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The results of studies of nitride coatings deposited using a cathodic vacuum arc plasma source with a rectilinear
type filter are presented. The effect of parameters of high voltage substrate bias pulses on the deposition rate,
composition, structure and mechanical properties of coatings based on TiN and CrN, including multi-component
ones with the additions of Al, Si, Zr, Y, Re, Nb, Hf, was analyzed. With different regimes of bias potential the
formation of coatings with a nanocrystalline cubic structure (of the NaCl type) and close to stoichiometric nitrogen
content and high hardness of 25...36 GPa is ensured. It was found that changing the amplitude, duration and
frequency of pulses allows to effectively controlling the morphology, size of crystallites, texture and stress level in
coatings, which effects their mechanical properties. The use of a pulse bias potential with an amplitude of 1...2 kV,
a frequency of 10...20 kHz and duty cycle of 10...15% makes it possible to form a homogeneous dense
nanostructure with a [110] or [100] texture, an optimal stress level 4...5 GPa and a smooth surface in coatings of
different compositions. It is shown that such a structure provides improved resistance of coatings to various types of
wear. Unequivocal correlations were not found between the hardness of the coatings, the modulus of elasticity and

their wear.

INTRODUCTION

The cathodic vacuum-arc deposition process is
widely used in industry for the synthesis of wear-
resistant coatings based on transition metal nitrides on
the surface of tools and machine parts. The advantages
of the method include a high deposition rate, good
adhesion, and a wide range of applicable reaction gas
pressures. Targeted formation of nanostructure coatings
can create materials with a fundamentally new set of
physicochemical properties and expand the scope of
application of cathodic arc technology in various
industries [1-3]. Among nanostructured coatings for
surface strengthening, multicomponent coatings based
on a combination of nitrides with metallic (TiN, CrN,
ZrN, etc.) and covalent (SisN4, AIN, BN) types of bonds
are considered the most promising. The limited
solubility of components in such systems makes it
possible to form structures consisting of nanocrystalline
grains interconnected by strong thin amorphous layers
under non-equilibrium deposition conditions. The latest
trends in the development of new protective coatings are
attempts to combine the best properties of various
systems by increasing the number of components, for
example, adding metals (Y, Re, Nb, Hf, Ni, V, Mo) to
their composition, which can improve the resistance of
coatings to oxidation and wear [4-6].

Controlling the energy of the particles that form the
coating is a key lever of influence on the composition,
growth mechanisms, microstructure, morphology,
defects and stresses in the coatings, and therefore on
their functional properties [7, 8]. The plasma generated
by the cathodic arc is highly ionized and contains a high
concentration of metal ions whose energy can be
effectively changed by applying a bias potential to the
substrate [1-3]. A promising technique used in the
synthesis of multifunctional coatings is the combination
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of the condensation process with ion implantation,
which is carried out by applying a high-voltage pulse
bias potential to the substrate. Intense ion bombardment
during coating deposition makes it possible to
synthesize a coating with a dense nanocrystalline
structure, reduced stress level and improved adhesion at
low substrate temperatures [9-11].

A feature of the arc discharge is the presence in the
plasma flow the drops of cathode material -
macroparticles, which, falling into the coating, disrupt
its uniformity and lead to a decrease in hardness, an
increase in surface roughness, and a deterioration in
adhesion. Magnetoelectric filters of various geometries
have been developed to separate the ionic component of
the plasma flow, which is purified from the droplet
component. Previously, filters were not widely used for
the synthesis of nitride coatings due to low productivity
[1, 12]. Now it is clear that the creation of high-quality
nanostructured coatings is impossible in the presence of
defects in the form of micrometer-sized drops. A new
high-performance source of cathodic arc plasma
equipped with a rectilinear filter with a magnetic island
was created at the National Science Center “Kharkov
Institute of Physics and Technology” (NSC KIPT). The
main advantages of this source: high deposition rate;
stability of parameters regardless of the degree of
cathode burnout; ensuring the uniformity of the coating
thickness over a large area with high-quality plasma
cleaning from macroparticles; structural simplicity, low
manufacturing cost compared to well-known sources
with curvilinear filters [13]. In this work, we summarize
the results of research devoted to the complex
application of a rectilinear plasma source and a high-
voltage pulsed bias potential on a substrate for the
synthesis of nanostructured coatings based on transition
metal nitrides, conducted during the last decade. The
main goal of the work is the analysis of the influence of

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Nel (149)


https://doi.org/10.46813/2024-149-176

the parameters of high voltage substrate bias pulses on
the on the structure and properties of coatings based on
TiN and CrN, including multi-component ones with the
addition of Al, Si, Zr, Y, Re, Nb, Hf.

1. EXPERIMENTAL DETAILS

The coating was deposited by the cathodic vacuum-
arc method on a modernized installation of the Bulat-6
type, which is equipped with a rectilinear
magnetoelectric plasma filter against macroparticles
[13]. For the coatings synthesis, cathodes made of
technically pure Ti, TigeCros and TigsAlgs alloys,
including those with the addition of a small amount (up
to 2 at%) of Y and Re, a||0y Ti0.482r0.13A|0.18Nb0.09Y0.07.
TiggsSio.15 and CrosAlgs cathodes made by the powder
metallurgy method were also used. Nitrogen pressure in
the vacuum chamber within the range of 0.05...0.1 Pa
was chosen in such a way that the concentration of
nitrogen in the coatings was about 50 at.%. The arc
discharge current was 100 A.

