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In this work, we investigated the cavitation, abrasion and corrosion resistance of vacuum arc coatings Ti-Cr-N.
Nanostructured coatings with a thickness of 10 um were deposited on AlISI 430 steel substrates from filtered plasma
flow using Ti-Cr cathodes containing 23 and 32 wt.% Cr at nitrogen pressure from 0.12 to 0.67 Pa. Nanocrystalline
(nc) or amorphous-nanocrystalline (a/nc) coatings based on cubic solid solution (Ti.,Cr,)N with chromium content
from x = 0.11 to x = 0.25, CSZ size in the range of 6...14 nm and different axial textures were tested. The coatings
had a high hardness of 31...46 GPa, however, changes in the cathode composition and/or nitrogen pressure during
deposition affected the chromium content in the coatings and their structure, which altered their protective
properties. Nevertheless, all the studied coatings effectively protected the steel substrate during testing. Nc coatings
with a low Cr content of 11...13 at.% and a hardness of 30...33 GPa shown the best cavitation wear resistance. The
reduction in the crystallites size of the solid solution (Ti;,Cr,)N and the formation of the [110] texture contributed
to the improvement of cavitation resistance. Coatings with a high Cr content of 18...24 at.% had the best abrasion
resistance, besides the a/nc structure with a high hardness of about 46 GPa had certain advantages, but it showed the
worst results in cavitation and corrosion tests. The nc(Tigg;Crg13)N coating with a [111] texture and a hardness of
33 GPa proved to be the most corrosion-resistant, although it had the worst resistance to abrasive wear. The
appearance of the anodic polarisation curve for this coating differs from other specimens and has a secondary
passivated region. It has been shown that optimizing the deposition parameters during the synthesis of coatings with
a high Cr content of about 25 at.% allows for further improvement of the abrasive or corrosion resistance of coatings
with a/nc and nc structures, respectively. With regard to the comprehensive protection of steel products from
cavitation, abrasion and corrosion, the use of nanocrystalline coatings appears to be the most appropriate.

INTRODUCTION
Modern energy equipment operates under harsh

A modern method for obtaining hard nanostructured
coatings is vacuum arc deposition using multicomponent

conditions of abrasive wear, cavitation, and aggressive
environments [1]. During the long-term operation of
power equipment, changes in loads, temperatures, and
hydrogen-containing media cause the structural, phase,
and physical properties of the steel in this equipment to
change, especially in  the  hydrogen-cooled
turbogenerator [2]. The working blades of the last stages
of the low-pressure cylinders of high-power steam
turbines are also susceptible to wear damage [3]. For
instance, cavitation can damage steels of various
structural types (austenitic and ferritic-martensitic) [4]
as well as alloyed titanium alloys [5, 6]. Material wear
can lead to a significant damage and equipment failure
[71.

Due to the increasing maintenance costs associated
with cavitation erosion and/or erosion caused by solid
particles in hydraulic machines and tribological
connections, protecting the surfaces of these components
is crucial [8]. The use of ion-plasma coatings based on
titanium nitride [9] or complex alloy coatings [10, 11]
can significantly reduce surface wear of materials,
thereby increasing the reliability and service life of
equipment. Testing materials and coatings for cavitation
wear allows predicting their stability and protective
properties under operating conditions [12].
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cathodes [13, 14]. Vacuum arc coatings based on
transition metal nitrides using Cr as an alloying element
are characterized by increased mechanical, corrosion,
and erosion resistance, as well as resistance to oxidation
at high temperatures, and can be used to protect nuclear
reactor fuel elements [15]. Despite the wide variety of
work in this area [16-21], the question of the influence
of the structure of Ti-Cr-N coatings on their operational
characteristics when using Ti-Cr cathodes in a wide
range of Cr additives is of interest. To a large extent, it
can depend on the deposition conditions: in a direct or
filtered plasma flow. A known advantage of deposition
in a separated flow is the production of homogeneous
coatings that do not contain macroparticles; a
disadvantage is the low deposition rates. Deposition
from a filtered flow allows protective coatings coating
of various compositions with higher performance
characteristics to be obtained. However, publications on
this topic pay little attention to the Ti-Cr-N coatings [22,
23]. Coatings for energy equipment must provide
effective protection of the part working surface from
combination of destructive factors, the main ones being
cavitation, abrasive wear, and corrosion. The protective
characteristics of coatings are determined by their
composition and structure [9, 10, 24].
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In our recent work [25], we investigated the
elemental composition, structure, and mechanical
properties of Ti-Cr-N coatings deposited in a wide range
of nitrogen pressures from unfiltered and filtered
vacuum arc plasma flows from Ti-Cr alloy cathodes
containing 23 and 32 wt.% chromium. It was shown that
the use of a filter allows the droplet component to be
effectively separated from the plasma flow and coatings
with reduced surface roughness to be obtained. Coatings
obtained from filtered plasma in the nitrogen pressure
range of 0.12...0.67 Pa have a high hardness of
31...45 GPa due to the formation of a nanostructured
cubic solid solution (Ti,Cr)N with an NaCl-type HSC
structure. However, changes in the cathode composition
and/or nitrogen pressure during deposition affect the
chromium content in the coatings and their substructure,
which can alter their protective properties. Studying the
wear resistance of such coatings under various
influences is interesting for understanding both physical
processes and practical applications. The aim of this
work was to test nanostructured vacuum arc Ti-Cr-N
coatings for cavitation, abrasive wear resistance and
corrosion in a 3 wt.% NaCl solution. The influence of
chromium content and coating structure on their
protective characteristics was analysed.

