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Summary. The investigation of creating of nanolayer surface coatings based on Ti — TiN for turbine blades by vacuum-arc method was
carried out. The influence of different methods and modes of vacuum-plasma treatment of coated surface of substrates to the adhesion
value of nanolayer protective Ti — TiN coatings is studied. The best adhesion levels of the vacuum-plasma surface treatment with damage
control of substrates by microarcs achieve during the treatment of substrates in the glow-discharge plasma with subsequent treatment in
high-density plasma of two-stage vacuum-arc discharge and switch to Ti ions treatment were given. The optimal parameters of such a
complex vacuum-plasma treatment of substrates to achieve the best adhesion of coatings are determined. The investigation with the
propose of ratio definition between the thickness of the layers of Ti and TiN and the total thickness of the nanolayer coating with the value
of microhardness and adhesion to the substrate was carried out. It is given that the coating has the best combination of such
characteristics at a layer thickness of Ti and TiN, respectively, 2 nm and 8 nm and a total layer thickness of 15 um with an additional
sublayer with a thickness of 5 um. On the basis of carried out investigations the technology of coating the steam turbines blades up to
1300 mm long for protection against flow-accelerated corrosions is developed. The developed coatings were applied to a batch of serial
blades and placed as part of a turbine for operational testing at a nuclear power plant (Paks, Hungary).
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The operation reliability and service life of various heat engineering equipment: turbines, steam generators, heat
exchangers, valves and control valves, pumps, etc. largely depends on the degree of wear of the working surfaces of highly
loaded machine elements, particularly working blades of steam turbines and compressors of gas turbine engines (GTE) and
gas turbine units (GTU).

The greatest number of damage cases, that significantly reduce the service life is due to erosion, corrosion and flow-
accelerated corrosion of structural materials that are in the course of operation are subjected to the simultaneous damaging
effect of corrosion-erosion factors in conditions of gas-abrasive and wet-steam environment at temperatures up to 500—
540°C, a significant dynamic and static loads [1-3].

To date, the possibility of significant increasing the equipment durability by improving the properties of structural
materials, the introduction of more advanced design and technological solutions are almost exhausted.
The most effective way to improve the wear resistance of structural aterials is the use of protective coatings [4, 5].

Usually, in production conditions strengthening of steam turbine working steel blades is carried out by soldering of
stellite (WC) plates on the leading edge or by deposition of a very hard coating in air atmosphere (supersonic and detonation
sputtering).

As it was proven by operating experience, such methods are ineffective.

Soldering of the plates does not solve the erosive wear issue.

At the same time, this significantly deteriorates the aerodynamic properties and efficiency factor of the turbine.
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The coating sputtered in the air, is characterized by a weak adhesion to the substrate and low endurance due to the
occurrence of oxide films.

Vacuum ion-plasma coating technology has become widespread in various branches of engineering, mainly to
enhance the products durability (including erosion, corrosion and fretting resistance).

In the technological aspect has an exceptionally difficult issue of the application of the required coatings on the
elements having complex configuration and a large length, and depositing of coating on the parts inner surface.

Because in most cases temper of materials of the parts coated is not allowed, depositing of vacuum-plasma coatings
should not be carried out at temperatures which can reduce the base hardness, heat-treated to high hardness (~ 65 HRC 55).

No deformations and distortions are tolerated on the coated parts. Tempering temperature of steels normally used for
the manufacture of parts is 200-250°C, therefore, the technology must provide an implementation of the low-temperature
coating processes, with good adhesion to the base, at temperatures at least, not exceeding 200°C.

Preferably no additional machining should be applied to the surface after coating. In addition, the coating must
provide a significant increase in the service life of the friction pair at a thickness which does not lead to going beyond the
tolerances of dimensions of parts which may be only a few micrometers, and does not reduce the treatment cleanliness class
of surfaces covered, which is determined by the requirements of the design documentation, as further additional machining
of parts surface after manufacture is almost impossible in most cases.

It is sufficient to only mention the enormous costs — financial and technological necessary to achieve the necessary
size of parts of complex configuration and large relative length with stellite coatings.

A large number of works is known on sputtering of vacuum-plasma coatings for the protection of turbine blades
[6-13].