Coatings deposition with a thickness of 5...10 um
was carried out on steel substrates under the conditions
of applying a negative high-voltage pulse bias potential.
The characteristics of the potential pulses varied within:
amplitude (U) 500...2500 V, duration (t;) 5...20 ps,
repetition frequency (f) 1.3...24 kHz. In the intervals
between pulses, the substrate was at a self-consistent
“floating” potential 3...20 V. The substrate temperature
during the coating deposition process was not forcibly
regulated and changed due to radiation-stimulated
heating. The coating surface temperature during
deposition was measured using an infrared pyrometer
“Raynger MX4”. When using pulsed potential, radiation
heating of the surface did not exceed 300 °C.

Titanium nitride (TiN) is one of the first and still
common materials for creating wear-resistant cathodic
arc coatings. Currently, research interest in the field of
hard coatings is shifted towards the synthesis of
multicomponent coatings based on various transition
metal nitrides, however, TiN remains an excellent test
object for the development of new coating synthesis
processes [14, 15]. That is why, in our studies of
processes of reactive deposition of coatings from
filtered plasma of metal cathodes, considerable attention
was paid to TiN. In order to study the influence of pulse
potential parameters on the structure and properties of
coatings, several series of samples with TiN coatings
were synthesized. The samples of the first series were
deposited at fixed values of duration t,=5ps and
frequency f=24 kHz and different amplitudes of the
pulse potential ranging from 0 kV, when the deposition
occurs at a floating substrate potential, to 2.5 kV. The
plasma ion flow density on the substrate, which
determines the coating deposition rate, was regulated by
changing the distance between the plasma source and
the substrate within 180...350 mm. During the
deposition of the second series of TiN samples, the time
parameters of the potential pulses t, and f were changed
at a fixed amplitude U=15kV. The potential
parameters used in the synthesis of multicomponent
coatings are listed in Table 1.

The morphology and elemental composition of the
coatings surface, as well as their transverse fractures,
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were studied on a JEOL 7100F scanning electron
microscope with an X-ray spectral energy dispersive
microanalysis system. The relief and surface roughness
of the coatings (R,) were studied using a Dimension
3000 NanoScopellla scanning atomic force microscope.
Microscopic images of the surface of coated samples in
the initial state and after adhesion, cavitation, and
tribological tests were studied using an electron
microscope or a Leica MTU 253 optical microscope.
The phase composition, texture, substructure, and
stresses in the coatings were studied by X-ray structural
analysis using Philips PW3710 diffractometers and
DRON-3 in Cu-Ka radiation. The size of the crystallites
(L) (coherent scattering zone) was calculated from the
broadening of the diffraction peaks from the Scherrer
ratio. The study of texture in coatings was carried out by
calculating texture coefficients:

T, :[nléhkl) / Iéhkl)}/[zléhkl) / Iéhkl):|,

where 1, is the measured integral reflection intensity
(hkl); 1,™ — relative reflection intensity (hkl) for
powder non-textured material; n is the number of
reflections [16]. The level of residual stresses (o) was
determined by X-ray tensometry using the sin?y method
adapted for textured samples [14, 17, 18].

The hardness (H) and Young's modulus (E) of the
coatings were measured by a G200 nanoindenter
manufactured by MTS using the CSM (continuous
hardness measurement) method. Adhesion of coatings
to the substrate was evaluated based on the results of
scratch tests on the CSM Instruments REVETEST
device with a Rockwell indenter. Tribological tests of
the coatings were carried out on an installation with a
reciprocating testing system, a counterbody made of a
corundum ball with a diameter of 10 mm under a load
of 5N, a speed of movement of 1cm/s and a full
distance of 100 m. Erosion resistance was assessed by
the gravimetric method based on the results of
cavitation tests in distilled water at room temperature on
an installation with a magneto-striction vibrator MSV-1
at a frequency of 20kHz and an amplitude of
(30 £ 2) um. The tests continued until the formation of
through defects in the coating. Abrasive wear was
determined by the plane-disc scheme. The speed of
movement of the surface of the abrasive disk (with
corundum abrasive particles) in contact with the surface
of the sample was 4.4 m/s, the load on the sample was
2.2 N.

2. RESULTS AND DISCUSSION

2.1. DEPOSITION RATE, MORPHOLOGY
AND ELEMENTAL COMPOSITION OF
COATINGS

In Fig. 1 shows the deposition rate of TiN, TiAIYN,
CrAIN, CrTiN, and TiZrAINbYN coatings obtained
using filtered plasma at different parameters of the pulse
bias potential on the substrate. In Fig. 1,a and b shows
the dependence of the deposition rate on the pulse
amplitude U, and Fig. 1,c — on the duty cycle, which is
numerically equal to the product of their frequency and
duration (f'4,,100%). The coefficient shows the
percentage relationship between the duration of the
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pulses and their period, that is, the percentage that 0...2.5 kV or the duty cycle in the range of 1.3...24%,
constitutes the time of action of the high-voltage the deposition rate tends to decrease, however, the
potential from the total time of deposition. It can be change is not significant enough — no more than 10%.
seen that when the amplitude increases in the range of