EXPERIMENTAL DETAIL

Vacuum arc Ti-Cr-N coatings were deposited on a
Bulat-type installation using plasma sources with
magnetic cathode spot retention and plasma flow
focusing [26]. Vacuum arc remelting process was used

for the production of two-component Ti-Cr cathodes:
Ti-23wt.%Cr (Ti0,78Cr0,22) and Ti-32wt.%Cr (Tio]Cl’olg).
A linear filter [27] with a @ 60 mm was used to filter the
plasma flow. This filter was located at a distance of
150 mm from the cathode surface. The cathode-substrate
distance was 350 mm. Coatings with a thickness of
about 10 um were deposited on AISI 430 steel
substrates with dimensions of 20x10x1.5 mm. The main
deposition parameters were: arc current — 90 A,
substrate negative bias voltage — 270V, nitrogen
pressure within the range of 0.12...0.67 Pa.

The morphology of cross sections and the elemental
composition of coatings were studied by scanning
electron microscopy (SEM) on a JSM 7000-1F
microscope equipped with an attachment for X-ray
energy dispersive microanalysis. The phase composition
of the coatings, the size of the coherent scattering zone
(CSZ) and the texture were controlled by X-ray
diffraction (XRD) on a DRON-3 diffractometer. The
main deposition parameters and structural characteristics
of coatings of different compositions (specimens #1-4)
selected for testing resistance to various types of
influences are given in Table 1. The data show that the
used deposition modes made it possible to obtain
nanocrystalline (nc) or amorphous-nanocrystalline (a/nc)
coatings based on a cubic solid solution (Tiy,Cr)N
with a chromium content ranging from x = 0.11 to x =
0.25, an CSZ size ranging from 6 to 14 nm, and different
axial textures [25].

Table 1
Deposition parameters and structural characteristics of coatings (Tiy.,Cr)N

Specimen # 1 | 2 3 | 4
Cathode compositions Tig75Cro.2 Tig.70Cro.s0
Nitrogen pressure, Pa 0.12 0.67 0.12 0.67
Coating composition Nc(TiggeCro11)N | Nc(Tige7Cro13)N | a/nc(TigeaCro1g)N | Nc(Tig76Cro24)N
CSZ dimension, nm 7 14 6 8
Axial texture [110] [111] [100] [110]+[111]

The microhardness of the coatings was measured
using a PMT-3 microhardness tester at a load of 0.5 N.
Surface roughness was measured using a profilometer,
and coating thickness was measured using
microinterferometer Mil-4.

The following methods were used to conduct
laboratory studies of the performance characteristics of
the specimens. Cavitation wear of specimens with
deposited coatings was carried out on a device [9],
which was an ultrasonic generator providing vibrations
at a frequency of 20 kHz. The vibrations occurring in
the aqueous medium led to erosion of the coating
surface. Their degree of destruction was determined by
weight loss Am depending on the exposure time t to
cavitation.

The abrasive wear of the specimen surfaces was
investigated on the ABI-1 laboratory setup. The setup
includes an electric motor, a shaft with an abrasive disc,
a specimen mounting system, and a load. Wear was
carried out according to the plane-disc scheme. A disc
made of rubberized material containing abrasive
particles served as a counterbody for flat specimens
with coatings. The speed of the disc surface in contact

with the specimen plane was 4.4 m/s, and the load on
the specimen was 2.2 N. The level of abrasive wear was
determined by the weight loss Am depending on the test
time t.