Wear-resistant and corrosion-resistant coatings can be layers of corrosion-resistant metal layers, which are repeatedly
alternating, and are selected from the group consisting of molybdenum, niobium, tantalum, tungsten, chromium, titanium,
zirconium, nickel or alloys based on them.

In work [7], a three-layer coating was developed, the first layer of which consists of a layer of one metal or metals
alloy of 1VA or V1A groups of the Periodic Table of the Mendeleev elements formed in a neutral gas environment, the
second one — in a mixture of neutral and reaction gases, and the third one — a layer of nitrides, carbides, borides or alloys
thereof.

The coating contains a layer of scandium, yttrium or rare earth metal having thickness of 0.02 - 0.08 um, the number
of layers can vary from 10 to 500, the ratio thickness is (0.02-5.0): (0.04-10) : (0.1-12.5), the thicknesses of the first two
layers have ration 1.0 : 2.0: 2.5.

Tests of these coatings revealed improved corrosion and erosion resistance of titanium blades in comparison with the
resistance to erosion and corrosion without coating, but low adhesive ability significantly reduces the operational reliability
of the products.

Coatings resistant to erosion, are described in [8].

They contain solid nitrided layer created on the surface of the core material and at least one hard layer obtained by
PVD method, created on nitrided solid layer, in which layers of chromium nitrides, titanium nitrides, and nickel nitrides are
created, which alternate with layers of nitrides of chromium/aluminum, titanium/aluminum, chromium and titanium. Such
coatings improve anti-erosion properties of the surface, however, this does not always provide the necessary erosion and
corrosion resistance of turbine blades during their operation under conditions of wet-steam erosion due to poor adhesion
ability.

In [9] a method of coating in vacuum is describes, comprising preliminary cleaning the product surface, in which
passivation-deformation treatment is performed by a flux of high-energy neutral particles before ignition. The of result
passivation-deformation treatment is obtaining a high-strength coating with high density and passivity, which increases its
durability significantly. But this method is more suitable for treatment of products that do not work in environments with a
considerable load of erosive factors.

A method of depositing a multilayer coating on metal products by means of cathode sputtering is also known; it
comprises ion cleaning and/or surface modification of products, application of at least three-layer wear-resistant coating by
sputtering of the metal layer and solid solutions of gases and layers of nitride, carbide and/or borides [10] in an inert gas
environment.

The method of obtaining erosion-resistant nano-layer coating for the turbo-machines blades is described in [11].
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The coating contains nano-layers that include a metal sublayer and nano-layers of titanium nitrides [11], as well as
carbides and/or titanium carbonitride, zirconium carbonitride, aluminum carbonitride, and nano-layers of these metals
compounds with nitrogen and carbon, as well as the implanted ions.

Vacuum-plasma application of metal sublayer and layer based titanium nitrides, which are form during the rotation of
the blades relative to their own axis, [11], and relative to consecutively located cathodes of different materials, in which
their ion-implantation treatment is carried out after depositing of each layer.

The above-described technical solutions are used to protect turbine blades against salt and gas corrosion, gas-abrasive
and drip-impact erosion.

These coatings increase the blades resistance to salt corrosion and drip-impact erosion by 1,5-2 times.

In [12] erosion and corrosion-resistant ion-plasma protective coatings based on titanium nitride for blades steel
protection are described.

Obtaining high quality firmly joint coatings of the multilayer structure requires the good condition of surface on
which the coating is deposited, as well as layers interface surfaces.

Therefore, the technological processes of the surface pre-treatment before depositing coating and in the course of
coating deposition, are particularly important.

The possibility of pre-treatment of the surface with high-energy ions is the most distinguishing feature of all ion-
plasma technologies.

Due to the surface treatment by the high-energy particles flow it is possible to achieve modification of the materials
surface properties, which usually has a positive effect on the properties of the formed coatings.

To improve the microstructure of the surface layer the new effective plasma methods of surface xomponents
preparation (plasma annealing, plasma hardening, plasma modification) is used successfully.

Electrolytic-plasma polishing of parts is broadly used [[13].

In combination with surface ultrasonic treatment such combined methods of vacuum ion-plasma treatment are
capable of ensuring elimination of possible deficiencies in the previous process operations to improve the cleanliness class
of the surface to roughness grade 12, 0.025-0.05 R,, which contributes to improvement of adhesion characteristics at the
next deposition of vacuum-plasma coatings.