Table 1
Potential parameters during deposition, structural characteristics
and results of nanoindentation of multicomponent coatings

N Potential parameters
UKkV] f,kHz [t pus [f,% | Ufr,, V

R, nm | Texture axis a, nm L, nm H, GPa E, GPa H/E

Cathode composition — TigsAlgs

1 | 15 ‘ 24 | 5 | 12 ‘ 180 | 80 ‘ [110] | 0.4212 | 13 | 29.5 | 404 | 0.07
Cathode composition — Tig49Alo5Y 0,01
2 0 0 [111] 0.4204 21 36.0 445 0.08
3] 05 24 5 120 60 10 [110] 0.4194 9 341 408 0.08
41 10 120 15 [110] 0.4191 13 326 350 0.09
5| 15 180 15 [110] 0.4195 9 35.8 418 0.09
6| 25 300 17 | [110]+ [100] 0.4209 7 25.1 300 | 0.08
Cathode composition — Tig 49Alg50Y 0.000R€0.001
7 | 15 | 24 | 5 | 12.0 ‘ 180 ‘ ‘ [100] ‘ 0.4225 ‘ 6 ‘ 28.2 | 354 | 0.08
Cathode composition — CrysAlg s
0 0 38 [111] 0.4166 18 206 404 0.07
0.5 72 36 [110] 0.4186 9 33.4 390 0.09
10/ 1.0 12 | 12 | 145 144 56 [110] 0.4190 7 33.1 385 0.09
11| 15 216 45 [110] 0.4185 6 36.2 436 0.08
12| 20 288 50 [110]+ [100] 0.4168 6 305 385 0.08
13| 25 360 52 [110]+ [100] 0.4170 7 30.2 373 0.08
Cathode composition — Tig 482 18Alp.18Nbg.09 Y007
14 1.3 0.8 8 19 [100] 0.4371 32 30.8 382 0.08
15| 10 251 6 [1s 15 7 [100] 04413 | 28 298 358 | 0.08
16| 12 7.2 72 12 [100] 0.4390 13 29.8 357 | 0.08
Cathode composition — Tig gsSig 15
2 0] 0 - 0.4245 10 30.0
3 0.5 12 6 79 36 [110] 0.4251 7 32.1
4 1.0 72 [110] 0.4250 6 37.1
5 15 108 [110] 0.4249 6 26.4
6 2.5 180 [110] 0.4243 7 20.3
Cathode composition — TiggCrg4
2 0.5 36 [110] 0.4194 11 31.6 359 0.09
3] 10 | 2] 6 |72 72 [110] 0.4223 6 29.0 333 | 0.09
15 108 [110] 0.4224 5 29.5 352 0.07
25 L TN 2e0mm 20 TOIAN g, - TZANDYN
20 wmm ] 57,\.\AC:TW 8
S . £110— . ie—?:::;.—r
g104° ',,7 . <) — g 41
e L 514 —— . 2l
0 ‘ ‘ ‘ ‘ ‘ ol ; ; ; ‘ ‘ 0 : ‘ : ‘ ‘
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a b c

Fig. 1. The effect of the amplitude (a, b), the duty cycle (c) and the distance between the filter outlet and the
substrate (a) on the coatings deposition rate of different elemental composition
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That is, the application of a high pulsed potential
does not lead to significant sputtering of the deposition
surface bombarded by accelerated plasma ions, in
contrast to a constant potential. Thus, during the
synthesis of TiN cathodic arc coatings at a constant bias
potential on the substrate of about 1.5 kV, the
deposition mode changes to the etching one [19, 20].
The location of the sample in the vacuum chamber has a
much stronger effect on the deposition rate, which can
be seen on the example of TiN coatings. Fig. 1,a shows
the dependence of the TiN coatings deposition rate on
substrates located at different distances R from the filter
outlet of 180, 260, or 350 mm. The maximum
deposition rate of about 20 um/h is observed at a
distance of 180 mm. When the distance increases, the
speed decreases inversely proportional to R? up to
5 um/h, which is due to the divergence and dispersion of
the plasma flow.

Microscopic studies of the samples showed that the
coatings surface of all systems, thanks to the use of the
filter, is smooth, does not contain macroparticles and
reproduces the relief of the substrate surface, which
indicates a high quality of filtration. Typical electron
microscopic cross-sectional images of coated samples
are shown in Fig. 2. It can be seen that there are no
defects in the form of drops on the surface and in the
volume of the coatings. AIll coatings have a
nanocrystalline structure and consist of narrow
(<100 nm) columnar grains. The fracture structure is
dense and has a step-like appearance. When varying the
parameters of the potential, small changes in the
thickness and length of the columnar grains in the
coatings were detected while preserving the general
appearance of the fracture structure [21]. In particular,
at potential pulse amplitude of 0.5 kV, the cross-section

of the fracture of the TiN coating (see Fig.2,a) is
similar to the transition region between zone T and
zone 2 in the structural zone diagram proposed by
Anders [7]. For coatings synthesized using an amplitude
of 1...2.5 kV, the structure of transverse fractures (see
Fig. 2,b,c) is similar to the structure of zone 2. It can be
seen that with increasing amplitude, the structure
becomes more dense and uniform, and the width of the
columns increases slightly. With an increase in the
number of elements in the coatings, the width of the
nanostructured columnar grains decreases and the cross-
sectional structure of the multicomponent coatings takes
on a rather needle-like shape. Columnar growth is
interrupted. For example, the narrow columns in the
TiAIYN coating (see Fig. 2,c) do not extend from the
substrate to the surface as clearly as in the TiN coating
deposited under identical conditions (see Fig. 2,b).