To study the corrosion resistance of the specimens, a
potentiometric test method was used, which was carried
out in an electrochemical cell of a PI-50-1 potentiostat
at room temperature in a 3% NaCl agueous solution.
Anodic polarization curves were analyzed.

RESULTS AND DISCUSSION

Fig. 1 shows electron microscope images of cross
sections of coatings #1-4 (see Table 1) obtained from
filtered vacuum arc plasma using cathodes containing
different amounts of chromium (Tig7sCroz, and
Tig7Croz) at two nitrogen pressures in the vacuum
chamber (0.12 and 0.67 Pa). It can be seen that the
coatings are uniform in thickness and consist of
nanoscale structural elements. No droplets of cathode
material are observed in the coating, which indicates
high plasma filtration quality. Changing the deposition
parameters affects the structure of the fractures.
Coatings #1, 2, and 4, which according to X-ray
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structural analysis data have a nanocrystalline structure
based on a solid solution of nc(Tiy,Cr)N with a cubic
structure of the NaCl type, consist of narrow columnar
grains. The structure of the fractures is dense, has a
step-like appearance and is similar to the coating of the
transition region between zone T and zone 2 of the
Anders structural diagram [28]. Columnar growth is
interrupted and the columns do not extend all the way
from the substrate to the surface. The average
transverse size of the columns is in the range of
100...150 nm. This cross-sectional morphology is
typical for nanostructured nitride coatings obtained
from filtered vacuum arc plasma [29].

The greatest thickness and width of columns is
found in coating #2 nc(Tigg,Crq13)N, which correlates
with the maximum value of the solid solution's average
CSZ size of 14 nm, and the smallest is found in coating
#1 nc(TigeeCro11)N with an average CSZ size of 7 nm.
Enlarged images of the fractures of specimens #2 and 4
show the layering of the columns, which can be
associated with the presence of texture in the coatings.

In specimen #2, an axial texture with an axis [111] in
the direction normal to the surface was found, i.e., the
predominant arrangement of the BCC crystal grains
with densely packed (111) planes parallel to the coating
surface. Thus, the fracture of the specimen for
microscopy runs across the (111) planes with the
maximum bond density, i.e., the least preferred path for
destruction, which leads to the formation of a layered
relief across the columnar nitride crystals. A double
texture [110]+[111] was found in coating #4, so in
addition to the transverse layers, layers located at an
angle of 30...40 degrees are observed in part of the
columnar crystals, which corresponds quite well to the
angle between the texture axes of 35 degrees. The
fracture of coating #3 differs significantly from other
specimens and has a dense morphology in the form of
small rounded particles, which is due to the formation
of an amorphous-nanocrystalline structure
a/nc(TiggCro1g)N with the presence of a significant
amount of amorphous phase, which interrupts columnar
growth.

Fig. 1. SEM images of a transverse fracture of the specimens #1-4 with coatings (Ti;,Cr)N obtained using
Tig.78Cro22 (1, 2) and Tig7Crq3 (3, 4) cathodes at a nitrogen pressure in the vacuum chamber of 0.12 Pa (1, 3)
and 0.67 Pa (2, 4). The images in the upper and lower rows differ in scale

The results of electron microscopy do not show
clear correlations between the elemental composition
and morphology of the coatings. For example, coatings
#2 nc(TipgCrog3)N and #4 nc(Tip76Cro24)N, which
differ twice in chromium content, have a similar
nanocrystalline structure. Fig. 2,a shows the effect of
cathode composition and changes in nitrogen pressure
in the vacuum chamber during deposition on the
chromium content in the coatings. It should be noted
that with such changes in the deposition parameters, the
nitrogen content in the coatings remains unchanged
within the margin of error. As can be seen in Fig. 2,a,
with an increase in nitrogen pressure from 0.12 to
0.67 Pa, an enrichment of the coatings with chromium
is observed. For (Ti;,Cry)N coatings obtained from a
Tig70Cro30 cathode, the chromium content gradually
increases from x = 0.18 to x = 0.24. For a cathode with
a lower chromium content, Tig75Cro, the increase is
less significant, from x = 0.11 to x = 0.13. In both cases,
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the chromium content in the coatings is lower than in
the cathode, which is associated with the peculiarities of
selective spraying of the growth surface [25]. It is
known that under deposition conditions that ensure the
formation of crystalline TiN, CrN coatings may have a
less perfect crystalline structure [18], therefore, a higher
chromium content in the cathode contributes to the
amorphisation of Ti-Cr-N coatings. At the same time,
the chromium content is not a determining factor in the
formation of a nanocrystalline or amorphous-crystalline
structure, since nitrogen pressure is also important. The
formation of nitride coatings deposited from filtered
highly ionised plasma occurs under conditions of
intense ion bombardment of the surface. The
composition, substructure, texture and residual stresses
in the coatings of different systems are very sensitive to
the substrate bias voltage and working gas pressure,
which affect the energy of the bombarding particles of
the metal plasma that form the coating [30-34]. With
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increasing nitrogen pressure, the energy of the
deposited particles decreases due to scattering on gas
molecules, which leads to a weakening of the
bombardment effect [35, 36].