To improve operational properties of steam turbines working blades [14] multilayer nanostructured vacuum-plasma
coating system of Ti-TiN system were developed using a combined vacuum ion-plasma treatment.

Processing includes pre-electrolytic-plasma surface polishing, ion-beam cleaning of the surface from oxide films, ion
implantation of the surface with subsequent depositing of multilayer vacuum-plasma coating of very hard nitride
compounds:

Ti-TiN Zr-ZrN.

All operations are carried out in one vacuum chamber.

Such coatings (with thickness of 40 pum) are distinguished for strong adhesion to the blades material and high
corrosion and wear resistance.

We have developed vacuum-plasma methods of multistage surface pre-treatment, which, as the research results
indicate, when combined with optimization of the multilayer structure allow to obtain high-quality firmly bonded coatings.

The developed process [15, 16], in which the deposition of a protective multilayer erosion-resistant coating in
vacuum-arc deposition is performed through the multistage ion-plasma surface cleaning and formation of optimized
multilayer structure of layers with predetermined repeated periods, and the thicknesses of the individual layers subject to the
set programs which ensure software-synchronized pressure regulators control of inert and reaction gases and electrical
process parameters.

When designing multilayer coatings it is expedient to create soft interlayers prior to deposition of hard coatings.

Soft layer improves adhesion of the coating with substrate material, ensures the presence of a large positive gradient
of mechanical properties in the coating, which is a good prerequisite for normal working in conditions of friction and shock
loads. These layers prevent the propagation of cracks arising in the course of operation.

This principle is used to form an optimized multilayer coating design.

The experiments were performed on the witness specimens made of steel 20X13 and titanium alloy VT6, which are
used for the manufacture of blades, with the purpose of studying the different structures of coating (total coating thickness,
thickness of layers, their sequence, the parameters of the stabilization annealing) with regard to the adhesion and quality of
coatings, to invent optimal design of multilayer protective coating (table. 1, 2).
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The layer thickness control is performed using pre-calibrated meter thickness for FTC-2800 that allows to measure
the coating growth rate from 0.01 A/sec. Applying layered coatings is carried out by setting pre-set values for nitrogen
pressure that is ensured by the software-controlled nitrogen pressure regulators.

The creation of the necessary cycle schemes to obtain set recurrence intervals and thickness of the individual layers is
provided by software-controlled pressure regulators of nitrogen pressure from the thickness meter FTC-2800.

To measure the temperature of the components the pyrometer Raytek is used. Metallographic examination and
determination of material parameters (coating thickness, uniformity, and defect structure of the material) was performed
using microscopes MMR-4 and Tesa Visio 300 gL. The coatings microhardness was measured using the PMT-3 and
BUEHLER microhardness testers at a load of 50 g.

The coatings adhesion was measured using RevetestScratchTester (RST) scratch meter.

Table 1 provides the results of the experiments performed for the choice of multilayer construction of the protective
coating.

Table 1
Experiments for the choice of multilayer protective coating design
NN Snl::tsg?:le NN First layer Ti
Process parameters First layer characteristics
current
Ip(Ti), voltage Uc, B General thickness of the first layer, um
A
1.1 90 120 5Ti
1.2. 90 90 2 Ti
1.3 120 100 3Ti
1.4 120 120 3Ti
1 p- 20X13 1.5 120 120 5Ti
1.6 100 100 3Ti
1.7 120 140 5Ti
2.1 90 120 5Ti
2.2 100 100 5Ti
2 Titanium 2.3 120 120 5Ti
alloy BT6 24 100 100 5Ti
Table 1 (continuation)
Experiments for the choice of multilayer protective coating design
Second layer Ti-TiN Common layer characteristics
PR . T otal Microhardn
NN Process parameters Second layer characteristics Ti-TiN Adhesion thlc;(nlless, ess, MPa
. Total
current voltage nitrogen Ijayer Layer thickness Recur'rence thickness of
Ip(Ti), pressure | thickness . period,
A Uc,B Po, Pa Ti, nm TiN, nm om the second
layer, pm
1.1 90 120 2.0-10°! 10 TiN Good 15 20,000
1.2. 100 90 2.0-10°! 5 10 15 15 Ti-TiN Good 17 19,000
1.3 100 100 2.0-10°! 3 15 20 12 Ti-TiN Good 15 19000
1.4 120 120 2.0-10°! 5 10 15 10 Ti-TiN Good 13 19000
1.5 120 120 2.0-10°! 2 8 10 15 Ti-TiN | Very good 20 18,000
1.6 100 120 2.0-10°! 10 10 20 17 Ti-TiN Good 20 17,000
1.7 120 140 2.0-10°! 10 20 20 20 Ti-TiN Good 25 19,000
2.1 100 120 2.0-107! 10 TiN Good 15 20,000
2.2 100 100 2.0-107! 10 10 10 15 Ti-TiN Good 20 19000
2.3 120 120 2.0-10°! 2 8 10 15 Ti-TiN_| Very good 20 18,000
2.4 120 120 2.0-10! 15 20 20 15 Ti-TiN Good 20 17,000