In Fig. 3 shows typical atomic force microscopic 3D
images of the samples surface [22]. The coatings have a
high quality surface with a cellular morphology
characteristic of ion-plasma coatings. The rms value of
the surface roughness R,, determined from the 3x3 um
image for TN coatings is in the range of 20...40 nm (see
Table 1). For multi-component coatings, the range of R,
values is wider — within 7...80 nm. TiAIN and CrAIN
coatings have high roughness. Multicomponent
TiZrAINbYN coatings have a lower surface roughness
of 7...18 nm, which changes non-monotonically with
increasing frequency of potential pulses. It is interesting
that the addition of even 1 at.% Y to the composition of
the TiAIN cathode helps to reduce the roughness by up
to 5 times. Cell elements that protrude above the plane
of the coating have a rounded or pointed shape of
different heights depending on the composition of the
coating and potential parameters.

& i T

Fig. 2. Electron microscopic images of the cross section of TiN (a, b) and TiAIYN (c) coatings obtained at
substrate potential amplitudes of 0.5 kV (a) and 1.5 kV (b, ¢)

Fig. 3. The influence of the potential amplitude on the surface morphology of TiAIYN coatings
(atomic force microscopy): a—0.5kV; b—1.5kV; c—2.5kV
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In particular, the surface of the TiAIYN coatings
obtained at a potential amplitude of 0.5...1.5 kV has a
relief with concave cells of the order of several hundred
nanometers and a surface roughness of 10...15 nm (see
Fig. 3,3, b). When the amplitude of the pulses increases
to 2.5 kV, the surface of the cells is completely covered
with small structural elements of nanometer sizes. Due
to the more developed relief, the surface roughness of
this coating increases to 17 nm. A similar increase in
roughness with increasing amplitude is observed for
CrAIN.

All coatings obtained using Ti cathodes have a
golden color characteristic of titanium nitride. EDS
analysis confirms that the elemental composition is
close to the stoichiometric composition of TiN
mononitride. Similar results regarding the nitrogen
content were obtained for multicomponent coatings.
Regardless of the parameters of the substrate pulse
potential, the concentration of nitrogen in all
investigated coatings was about 50 at.%. An important
factor in the synthesis of multicomponent systems is the
degree of reproducibility of the composition of the
cathode in the coating. The analysis of the elemental
composition of the coatings showed that when using
CrosAlgs and TigsAlgscathodes, including with the
addition of a small amount (up to 2 at.%) of Y and Re,
the correspondence of the composition is quite good
[22-25]. The influence of the potential amplitude on the
elemental composition of the coatings can be examined
from Table 2. It can be seen that for the CrAIN and
TIAIYN coatings, the ratio of metal components

changes insignificantly with increasing amplitude,
demonstrating a tendency to decrease the Al content.
Table 2
Effect of amplitude on multicomponent coatings
composition
N P‘E}?Q}'allpa{]"’ﬁ:%s Coating composition
Cathode composition — Tig g5Sig 15
1 0 0 Tig.02Sig08N
2 0.5 36 Tig.04Sip.0sN
3 1 72 Tig.06S10.04N
4 1.5 108 Tig.97S10.03N
5 2.5 180 Tig.97S10.03N
Cathode composition — TiggCro4
6 0.5 36 Tig.45Cros5N
7 1.0 72 Tig.45Cros5N
8 1.5 108 Tig.45Cros5N
Cathode composition — CrysAlgs
9 0 0 Cro4sAlosoN
10 0.5 72 Crg.asAlgsoN
11 1.0 144 Crg50Alg50N
12 15 216 Crg50Alg4gN
13 2.0 288 Cro51Alg40N
14 2.5 360 Crg50Alg4gN
Cathode composition — Tigs0Algs0Y .01
15 0 0 Tiga6Alo54Y0.01N
16 0.5 60 Tig47Algs3Y 001N
17 1.0 120 Tig4eAlgs5oY 001N
18 15 180 Tigs0Alg50Y 001N
19 2.5 300 Tig5AlgagYo.0iN
180

No influence of the amplitude on the elemental
composition of the coatings deposited from the TigsCrg4
cathode was found, however, the titanium content in the
coatings is 1.3 times lower than in the cathode [26]. The
greatest discrepancy in composition is demonstrated by
coatings deposited from the TiggsSig1s cathode. In
TiSiN coatings, the Si content is 2 to 5 times less than in
the cathode. The higher the amplitude of the potential,
the stronger the reduction [27]. Such a discrepancy in Si
content is a typical problem for cathodic arc coatings
based on transition metal nitrides, which complicates
the possibility of their synthesis in this way.