The effect of Cr content on the hardness of Ti-Cr-N
coatings is not clear-cut. It is known that the hardness
of coatings depends on many factors, among which the
decisive ones are not only the ratio of metal
components, but also the nitrogen content, phase
composition, substructure, defect density of the crystal
structure, and the level of residual stresses [37]. The
high microhardness of the obtained coatings
(TizCryN (>30 GPa) is mainly due to the
nanostructure, and the additional increase in the
hardness of coatings deposited using a cathode with a
higher Cr content is associated with the effect of solid
solution strengthening. When pressure changes, most of
the characteristics of Ti-Cr-N coatings that affect
hardness change. Fig. 2,b illustrates the effect of
nitrogen pressure during deposition on the coatings
hardness. When using a cathode with a lower chromium
content, Tig7sCrgop, an increase in pressure leads to a
slight increase in the coatings hardness from 30.6 to
32.7 GPa, which can be attributed to an increase in the
chromium content in the solid solution (see Fig. 2,a).
For coatings deposited from a Tig79Crq 3 cathode, with
an increase in nitrogen pressure, despite the increase in
the chromium content in the coatings, the hardness
decreases from 45.6 to 35.8 GPa, most likely due to a
decrease in stress levels during the transition from an

amorphous-nanocrystalline  to a  nanocrystalline
structure.
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Fig. 2. Effect of nitrogen pressure during deposition on
the chromium content (a) and hardness (b)
of (Tiy,Cr)N coatings deposited using cathodes
of different compositions

The results of tests for resistance to cavitation,
friction and corrosion of specimens with coatings
(Ti;xCry)N are shown in Figs. 3-5. Table 2 shows the
hardness of the coatings, the average rate of cavitation
and abrasive wear, and the potential at which pitting
(local corrosion pits) begins to form. It can be seen that
the protective characteristics of the coatings have
certain differences.

Table 2

Results of coating tests (Tiy.,Cr,)N
Specimen # 1 2 3 4 5 6
Coating nc nc a/nc nc a/nc nc
composition (TiogeCroa1)N | (TiogrCroas)N | (TigsCrosg)N | (Tio76Cro24)N | (Tiog1Croag)N | (Tigz5Cro2s)N
Hardness, GPa 30.6 32.7 45.6 35.8 40.8 36.0
Cavitation wear 83 123 300 167 B B
rate, ug/h
Abrasive wear 43 67 97 33 7 3
rate, ug/h
Pitting potential, 0.72 0.89 0.50 0.75 _ 1.4
v . . . . .

Fig. 3 shows the kinetic curves of cavitation wear
for specimens #1-4. Specimens with nanocrystalline
coatings #1, 2, and 4 are characterised by fairly good
wear resistance (with similar curves) and effectively
resist cavitation effects for 3 h. During the first part of
the test, 50...60% of the total weight loss of the coated
specimens due to cavitation is observed, and then the
wear rate decreases by 2-3 times. The average
cavitation wear rate of nanocrystalline coatings is in the
range of 83...167 pg/h. The best resistance is
characterised by coating #1 nc (TipgeCro11)N with a
minimum chromium content, small nitride grains and a
[110] texture. The specimen with coating #3 a/nc
(Tigg2Crg1g)N coating, which has an amorphous-
nanocrystalline structure, showed the worst protective
properties with a consistently high wear rate of about
300 pg/h, which is 2-3 times higher than that of
specimens with a nanocrystalline structure and quite
close to the value for uncoated AISI 430 steel [38]. It
should be noted that, as can be seen from Table 2 and

Fig. 3, there is a clear correlation: an increase in
hardness leads to a deterioration in cavitation resistance.
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Fig. 3. Kinetic curves of cavitation wear of specimens