As can be seen from the table
1, the best design of the multilayer protective coating in terms of quality, with regard to adhesion, is the construction
provided in para.
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1.5 of table.

1, namely:

— erosion-resistant coating which contains a metal layer of titanium and layers of titanium nitrides, is a multi-layer
structure, in which:

— a primary coating layer made of Ti with a thickness of 3—5 um;

— the second layer is made as a component of the layers (Ti—TiN) with recurrence period of 10 nm and the thickness
of the individual layers of 2 nm and 8 nm respectively, with a thickness of 1015 um;

A process of multi-stage ion-plasma surface cleaning is performed as follows.
Stage 1 — treatment in a glow discharge plasma of inert argon gas.

Due to low values of plasma density and ion flux density on the treated surface, the speed of cleaning (sputtering of
the surface layers) in the glow discharge plasma is much lower than the speed of cleaning in the plasma of electric arc
discharge. Higher voltage (600 V) required for combustion of the glow discharge in such conditions can cause the
microarcs appearance on the surface contamination and the purity class deterioration. It is not possible to completely
suppress the process of the microarcs emergence, even despite the presence of a well designed system protecting against
microarcs.

So the glow discharge treatment was used for the pre-degassing and 'activation' of a fairly clean surfaces with a very
smooth potential increase.

The results of these studies indicate that the duration of surface treatment by argon ions in the argon glow discharge
plasma should not exceed 30 min.

The plasma parameters (ion current, ion density, current-voltage characteristics, spectral characteristics) during the
ion-plasma treatment was continuously monitored and archived with plasma meter 'PlasmaMeter' and 'PlasmaSpectr’
spectrometer.

Then ion-plasma processing is carried out in high-density argon gas plasma which is generated by the gas plasma
generator of Avinit installation [17].

Stage 2 - processing high-density plasma of two-stage vacuum-arc discharge inert argon gas, as a powerful plasma
source gas of plasma source, created by gas plasma generator for high-efficiency ion-beam treatment that provides strong
adhesion of the coating to the substrate material and deposition of high-quality functional coatings.

For the implementation of the gas plasma mode at the output of the electric arc source optically opaque partition is
installed which hinders the electric field effect, which is basically a louvered screen to prevent the entry of metal ions onto a
part.

High-density gas plasma is excited between the cathode of the electric arc source, in proximity to which the screen is
installed, and the plasma duct of the opposite electric arc source that is isolated from the vacuum chamber.

The cathode of such a discharge is a cathode of the arc discharge, isolated from the chamber with a special separator,
which prevents the metal flow, but it allows to create a high-density gas plasma in the chamber.

Using the probe monitoring system of plasma technological processes plasma meter “PlasmaMeter” comparative
probe measurements of plasma parameters of various plasma sources of the upgraded installation (glow, double arc
discharges) were carried out. They indicated that the ratio of flows of ions and neutral atoms for dual arc discharge plasma
generates approximately 300-1000 times more intense ion flux in comparison with the glow discharge.

This much denser plasma is used in the Avinit installation to clean the surface and ion assistance when depositing
functional coatings.

The strength of the discharge current can virtually be arbitrary and is determined only by the thermal properties of
cathode and power supply source parameters and may vary in a wide range by changing the arc current (100-200 A). The
range of operating voltages discharge is 40—70 V, at a maximum ion current density.