2.2. EFFECT OF POTENTIAL PARAMETERS
ON PHASE COMPOSITION, TEXTURE
AND STRESS IN COATINGS

According to the data of X-ray structural analysis,
the only crystalline phase that forms in coatings
deposited from a titanium cathode is TiN with a cubic
structure of the NaCl type. In Fig. 4,a-c show X-ray
diffractograms of TiN coatings obtained under different
parameters on the substrate bias potential. The ratio of
peak intensities on the diffractograms differs from the
data for polycrystalline TiN with chaotic crystallite
orientation, according to which the (200) reflection is
the most intense. Fig. 4,a shows the diffraction patterns
of TiN coatings of series 1, deposited at the highest
deposition rate of 20 um/h at different bias potentials of
the substrate. It can be seen that at a floating bias
potential (U = 0) the most intense line is (111), that is,
the orientation of crystallographic planes of the type
(hhh) parallel to the surface prevails, however, this
predominant orientation is not as strong as when
applying a constant potential of 150 V, when a perfect
axial texture is formed with the [111] axis in the
direction normal to the film surface and only (111) and
(222) reflections are present in the diffractogram. The
calculation of texture coefficients allows you to more
clearly investigate the change in texture in coatings,
which are shown in Fig. 5. As the amplitude increases,
the intensity ratio of the diffraction lines changes. At
U>1 kV, the peak (220) remains the only reflection on
the diffractograms, and its texture coefficient reaches a
maximum value equal to 3 (see Fig.5,a). Thus, the
application of the pulse potential and the growth of its
amplitude lead to a gradual change of the axis of the
texture to [110]. The calculation of texture coefficients
shows that in coatings that are deposited at a lower
deposition rate (on substrates located further from the
filter), a complete change of the texture axis occurs at a
higher amplitude. If you vary the time parameters of the
pulses at fixed amplitude of the potential at the level of
1.5 kV, the predominant orientation in the coatings does
not change. In Fig. 4,b and c show the diffractograms of
samples of series 2, obtained at different values of
duration and frequency of pulses in the intervals
2.5...12 ps and 6...20 kHz, respectively. Line (220) is
the only intense TiN line in the diffractograms of the
coatings of this series.

In multicomponent coatings, one crystalline phase is
also found, namely, a nitride with a cubic structure of
the NaCl type. The nitride lattice parameters (a) in the
coating are given in Table 1.
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Fig. 4. X-ray diffractograms of TiN (a, b, ¢) and TiAIYN (d) coatings deposited at different parameters of the
substrate pulse bias potential. Change in amplitude (a) at fixed values of f = 24 kHz and t, = 5 us. Change in pulse
duration (b) at fixed values of U = 1.5 kV and f = 12 kHz. Change in the pulse frequency (c) at fixed values
of U=1.5kV and t, = 6 us. Change in amplitude (d) at fixed values of f = 24 kHz and t, = 5 ps. Dashed lines on the
diffractograms show the positions of the TiN diffraction peaks. The letter “s” indicates the peaks of the substrate

Depending on the composition of the coatings, the
values of the nitride crystal lattice parameters in the
direction normal to the surface change almost in
accordance with Vegard's rule, which indicates the
formation of solid substitution solutions. All coatings
deposited under a pulsed potential have a strong axial
texture, the axis of which is shown in Table 1. For most
coatings, the (220) reflection dominates the
diffractograms, which is due to the texture formation
[110]. However, in multicomponent TiZrAINbYN
coatings, another orientation prevails — [100]. In the
TiAIYN and CrAIN coatings, the appearance of the
[100] orientation contributes to an increase in the
amplitude of the substrate pulse potential. In Fig. 4,d
shows the diffractograms of TiAI'YN coatings deposited
at different amplitude values. Similar to TiN coatings, at
a floating bias potential in TiAIYN coatings, the
orientation of crystallites with (111) planes parallel to
the film surface prevails. Applying a pulsed potential
leads to a change in orientation to (220) — the texture
axis [110]. When the amplitude of the potential
increases above 1.5 kV, the orientation (220) begins to
compete with (200) — the texture axis [100] (see
Fig. 5,c). Similar textural changes are observed for
CrAIN coatings with increasing potential amplitude (see
Fig. 5,b) [22-25, 28].

Important structural characteristics that significantly
affect the hardness and mechanical properties of
protective coatings are the size of crystallites and the
level of residual stresses, the results of which are
determined in Table 1 and Fig. 6. The size of the
crystallites in the coatings is in the range of 5...32 nm
and varies depending on the parameters of the potential,
the composition of the coating and the rate of its
deposition. For most systems, the application of a
pulsed potential leads to a sharp decrease in crystallite
size up to 2 times compared to a floating potential. With
further growth of the potential amplitude or pulse filling
factor, the changes are not so significant. X-ray
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tensometry revealed residual compressive stresses
varying from 3 to 11 GPa in all coatings. For TiN
coatings, it was found that when the amplitude of the
pulse potential increases, the level of compressive
stresses changes non-monotonically: first it increases,
and then (at U>0.5kV) it decreases. Similar non-
monotonic  voltage changes are observed if the
amplitude is fixed at 1.5 kV and the time characteristics
of the pulses are changed. A decrease in stress is
observed when the duty cycle exceeds 10%. The
analysis of the obtained results showed that the key
factor that affects the size of crystallites and the level of
compressive stresses in coatings is the average value of
the bias potential during deposition, which can be
characterized by the parameter (U-f-t;). For TiN
coatings, the maximum stresses of 9...11 GPa are
reached at (U-f-t,) near 60 V, and with a further increase
in the parameter, stress relaxation occurs. The degree of
stress reduction and the size of the crystallites largely
depend on the rate of coating deposition. A higher
deposition rate ensures a lower stress level (see Fig. 6,d)
and a larger size of crystallites in the coating (see
Fig. 6,a). For CrTiN and CrAIN coatings, the maximum
on the stress curve is wider and shifted towards higher
values (U-f-t;) compared to TiN (Fig. 6,e), while it is
not found for TIAIYN (Fig. 6,f). For multicomponent
coatings with limited solubility of CrAIN and TiAIYN
components, the course of the compressive stress
change curves with increasing parameter (U-f-t;) has a
significant feature. At high values of the parameter, the
residual compressive stresses do not decrease, but
increase (see Fig. 6,e,f). Such differences are caused by
a number of factors. The most significant is the
possibility of disintegration of the supersaturated solid
solution, which causes an increase in the specific
volume of the coating fixed on the substrate.