#1-4 with coatings (Tiy.,CrN
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Fig. 4 shows the kinetic curves of abrasive wear of
specimens #1-4. Data for the traditional TiN coating
are given as well. It can be seen that all coatings
(Tiyx,Cr)N are characterised by high wear resistance,
much higher than that of the TiN coating. After just
0.5 h of testing, the TiN specimen had lost 0.12 mg in
weight. As for the (Tiy..,Cry)N coatings, this figure is
only 0.025...0.03 mg, and in further abrasive tests of
coatings with a total duration of 1.5 h, the wear rate
decreases significantly, similar to cavitation tests. The
highest average abrasive wear rate of 67 pg/h was
shown by a nanocrystalline coating with a relatively
small amount of chromium #2 nc(Tigg;Cro13)N, which
was characterised by the maximum size of solid
solution crystallites and [111] texture. It can be seen
that changing the texture to [110] or [100] and
increasing the chromium content in the coating to
18...25 at.% contributes to improved wear resistance.
No clear correlations between hardness and abrasion
resistance were found, however, the hardest coating
#3 a/nc(TiggCro18)N with an amorphous-
nanocrystalline  structure, which had the worst
cavitation resistance, showed the lowest abrasive wear
rate of 27 pg/h. The main destructive factor acting
during abrasive wear is the cutting of material by a
large number of micro-cutters, which are abrasive
particles. Therefore, in the process of micro-cutting, the
coating with the lowest hardness is more susceptible to
material removal. In particular, the least resistant TiN
coating had a hardness of only 27 GPa. Another factor
that can reduce the abrasive resistance of traditional
TiN coatings is deposition without the use of a plasma
filter. It is known that coatings deposited by vacuum arc
deposition from a direct (unfiltered) stream of metal
plasma are characterised by a defective structure
associated with the presence of cathode material
macroparticles, which in the case of thin coatings can
contribute to the formation of through pores and impair
protective properties. In this work, coatings with a
thickness of about 10 pm were investigated in order to
minimise the influence of porosity and focus on the
elemental composition and structure [38].
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Fig. 4. Kinetic curves of abrasive wear of specimens
#1-4 with coatings (Tiy.,,Cr)N. For comparison, data
are given for the traditional TiN coating and coating
#5 a/nc(Tigg:Cro10)N, obtained by optimizing the
deposition parameters

ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. Ne5(159)

Thus, coatings #3 and 4, obtained from a cathode
with a high chromium content of Tiy;Cros at two
nitrogen pressures in the vacuum chamber of 0.12 and
0.67 Pa, respectively, showed the best abrasion
resistance, with the amorphous-crystalline structure of
coating #3 having advantages over the slightly higher
chromium content in coating #4. Optimized coating
#5 a/nc(Tigg:Cro19)N was synthesized from the same
cathode at an intermediate nitrogen pressure of 0.27 Pa,
which allowed the amorphous-nanocrystalline structure
to be preserved with an increased chromium content of
19 at.% and a reduced hardness value of 40.8 GPa
compared to specimen #3. The results of abrasion tests
of coating #5 (see Fig. 4 and Table 2) indicate
extremely high wear resistance with an average
abrasive wear rate of 7 pg/h, which is 3.8 times less
than that of coating #3 a/nc(Tigg,Cro1g)N and 30 times
less than that of TiN coating.

The results of corrosion tests of specimens in a 3%
aqueous NacCl solution at room temperature are shown
in Fig. 5. The anodic polarisation curves of specimens
#1-4 as well as data for the AISI 430 steel substrate and
traditional TiN coating are shown. The sharp rise in
current on the j-E dependence for steel corresponds to
the pitting reaction that occurs on the steel surface with
the formation of soluble iron compounds [39, 40]. In
relation to the substrate material, all coatings have a
protective effect and shift the pitting potential to the
positive range, but their anti-corrosion properties differ
significantly. Both metals (Ti, Cr) that form the basis of
the studied coatings are tend to passivation, which
depends on the structure, roughness, stress and other
characteristics of the coatings [41-44]. A comparison of
the polarisation curves (see Fig. 5) shows that different
processes occur in the studied specimens. The nature of
the anode current growth can be associated with both
the formation of oxides of different compositions (e.g.,
Cr,03, TiO,) and active dissolution (pitting corrosion).