In ion-plasma cleaning using a high-density gas plasma, generated by gas plasma generator, there is no problem of
metal particles deposition on the surface, and therefore, the potentials can be changed smoothly for parts starting from zero
value.
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In this case the complete absence of electrical breakdowns in the contaminated portions of the surface is achieved in
comparison with the case where a complete cleaning of the surface is provided by metal ions, and thus the original purity of
the treated surface is achieved.

When working with argon, the minimum working voltage on the discharge electrodes at the maximum ion current
density corresponds to a pressure of 110> mm Hg. For nitrogen the optimal pressure is slightly lower and amounts to
2:102 mm Hg.

Ton saturation current, on the magnitude of which depends the cleaning process performance, reached high values
(~3A). The processing time in this mode varied from 10 to 15 minutes. This treatment is sufficient for transition to the
mode of sputtered metal treatment by ions.

Stage 3 — Ion treatment (cleaning by metal ions).

The main process parameters during the ion treatment is ion current (ion current density), which is used to treat the
product surface, the energy of ions bombarding the surface, and the treatment time.

The ion energy is adjusted by changing the accelerating voltage.

The density of ion current on the surface of the treated product is set by the ion current density of ion source that has
its own regulation.

Electric arc discharge plasma treatment was started immediately after suspension of treatment in gas plasma.

Smoothly increasing the voltage supplied to the product, the parameters of the arc discharge are brought to the value
set by technological process.

The mode of arc sources operation was experimentally chosen so that at continuous mode of the arc combustion the
temperature of the products would rise from 573—-623K to 800-823K while reaching the accelerating potential of 800 V
within 8—10 min.

This made it possible to avoid the intensive creation of micro arcs, which can be caused by increased gas emission
due to additional heating of the product surface and equipment during treatment, insufficient degree of pre-cleaning of the
equipment and products before the chamber vacuum treatment, etc.

The stage of ion treatment can include treatment not only in pure inert gas, but also with impurities of other gases (O,
Ny etc.), that is, to carry out plasma chemical treatment.

Table 4 shows the results of the experiments performed on the witness specimens in conditions that meet the real
conditions of the proposed coating use, in order to study the effect of different stages of pre-treatment of the surface on the
adhesion and quality of coatings obtained with the optimal structures provided in the previous tables. 1, 2 (para. 1.5 of
table 1, para. 2 of table 2).

Table 2
Experiments to study the effect of different stages of surface pre-treatment on adhesion and coating quality
1.1. Treatment in glow discharge plasma: 1.2 Treatment in high-density argon plasma
NN
Process parameters Plasma characteristics Process parameters Plasma characteristics
pressure |,. plasma |temp. of| ionization pressure | plasma | temp. of ionization
v&lza%e Ar Pno, trlnnilg’ density | electr. | degree a, clu rrilt 601;3' Ar, density n, | electr. T, degree
? Pa 1 n,em? | T,eB | ion/atom P ’ Pn2, Pa cm eB a, ion/atom
Glowing 1.1
1.1 800 1-10 | 15 1-107 0.1 107
1.2.| 1,300 1-107 | 30 2-107 0.15 107
Glowing + ions Ti 1.1 +1.3
1.3 1,300 1-107 | 30 2-107 0.15 107
1.4 1,300 1-107 | 30 2-107 0.15 107
Glowing + DVDR +ions Ti 1.1 +1.2 + 1.3
1.5 1,300 1-107 | 30 2-107 0.15 107 100 | 100| 1-1073 6-10° 5 10+
1.6 1300 1-107 | 30 2:107 0.15 107 120 | 200| 1-1073 6-10° 5 10+
1.7 1300 1-101 | 30 2-107 0.15 107 120 | 500| 1-10° 6-10° 5 10+
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Table 2 (continuation)

Experiments to study the effect of different stages of surface pre-treatment on adhesion and coating quality

1.3. Treatment with ion ions. Common layer characteristics
NN Total
Process parameters Plasma characteristics Adhesion thickness, Microhardness, MPa
pm
jons current
current volt. | time, ener density time,
Ip(Ti), A |Uc,B | min. gy 3 min
eB 2
mA/cm
Glowing 1.1
1.1 Satisfactory 15 20,000
1.2 Satisfactory 17 19,000
Glowing +ions Ti 1.1 +1.3
1.3 100 90 10 300 0.1 15 Good 15 19,000
1.4 120 100 15 | 1,000 0.2 30 Good 13 19,000
Glowing + DVDR +ions Ti 1.1 +1.2 + 1.
1.5 120 100 15 | 1,000 0.2 30 Very good 20 18,000
1.6 120 100 15 | 1,000 0.2 30 Very good 20 17,000
1.7 120 100 15 | 1,000 0.2 30 Very good 25 19,000

Coating was deposited under optimal process conditions (para. 1.5 of table 1).