Thus, the change in pulse potential parameters has a
significant impact on the microstructure, texture and
stress state of nitride coatings, which is agreement with
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data from other studies [29-33]. It is known that during
coating deposition, the supply of high voltage pulses
with duration of 20 ps can lead to a significant decrease
in compressive stress. Stress reduction can be achieved
by increasing both the bias potential amplitude from 1.7
to 20 kV and the pulses frequency from 0.22 to 1.2 kHz.
The stresses in TiN coating decrease exponentially from
8 to 2 GPa with the increase in the parameter (U+) [10,
29].

The effect of the amplitude of the pulsed bias
potential with frequency of 10 kHz was studied during
deposition of TiN and Ti;cAlxN coatings [16, 32]. To
maintain the level of energy release due to ion
bombardment, on the same level, with increasing
amplitude, the pulse duration varied in the range of
2...40 ps so that the value of the parameter U-ft, was
kept constant 200 V. It was found that as the amplitude
of the pulse bias increased from 0 to 4 kV, the stress
changed nonmonotonically in TiN coatings, reaching
the maximum value at the amplitude of 0.5 kV. The
change in the stress level associated with the increase in
the ion energy under the action of the high voltage bias
potential is accompanied by a change in the preferred
orientation of the nitride grains in the coatings from
(111) to (220), and then to (200). In another study,
transitions between the (111), (220), and (200) texture
in TiN coatings are determined not only by the value of

the bias potential amplitude, but also by its frequency
[33].

However, the effect of deposition rate on the
characteristics of nitride coatings deposited by pulsed
substrate bias has not been studied earlier. Presently, the
influence of the deposition rate on the stress level, the
degree of their relaxation, and the size of coherent
diffracting domains is clearly seen. This effect can be
explained by the fact that in addition to the energy of
the particles forming the film, the important parameter
that determines the mechanism of their growth is the
temperature of the deposition surface. In these
experiments, the change in the ion flux affects the
temperature. If we compare the results of different
authors, it is impossible to construct simple correlations
between the parameters ft, or U:f't, and the magnitude
of the stresses, since the temperature of the deposition
surface also significantly affects their level. The
increase in deposition rate leads to increased radiation-
stimulated surface heating.

Structure of coatings deposited by ion-plasma
methods is determined, on the one hand, by the ion flow
parameters (ion energy and ion flow density), and on the
other, by the temperature of the substrate, pressure, and
the state of the reactive gas that interacts with the ions
[1, 18, 34, 35].
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In the process of formation, the so-called high-
energy condensation mode is implemented, when the
particles forming the film have hyperthermal energy
that exceeds the displacement energy of atoms Eg4. This
makes it possible for ions to penetrate into the
subsurface region, which is associated with the
compaction of coatings, the formation of compressive
stresses and metastable phases in them [8-10]. The
main part of the coating deposition process occurs
between potential pulses, and at the moment of the
pulse, the processes of ion implantation, sputtering, and
radiation-stimulated annealing of the already formed
coating layers prevail.

Previously, pulses were used to reduce the level of
high stresses, which are characteristic for cathodic arc
coatings and can be the cause of low operational
properties and even their destruction. Stresses in
cathodic arc coatings are considered as the sum of the
thermal component associated with the difference in the
coefficients of thermal expansion of the coating and the
substrate, and the compressive stresses of growth due to
densification under the influence of ion bombardment
[14]. Due to the low temperature of the deposition,
which takes place at the pulse potential, the growth
stresses significantly prevail over the thermal ones. The
reduction of growth stresses with increasing potential
and, accordingly, the energy of the ions agrees well with
the modified Davis model [36], according to which
there is a competition between two processes: the
generation of compressive stresses due to the
implantation of ions and the relaxation of stresses
during the migration of defects in nonlocal
thermoelastic peaks (NTP) of ions [17, 20, 37]. Later, it
was shown that the pulse potential affects not only the
stress level, but also the coating microstructure,
substructure parameters and texture. It has been reliably
established that there are correlations between the stress
level and the texture in the coatings, which is explained
by the provision of a minimum of total free energy [34].