It can be seen that deposition of a traditional TiN
coating to the surface of AISI 430 steel leads to a
decrease in anodic activity. The increase in potential in
the first stage of testing does not cause significant
changes in current. In the passive region, pitting begins
at 0.3 V, and a further increase in voltage (> 0.55 V)
leads to a sharp increase in anodic current, i.e., a
transition from a passive state to an active dissolution
mode is observed. The amorphous-nanocrystalline
coating #3 a/nc(TiggyCro1g)N demonstrates slightly
better behaviour, for which the pitting potential shifts to
0.5V. The formation of a nanocrystalline structure
contributes to a further increase in the corrosion
resistance of (Ti;4Cry)N coatings. Despite the
maximum difference in chromium content between
coatings #1 nc(TiggeCro11)N and #4 nc(Tig76Cro24)N
have fairly similar corrosion properties with pitting
potentials of 0.72 and 0.75 V, respectively, after which
the current density rapidly increases to 200 pA/cm?.
The nature of the anodic curve of specimen
#2 nc(Tipg7Cro13)N is fundamentally different. When
the potential reaches 0.5 V, the anodic current begins to
increase, but at 0.6 V growth stops and the current
density of secondary passivation stabilizes at
38 uA/em’. The pitting potential shifts to 0.89 V, after

107



which the current again begins to increase, but not as
fast as in other (Ti.,Cr,)N coatings. The current
density is only 100 pA/cm? at a potential of 1.2 V.

Thus, coating #2, obtained from a cathode with a
low chromium content of Tig7sCrg, at a nitrogen
pressure of 0.67 Pa in a vacuum chamber, which
showed the highest rate of abrasive wear, proved to be
the most corrosion-resistant. Thanks to the optimization
of the deposition parameters, coating #6
a/nc(Tip75Cro25)N was synthesised with a structure
similar to specimen #2 with the highest chromium
content of all the coatings studied, which showed the
best corrosion resistance (see Fig. 4 and Table 2). The
anodic curve of specimen #6 is similar to that of
specimen #2, however, the low anodic current zone
extends to 1 V, after which a slight increase begins until
the passivation current density reaches 20 pA/cm?,
which is two times lower than in specimen #2. An
increase in potential to 1.4 V does not lead to an
increase in current and indicates high stability of the
passive layer on the surface of specimen #6 and the
absence of pitting damage in the studied potential
range.
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Fig. 5. Anodic polarisation curves of specimens #1-4
with coatings (Tiy,Cr)N. For comparison, data are
given for AISI 430 steel substrate, a traditional TiN
coating and coating #6 nc(Tig75Crg25)N, obtained by
optimizing the deposition parameters

The difference in the behaviour of the same coating
in abrasive and cavitation tests is due to differences in
wear mechanisms, which differ fundamentally both in
the nature of the destructive forces and in the response
of the coating to them. In addition, the mechanism of
degradation of coated materials is complicated by the
interference between the properties of the hard coating
and the soft substrate. In [45], the desired resistance to
cavitation and erosion of (Ti,Cr)N coatings was
achieved through filtration, higher microhardness and
good adhesion. An important feature of hard
nanocrystalline coatings is that materials with high
hardness H can differ significantly in terms of elastic
modulus E. The combination of high hardness and low
elastic modulus is considered optimal. The H/E ratio is
often used to characterise the resistance of a material to
elastic deformation and destruction [37]. However, the
results obtained for TiN-based coatings (including those
with the addition of Al, Si, Y, Zr, Nb and other
elements), synthesized by vacuum arc deposition using
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filtered vacuum arc plasma, indicate that when
predicting the wear resistance of coatings, it is
necessary to take into account a complex of interrelated
factors: hardness, H/E parameter, residual stress level,
crystallite size, texture, surface roughness, and degree
of columnar microstructure [33, 46, 47].

Cavitation degradation is mainly caused by impulse
tangential stresses induced by hydrodynamic shocks,
which is why cavitation erosion is fatigue-related.
Increasing the strength and hardness of the tested
material improves its cavitation resistance, while
increasing its brittleness has the opposite effect. High
bond strength and toughness, rather than simply
hardness, are critical in cavitation wear. Another
material parameter that significantly improves
cavitation resistance is grain size reduction. Good
adhesion as an essential parameter of coating resistance
to cavitation erosion has also been noted [48]. In our
experiments, high hardness did not contribute to
improving the cavitation resistance of (Tiy,,Cr)N
coatings. However, reducing the grain size in
nanocrystalline coatings did have this effect. Partial
amorphisation of the coating, which occurred with an
increase in chromium content, had a negative effect on
cavitation resistance.

