, 900, 1000 °C i 8ionosionux nasanmasicennsx 600, 400, 180 MIla
Ha mawuni AUMA-5-2 winaxom o0HO8ICHO20 po3maAcy8aHHA 3pA3KI6 NPU NOCMIIHOMY HaganmaiceHHi. TlopieuanvHhi exc-
nepuUMeHmanbHi 00CIiOHCeHHs BUCOKOMeMNepamypHoi Koposii cniagié npo8ooUNUCs 8 CUHIMEeMUYHIL 3011 3a Memoou-
KO0, KA WUPOKO 3ACMOCO8YEMBbCA 8 2aNY3L. []1sl KOPO3IHUX 8UNPOOYBAHbL BUKOPUCIIOBYBANUCA CIMAHOAPMHI YUTTHOPU-
uni 3pasku (Oiamemp & 10 mm, dosoicuna | = 12 mm), Ha KI nicisi NONEPEOHLO2O 3HENCUPEHHS, BUMIDIOBAHHSL I 36AICY-
6aHHs HA anamimuuHux eaeax 3 mounicmio (£ 0,0005 ), nanocunacs na ix nOGepxHIo CUHMemuyHa 30aa 8 Kintbkocmi 12
M2/ cm?, wo imimye npodykmu 320panHA 2a30mypOiHHO20 NANUBA, SAKI POIMIUYEANUCS | 6UMPUMYBANUCS 6 NeYi Ha Nid-
Mmgopmi 3 60CHEMPUBKO20 MAmMePIaLy 8 NOGIMPAHIt ammocepi.

Ompumani pesynomamu. I[Iposedeno 0ocnioxcenHs aniugy 080CMOPOHHLO2O 3AXUCTY NPOQPINbHOI YacmuHu pobo-
yux nopoxcuucmux aonamox I'TK-101. Ilokasano, wjo ¢popmysanns nokpumms HaliepekmugHiule 30iCHIOEMbCA NPU
memnepamypi pignoi abo 6inbuioi memnepamypu nepumexmuynoi peaxyii ( #1130 °C). Bcmanosneno, wo miyHicmui
XapaxkmepucmuKu HcapoMiyHux CHaasie npu 8UKOPUCMAHHI KOMNIEKCHOI mexHoao2ii 3axucmy npu memnepamypax 800 i
850 °C we suuoxcyromovcs. Ilokasano, wo npu 6iOHOCHO Hudicuux memnepamypax gopmysanns nokpumms (1080 °C, 4
200UH), CIMPYKMYPa WIIKePHO20 NOKPUMMSL 3HAYHO BIOPIZHAECMbCA 810 AHANOSTUHUX 3 2eMEPOLEHHOI0 CMPYKMYPOIO i NO-
eHicmio gionogioae knacuunii muny RT-224. BcmanogneHo, wjo npocHo308aHUll MEPMIH CyAcOU poOoYUxX 10namox 30i-
avuyemvcest Ha 10 muc. 200un npu UKOPUCIANHI 080CIMOPOHHBO20 IX 3AXUCIY 3A KOMIIEKCHOI MEXHOL0ZICIO.

Haykosa nosusna. Ompumani pesyiomamu 0ar0ms 3M02y OYIHUMU NPoyecu, o NPoxoosms nio Yac HAHeCeHHs.
NOKPpUMMI8 ma eKCcniyamayii 1onamox i 6CmaHo8UmMuU 3anediCHOCII MIJIC MOBUWUHOIO, KIHEMUKOIO MA MUNOM NOKPUIMS
i weuodKicmio Kopoa3ii.

Ilpakmuuna yinnicme.Ompumani pe3yivmamu 00360J810Mb PEKOMEHIYEamu po3pooieHi NOKpUMMIsL ma mexHo-
J102il HaHeceH i, 5071 30LIbUIEHHS XAPAKMEePUCIMUK MIYHOCMI Ma 008208IYHOCMI eKCHIyamayii supooie.

Knrouosi cnoga: sxcapomiyni Hikenesi cniasu, 3axucHe NOKpUmMms, CIMpyKmypa nOKpUmmsi, 8UCOKOmemMnepamypHa
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