Deposition of nitride coatings from flows of filtered
cathodic arc plasma is carried out at a relatively low
nitrogen pressure (~ 0.1 Pa). Under these conditions, the
interaction of plasma ions with the gas on the way from
the cathode to the deposition surface does not
significantly affect their charge and energy state. The
energy of metal ions E bombarding the growth surface
during deposition is determined by their initial energy
Eo, with which the ions leave the cathode, and the
energy acquired due to application the negative bias
potential [1, 2]: E = E, + ieU, where i — the multiplicity
of the charge of the ion; U — substrate potential; e —
elementary charge. Cathodic arc plasma ions generated
by the cathode are characterized by a certain charge and
energy state distribution depending on the atomic
number of the cathode material element. The average
values of the charge and energy of the ions change in
the intervals of 1...3 and 20...150 eV, respectively,
showing a correlation with the value of the cohesion
energy [38]. Not only the potential of the substrate, but
also the composition of the cathode is important in
controlling the energy of the deposited ions. In
particular, with the same potential parameters, the
average energy of multi-charged ions of heavy elements
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(Zr, Nb, Y, Re) is 2-3 times higher than that of Ti and
Al ions. It is this to a large extent that determines the
differences in the influence of potential parameters on
the structural characteristics of coatings of different
composition. At the same time, when analysing, the
difference in the homologous deposition temperature of
the coatings (the ratio between the deposition
temperature and the nitride melting temperature) should
not be neglected. Of all investigated metal nitrides,
chromium nitride has the lowest melting point, and
aluminum ions have the lowest average energy. It was
when cathodes containing Cr and Al were used that the
coatings had a lower stress level and changed the
predominant orientation with increasing amplitude.

Special attention should be paid to the impact of the
deposition rate (ion flux density) on the stress level, the
degree of their relaxation, and the size of the
crystallites. This effect can be explained by the fact that,
in addition to the energy of the ions forming the coating,
the temperature of the deposition surface is an important
parameter that determines the mechanism of their
growth. In these experiments, the change in the
deposition rate affects the temperature. An increase in
deposition rate leads to an increase in radiation-
stimulated heating of the surface. The difference in
surface temperature in the experiments does not exceed
200 °C, however, in the conditions of high-energy ion
bombardment, this is enough to ensure the conditions
necessary for reducing the stress level, increasing the
crystal size, and changing the texture in the coatings.
These findings are consistent with theoretical
calculations within the thermoelastic thermal peak
model. With increasing energy, relaxation processes in
the coatings associated with annealing of excess
interstitial atoms, stress reduction, and texture change
are activated when the peak temperature exceeds 1/3 of
the melting point T, [34]. The intensity of the relaxation
processes largely depends on the radiation heating of the
deposition surface and increases significantly at
temperatures above 100 °C, which is ensured at a fairly
high ion flux density (> 10" ions/(cm?s) at U ~ 1 kV).
The optimal range of the pulse duty sycle, which allows
for stress relaxation without significantly reducing the
deposition rate and excessive heating of the surface, is
10...20%. The disadvantage of calculations within the
model of thermal peaks is the fact that they do not take
into account the possibility of phase transformations in
coatings.

2.3. CONTROL OF THE MECHANICAL
PROPERTIES OF COATINGS

High-quality wear-resistant coatings require a
combination of strength, hardness and the ability to
recover. Hardness and elasticity are of equal importance
for increasing wear resistance, especially in complex
processes associated with shock loading and erosion. An
important feature of hard nanocrystalline coatings is that
materials with high hardness H can significantly differ
in the values of elasticity modulus E. The combination
of high hardness and low modulus of elasticity is
considered optimal. Numerical values of these
characteristics are usually determined by the method of
nanoindentation. The H/E ratio is often used to
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characterize a material's resistance to elastic fracture
deformation [5]. The results of coatings nanoindentation
are shown in Table 1 and Fig. 7. All investigated
coatings are characterized by sufficiently high hardness
H in the range of 25...36 GPa and Young's modulus E
in the range of 350...450 GPa. The H/E ratio is
0.7...0.9, which is typical for nanostructures and
significantly exceeds the values characteristic of coarse-
crystalline materials H/E <0.04. The hardness of
multicomponent coatings does not differ significantly
from the hardness of TiN coatings, as does the H/E
value. Changing the parameters of the bias potential or
the deposition rate has little effect on the hardness of the
coatings. The greatest effect was found for the coatings
of the TIAIYN system. When the parameter (U-f-t,)
increases from 0 to 300 V, the hardness of TIiAIYN
coatings decreases from 36 to 25 GPa, which is due to
the decomposition of the saturated solid solution with
the formation of amorphous phases during intense ion
bombardment of the surface.

The results of cavitation and abrasion tests of
coatings of different compositions deposited at pulsed
bias potential showed that the addition of components
reduces the average rate of both types of wear [23, 24,
39, 40]. The abrasive wear rate of alloyed coatings is
three orders of magnitude lower than that of uncoated
steel and an order of magnitude lower than the wear rate
of TiN. The abrasion resistance of the TiAIYN coating
is 30% lower than that of the best coatings of other
systems. Cavitation resistance of TiN coatings is also
the worst. After tests, a small number of large ulcers are
observed on their surfaces, which reach the substrate in
1.5h due to the sufficiently pronounced columnar
structure of the coating. Doping coatings based on
TiAIN with a small amount of Y and Re is the most
effective, which significantly slows down both the rate
of surface erosion and the rate of erosion spreading deep
into the coating. The average rate of cavitations wear of
such coatings is 10-12 times lower than that of TiN,
and the penetration time of cavitation defects to the
substrate increases to 12...14 h. In addition, when
annealed in vacuum, most multicomponent coatings
retain high hardness, in contrast to TiN coatings, the
hardness of which decreases to 25 GPa.