To improve the adhesion characteristics of the coating in the course of coating, stabilizing annealing was carried out
every 50 layers at the same temperature without deposition of coating by turning off nitrogen supply and increasing the
displacement potential on the parts to stop coating deposition.

The experiments we performed (Table 3) allowed us to find the optimal parameters of the stabilizing annealing process
(para. 2 of table 3), which significantly improves the adhesion characteristics of the coatings obtained.

Experiments to select parameters of stabilizing annealing

Table 3

NN Substrgte Parameters of.stabﬂlzmg Process parameters Common layer characteristics|
material annealing.
Nitrogen Displacement | Time, . Microhardness,
pressure . . Temperature | Adhesion
Py, Pa potential, Uc, B| min. MPa
1 Every 30 layers Ti-TiN 0 120 3 At T, Good 18,000
2 Every 50 layers Ti-TiN 0 120 5 At T, Very good 18,000
3 | P 20X13 Every 100 layers Ti-TiN 0 120 5 At Ty Very good 18,000
4 Every 150 layers Ti-TiN 0 120 5 At Ty Good 18,000

In the course of coating deposition stabilized annealing is performed every 50 layers at the same temperature without
coating deposition by turning off nitrogen supply and increasing the displacement potential on the parts to stop coating
deposition.

Carrying out process of ion-plasma purification and formation of layers with predetermined recurrence periods and
thicknesses of individual layers during vacuum-arc deposition of the protective coating, is performed by programmatically
set cycle schemes that provide program-synchronized control of pressure regulators of inert and reaction gas parameters.

The processes of multi-stage ion-plasma purification, subsequent vacuum-arc deposition of a protective erosion-
resistant coating that contains layers based on titanium nitride, and stabilizing annealing of the coating is carried out in a
single vacuum chamber within a single process cycle.
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Thus, as it follows from table 1, 2, coating deposition at optimal process modes (para. 1.5 of table 1) and stabilizing
annealing (para. 2 of table 2) allows to get the best results for adhesion of multilayer protective coatings, as evidenced by
the lack of chipping and local sublayers.

The best results for adhesion and quality of coatings are achieved at optimal modes of the process in para. 1.5 (table 2).

It is under these conditions that deposition of erosion resistant multilayer coatings for turbine blades was carried out.

Currently we possess a unique equipment at our disposal and the technology of depositing coatings developed by us,
on the complex configuration and a large length elements, as well as coating depositing on the parts inner surface.

Certain elements of our nanomaterials, nanotechnologies and equipment are unique, and protected by patents while
having no analogues.

The coating deposition is carried out in the Avinit installation [17].

After all shape-generating mechanical treatments before coating deposition, standard operations of thorough
degreasing in an ultrasonic bath, rinsing in petrol-acetone solvents, drying in a drying Cabinet at a temperature of 60C are
performed.

The blade is placed in special technological tools, in a vacuum chamber of Avinit installation where vacuum of at least
2.0-10-3 Pa is created.

Vacuum-plasma deposition of underlying metal is consistently preceded by three stages of treatment that include a
product surface treatment in a glow discharge plasma of inert argon gas, the surface treatment in high-density plasma of
two-stage vacuum-arc discharge of inert argon gas and, finally, ion-beam treatment with metal ions in accordance with
optimal process modes.

Carrying out such a three-stage treatment ensures high quality surface cleaning before coatings are deposited and
firmly bonded coatings are obtained.

Then a multicomponent coating is formed by vacuum arc deposition from a plasma phase in the environment of the
nitrogen reaction gas with ion bombardment under optimal process modes.

Thus, Avinit structures of multilayer coatings were developed [15, 16], as well as equipment and technologies for their
deposition on long (1,500 mm) and large-dimension (100 kg) parts of turbines of thermal and nuclear power plants (working
blades of turbines, rails-gear wheels, shafts, etc.).