During abrasion tests, wear occurs under the
influence of constant mechanical contact with solid
particles, therefore hardness and friction coefficient
become more significant parameters determining wear
resistance, but toughness cannot be neglected [49, 50].
We found that coatings (Tiy,Cr)N with a high
chromium content and high hardness >35 GPa show
minimal abrasive wear, despite the difference in the
amount of amorphous phase. Also, the negative effect
on the abrasive resistance of the [111] texture was
confirmed. It is known that the increased wear of
coatings with a [111] texture is due to a high friction
coefficient resulting from easy chipping of the material
along the densely packed (111) planes of the FCC
structure, which contributes to the formation of a large
number of wear products that serve as abrasives [29].
At the same time, when testing (Ti;«,Cry)N coatings for
corrosion resistance, the predominant [111] orientation
showed advantages, as it hindered the diffusion of
aggressive ions through the dense structure of the
coating. It is believed that TiN coatings can provide
higher hardness and friction resistance, while CrN
coatings have higher viscosity and oxidation resistance.
It is known that TiN-based coatings applied to stainless
steel components corrode more due to galvanic bonding
[19]. The addition of Cr to TiN improves corrosion
resistance, but the amorphous phase in (Tiy,Cry)N
coatings does not resist corrosion well.

Several corrosion mechanisms exist through which a
coating can lose its protective quality: local de-
passivation by film-breakdown; local delamination of
the coating, caused by inward diffusion of corrosive
media followed by the formation of corrosion products
at the coating-substrate interface; direct bypass of
corrosive media at pin-holes. Macroparticles and
growth defects stand at the center of the pitting
mechanisms [51]. Since (Tiy,Cr)N coatings were
deposited from filtered plasma, the high corrosion
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resistance of the applied coatings is largely due to the
formation of a dense nanocrystalline structure without
macroparticles and through-going columnar grains,
which prevents the diffusion of the corrosive solution
into the substrate.

CONCLUSIONS

1. The cavitation, abrasion and corrosion resistance
of vacuum arc coatings Ti-Cr-N were investigated.
Nanostructured coatings with a thickness of 10 um were
deposited on AISI 430 steel substrates from filtered
plasma flow using Ti-Cr cathodes containing 23 and
32 wt.% Cr at nitrogen pressures from 0.12 to 0.67 Pa.
Nanocrystalline (nc) or amorphous-nanocrystalline
(a/nc) coatings based on cubic solid solution
(Tiyx,Cry)N with a chromium content from x =0.11 to
x = 0.25, an CSZ size in the range of 6...14 nm and
different axial textures were tested. The coatings had a
high hardness of 31...46 GPa, however, changes in the
cathode composition and/or nitrogen pressure during
deposition affected the chromium content in the
coatings and their structure, which altered their
protective properties. Nevertheless, all the coatings
studied effectively protected the steel substrate during
testing.

2. Nanocrystalline coatings with a low Cr content
of 11...13 at.% and a hardness of 30...33 GPa showed
the best resistance to cavitation wear. Applying such
coatings to the surface of AISI 430 steel reduced the
average cavitation wear rate by 2-3 times. The
reduction in the size of the solid solution crystallites
(TiyxCryN and the formation of the [110] texture
contributed to the improvement of cavitation resistance.
A clear correlation between the decrease in hardness
and the improvement in cavitation resistance was found.

3. Coatings with a high Cr content of 18...24 at.%
had the best abrasion resistance, with the amorphous-
nanocrystalline structure of the a/nc(Tigg,Cro1g)N
coating with high hardness of about 46 GPa had certain
advantages, but it showed the worst results in cavitation
and corrosion tests. Among the nanocrystalline
structures, the nc(Tipg;Cros)N coating with the
maximum size of solid solution crystallites, [111]
texture, and hardness of 33 GPa, showed the highest
level of abrasive wear. Changing the texture to [110]
and increasing the chromium content in the coating
contributed to improved abrasive resistance.

4. The results of corrosion resistance tests of
specimens in a 3% aqueous NaCl solution showed that
applying coatings to the surface of AISI 430 steel
provides a significant protective effect and shifts the
pitting potential to positive values due to passivation.
The nc(Tigg;Cro13)N coating with a [111] texture,
which showed the worst resistance to abrasive wear,
proved to be the most corrosion-resistant. The
appearance of the anodic polarisation curve for this
coating differs from other specimens and has a
secondary passivated region. The pitting potential shifts
to 0.89 V, after which the current begins to increase, but
not as rapidly as in other (Tiy.,Cr)N coatings.