The developed coatings were deposited on a batch of steam turbines serial blades (1,300 mm long) to protect against
corrosion-erosion damage.

For control purposes the witness specimens were installed in different parts of the blades — on the convex and curved
surfaces, in the areas of shrouding, feather, and blade locking pieces (table 4).

The most thorough inspection of working blades with developed coatings did not reveal any damage of coatings on all
sections of the blades.

Table 4
Characteristics of coatings on witness specimens located in different blade areas
Common layer characteristics
NN Areas of witness specimens location ] . .
Adhesion Total thickness, um Microhardness, MPa

1 (L;=100 cm) Very good 15 20,000
2 | on convex (L= 500 cm) Very good 16 20,000
3 | surfaces (Ls= 1,000 cm) Very good 17 19,000
4 (L;=100 cm) Very good 15 20,000
5 | oncurved (L>=500 cm) Very good 16 20000
6 | surfaces (Ls= 1,000 cm) Very good 17 19,000
7 | in shrouding area Very good 19 18,000
8 | In feather arca Very good 20 18,000
9 | in the lock area Very good 12 20,000

L — distance from blade locking piece.

Coating was deposited under optimal process conditions (para. 1.5 of table 1, para. 2 of table 2).

According to the metallographic studies of the samples, the low-temperature (T <200°C) modes ensure formation of
high quality cohesive coatings after the coating have been deposited. Coating deposition at temperatures not exceeding
150-200 ° C does not reduce the output surface hardness.
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The coatings microhardness has values in the range of 15,000-20,000 MPa (for Ti-N based nanocoatings).

The coatings have good adhesion to the substrate material.

No cases of coating peeling were observed when applying scratch mesh. The nanocomposite coatings had a layered
structure of layers of appropriate composition with a thickness of ~ 10-15 nm.

Coating deposition is a finishing operation — no further refinement of the parts surface is required after manufacture.
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Fig. 1. Turbine blades with developed protective coating using new complex plasma chemical
nanotechnologies and equipment (1,300 mm long)

Fig. 2. Turbine blades in the course of coating deposition Fig. 3. Turbine rail tooth gear with protective coating
(length — 1,000 mm, weight — 70 kg)

A batch of blades with developed coatings (fig. 1) installed as a part of the turbine for operational testing at NPP
(Paksi, Hungary).
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BaKyyM-HJIaBMeHHI)Ie 3alllUTHBIC IIOKPBITHA AJA JIOIMATOK TypﬁI/IH
A. B. Caranosuy, B. B. Caranosuy, B. B. [Tonos, C. ®@. lyninux

Annomayus. Ilpogedenvt uccnedosanus no NOIY4EHUIO 8aKyyM-0y206blM MemoOOM HAHOCIOUHBIX 3AUUMHBIX NOKpbimull Ha ocHose Ti —
TiN ona nonamox mypoun. H3yueHo 6nusHue PATUYHBIX MEMOO08 U DeXHCUMO8 BAKVYM - NIA3MEHHOU 00paboOmKu NOBepXHOCMU
NOKPbIBAEMBIX NOONONHCEK HA 6ETUYUHY adz2e3uul HaHOCTOUHbIX 3auumHuelx nokpeimuil Ti — TiN. Ilokasano, umo Hauryuwue nokasamenu
aodeesuu npu GaKyym —  NIA3MEHHOU 00pabomke nOBePXHOCMU ¢ NPeOOMEPAUjeHUeM NOBPENCOCHUST NOONONCEK MUKPOOYeaMU
docmuearomesi npu o6pabomre NOONOJNCEK 6 NAA3Me Miernujeco paspaod ¢ nociedyioujell 0dpabomkol 8 GblCOKONIOMHOU NIaA3Me
08YXCHIYNeHuamo20 6aKyymM-0ye08020 paspada u nepexooa k oopadomxe uonamu Ti. Onpedenenvl onmumanvhvle napamempuvl maxot
KOMNIEKCHOU 8aKYYM-NIA3MEHHOU 00padomKu noonodicek Oasi OOCIMUICEHUS HAUTyYux noxkazamenei adzesuu nokpoimui. Ilposedenwl
UCCTIe006AHUsL C YeNblo ONpeOelleHuss ONMUMAIbHO20 coomHouteHuss monwunsl cioeé Ti u TIN u obweil monyunvl HAHOCIOUHO2O
NOKPbIMUA HA 8eIUHUHY MUKPOMEEpOOCmU U adze3uu K noonoxcke. Tlokazamo, umo noxpvimue od1a0aem HAULYHWUM COYEmaHuem
maxux xapaxmepucmux npu monwutne croes Ti u TiN, coomeemcmeenno, 2 wm u 8 wm u obwen monwyumne cios 15 mxm ¢
oononnumenvHoim noocnoem uz Ti monwunoi 5 mxkm. Ha ocHosanuu nposedenuvix ucciedosanuli ompabomana mexHono2us HaHecemus
NOKpLIMUl HA JIONAMKU Napoguix mypoun oaunou 00 1300 mm 0rs 3awumvl 0m  KOPPOZUOHHO-IPO3UOHHLIX NOBPENCOCHUI.
Paspabomannvie nokpvimus 6vliu HAHECEHbl HA NAPMUIO CEPULIHBIX pAOOYUX JIONAMOK U NOCMABNEHbl 6 COCmase MypOuHvl Ha
axcnayamayuonnsle ucnoimanus Ha ASC (Ilaxw, Benepus,).

Knrouesste cnosa: 3auummnsie nokpeimus, mumat, HUMpuo mumana, 10namxu mypouH, 6axyym-0y206ble Memoobl.
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Anomauia. [Iposedeno 00CniodHceHHs N0 OMPUMAHHIO 8AKYYM-0Y208UM MEMOOOM HAHOWAPOBUX 3AXUCHUX nokpummie Ha ochosi Ti - TIN
ona nonamox mypoin. Bueueno ennug piznux memooig i pedcumie 6axyym - NiazmMosoi 00poOKu nogepxni NiOKIAOUHOK, WO
NOKpUBAIOMbCAl, HA Genuduny aoeesii Hanowaposux zaxucuux nokpummie Ti - TiN. Iokasano, wo uatkpawi noxkasHuxu aoeesii npu
6aKYYM - NAA3MOGIL 00poOYi NOBepxXHi 3 3aN00ICaAHHAM NOUKOOICEHHS NIOKAAOUHOK MIKpoOyeamu 00Cs2aromovcsi npu oopoodyi
NIOKAAOUHOK 8 NILA3MI MATI0Y020 PO3PSIOY 3 NOOANLULOIO 0OPOOKOIO 68 BUCOKOWINbHIN NAA3MI 0BOCYNEHEB020 8AKYYM-0Y208020 PO3PAJY i
nepexody 0o 06pooku ionamu Ti. Busnaueno onmumanshi napamempu maxoi KOMIIEKCHOI aKyyM-niazmosoi o6pobku nioKiaouHox OJis
00CsIZHeHHsl HAUKPawux nOKA3HUKig@ aoeesii nokpummis. Ilpoeedeno 0ocniodcents 3 Memoio 8UHAYEHH ONMUMATLHO20 CRIBGIOHOWEHHS.
moswunu wapis Ti i TiN i 3a2anbHol MOSWUHU HAHOWAPOBO2O NOKPUMMS HA GETUHUHY MIKPOmMEepoocmi U adee3ii 00 NiOKIAOUHKU.
Tlokaszarno, wo nokpumms mae HauKpauje NOEOHAHHAM MAKux xapakmepucmux npu mosujuri wapis Ti i TiN, 6ionogiono, 2 um i 8 Hm i
3azanvhiil moswuni wapy 15 mxm 3 Ododamkosum niowapom 3 Ti moswunoro 5 mxm. Ha niocmasi nposedenux 0Oocniodicetsb
BIONPAYLOBAHO MEXHONO2II0 HAHECEeHHs. NOKPUMMIE HA JIONAMKU NaAposux mypoin 006xicunoto 0o 1300 mm ons 3axucmy 6i0 Kopo3iliHo-
epo3iiHUX nowkooicenv. Pozpobneni nokpumms 6ynu naneceni Ha napmilo cepitinux pobouux 10namox i NOCMAasieHi 6 CKAadi mypoiHu
na excnayamayivni eunpooysanns na AEC (Illaxw, Yeopwuna).

Knrouogi cnosa: saxucni nokpumms, mumaw, Himpuo mumawy, 100amxu mypoin, 8axKyym-0y206i Menmoou.
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