5. It has been shown that optimizing the deposition
parameters during the synthesis of coatings with a high
Cr content of around 25 at.% significantly improves the

ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. Ne5(159)

abrasion or corrosion resistance of coatings with
amorphous-nanocrystalline and nanocrystalline
structures,  respectively. With regard to the
comprehensive protection of steel products from
cavitation, abrasion and corrosion, the use of
nanocrystalline coatings appears to be the most
appropriate.
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BIIJIUB CKJIALY TA CTPYKTYPHU HA 3AXHUCHI BJIACTUBOCTI
BAKYYMHO-AYT'OBUX NOKPUTTIB Ti-Cr-N

10.A. 3aonenposcvkuii, B.A. binoyc, O.M. Pewwemnsx, B.C. I'onmeaniya

JocnimkyBaiy KaBitaliiiHy, aOpa3uBHY Ta KOpO3iifHy CTIHKOCTI BakyyMHO-nyroBux mnokputtiB Ti-Cr-N.
HanoctpykTypHi mOKpuTTS TOBIIMHOK 10 MKkM Oynu HaHeceHi Ha migkinanku 31 crami AlSI 430 i3 ¢ineTpoBanoro
Ia3MOBOI0 TIOTOKY 3 BUKOpUcTaHHsM Ti-Cr-katomis, mo mictuiu 23 Ta 32 mac.% Cr npu tucky asory Big 0,12 10
0,67 I1a. BurmpoOyBani HaHOKpHUCTAaiYHI (NC) a00 aMOpP(PHO-HAHOKPUCTATIUHI (a/NC) MOKPUTTS HA OCHOBI KyOi9HOTO
tBepaoro po3unHy (Ti;,Cr)N 3 Bmictom xpomy Bix x = 0,11 go x = 0,25, posmipom OKP y mexax 6...14 uam Ta
PI3HOI0 TEKCTYpOIO akciaabHOro tumy. [lokputrs mamu Bucoky TBepaicth (31...46 I'Tla), omHak 3miHa CKIamy
KaToza Ta/abo THCKY a30Ty IIPH OCaJDKEHHI BIUIMBAJIa Ha BMICT XpOMY B IIOKPUTTSIX Ta CTPYKTYPY, 10 3MIiHIOBAJIO iX
3axucHi BiactuBocTi. IIpoTe yci mocmimkeHI MHOKPUTTA e(EeKTUBHO 3axXHINAIN CTaJeBy MiAKIAAKY IPH
BunpoOyBaHHAX. Halkparny CTIHKICTh 10 KaBIiTAI[iHOTO 3HONIYBaHHS MOKa3aJld NC-TIOKPUTTS 3 HU3BKUM BMICTOM
Cr — 11...13 at.% i tBepaictio 30...33 I'Tla. 3MeHeHHsT po3Mipy KpucTaniTiB TBepaoro po3unty (Tip,,CryN Ta
dhopmyBanHs Tekctypu [110] crpusuto mokpamnieHH KapitamiiHoi crifikocti. [Tokpurts 3 BUCOKHM BMicTom Cr
(18...24 a1.%) Manu Halikpalny abpasuBHY CTIHKICTh, IPHYOMY a/NC-CTPYKTYpa 3 BUCOKOKO TBepAicTio Oist 46 I'Tla
Mala TeBHI TepeBaru, OJHAK BOHA IIOKa3aja HAWTIpII pe3yapTaTH MpPH KaBITAalliHHWX Ta KOPO3IMHUX
BunpoOyBanHsx. [lokputrss NC(Tipe7Croi3)N 3 Tekcryporo [111] Ta TBepmicto 33 I'lla BHsBHIIOCS HaiOimbLI
KOpO3iHHO-CTIfIKMM, XOYa MaJl0 HaWTipuly CTiMKicTh 10 aOpa3WBHOTO 3HOLIYBaHHS. Burisn KpuBoi aHOAHOT
MOJIIPU3AIIT AJIS I[HOTO MOKPUTTS BIAPI3HAETHCS BiJl IHINUX 3pa3KiB 1 Mae 00acTe BTOpUHHOT nacuBariii. [lokaszaHo,
10 ONTHMI3allisi HapaMeTpiB OCaJKEHHS NPH CHHTE31 MOKPUTTIB 3 BUCOKMM BMicToM Cr (6ins 25 at.%) nosBossie
JIOZIATKOBO TOKpallyBaTH abpa3uBHYy ab0 KOpO3iiiHYy CTIHKOCTI HOKPHTTIB 3 a/NC- Ta NC-CTPYKTypaMH BiIMOBIIHO.
[Io crocyeTbesi KOMIUIEKCHOTO 3aXUCTy HOBEpXHI CTaJeBHX BHPOOIB Bijl BIUIMBY KaBiTallii, abpa3uBy Ta KOpo3ii
HAMOLTBII TOWITFHAM IPEACTABIIETHCS 3aCTOCYBAaHHS HAHOKPUCTAIYHUX TTOKPHUTTIB.
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