A change in potential parameters during deposition
has a significant impact on the adhesion and wear
resistance of coatings. In Fig. 8 shows the results of
adhesion and tribological tests of TiN coatings
deposited at different bias potentials on the substrate
[21]. Scratch tests were performed to determine the
adhesion strength of the coatings. The moment of
destruction of the coatings was determined by the
change in the intensity of the acoustic emission and the
force friction force, as well as visually using the
analysis of electron microscopic images of scratches
after the tests. Fig. 8,a,b illustrate the surface of the
samples after the tests. For a coating with a strong
texture (111), synthesized at a constant bias potential,
the formation of cracks and exfoliation is observed,
which is characteristic for hard brittle coatings
deposited on hardened substrates (see Fig. 8,a).
Coatings with a texture (220), synthesized at a pulse
bias potential on the substrate, demonstrate a
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fundamentally different behavior. Cracking begins in
the form of lateral cracks along the edges of the scratch
(see Fig.8,b), and the values of critical loads
corresponding to the beginning of coating destruction
are 1.5-2 times higher than at constant potential. The
coating deposited at a potential of 0.5 kV demonstrated
the best adhesion. The acoustic emission levels of this
coating are extremely low, despite the clear pattern of
cracks within the scratch mark observed. This is a sign
of the formation of cracks that are located within the
coating and do not reach the intermediate layer of the
coating - substrate. Imperfect texture and high stress
levels contribute to this behavior. With the growth of
the potential amplitude, which is accompanied by the
improvement of the texture, the reduction of stresses
and more pronounced columnarity, the adhesion of the
coatings deteriorates somewhat, since the formed cracks
are able to spread faster through the boundaries of the
columns. However, in the amplitude range of
1...1.5 kV, the adhesion will remain sufficiently high.

Dependencies of the friction coefficient of TiN
coatings deposited at different substrate bias potentials
on the distance traveled during tribological tests are
shown in Fig. 8,c. It can be seen that the coatings
deposited at a pulsed potential have significantly better
tribological properties than the coating obtained at a
constant one. During the tests, the coefficient of friction
of the coating obtained at a potential of 150 V rapidly
increases from 0.05 to 0.8. The coefficient of friction of
coatings deposited at pulsed potential does not change
significantly during the tests and remains at a rather low
level of 0.1-0.2. The width and depth of wear tracks
during tribological tests of these coatings are 3—4 times
smaller. A significant improvement in properties is
primarily due to changes in the predominant grain
orientation and microstructure. The high coefficient of
friction of the coating deposited at a constant potential
can be caused by a large number of wear products
formed due to light chipping along the densely packed
planes (111) and serving as an abrasive.

For multi-component coatings, the positive effect
from the application of a pulse bias potential was no less
significant. Fig. 9 shows the results of cavitation and
abrasion tests of TiAI'YN coatings obtained at a constant
bias potential of 150 V and different amplitude of the
pulse potential. Supplying a pulsed potential and
increasing its amplitude contribute to a 3-5 times
decrease in the rate of coatings cavitation wear (see
Fig. 9,a) compared to a constant potential. At the same
time, the number and depth of erosion defects on the
surface is sharply reduced. Similar to the TiN coating,
such changes are largely due to changes in texture. With
potential amplitude in the range of 0.5...1.5 kV, a small
number of ulcers are observed on the eroded surface
(see Fig. 9,d). At an amplitude of 2.5 kV, the general
picture of the eroded surface resembles the surface of
the coating obtained at a constant potential (see Fig 9,d),
but with a much lower density of defects in the form of
ulcers and cracks (see Fig. 9,e). Despite the similarity of
the general pattern of destruction, the time of formation
of through defects in the coating deposited at amplitude
of 2.5 kV is twice as long as at a constant potential.
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Although the hardness of this coating is only
25 GPa. The results of tests of TIAIYN coatings for
abrasion resistance are presented in Fig. 9,b. The best
resistance was demonstrated by coatings deposited at a
potential of 1.5kV. For the coating deposited at a
potential of 2.5 kV, which showed the best cavitation
resistance, the abrasive wear was almost 3 times higher,
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which is due to the reduced hardness and higher surface
roughness. The obtained results do not make it possible
to reveal an unambiguous correlation between the
resistance of coatings to different types of wear, their
hardness and the H/E parameter. If the problem of the
interaction of two bodies with rough surfaces is
considered, it is the H/E parameter together with the
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roughness of the contacting surfaces that determines the
mode of interaction of these bodies (plastic or elastic
deformation takes place in the contact zone). Here, high
hardness does not guarantee a significant service life of
the coating. Other processes take place during the
cavitation effect, when erosion occurs under the action
of shock waves with high pressure and high speed of
microjets, which arise in the process of collapsing
cavitation gas bubbles. In experiments on the impact of
cavitation, the most destructive factor is wear caused by
impacts of eroded solid particles of the coating material.
Therefore, the wear resistance of the coating is
determined by its level of adhesion to the substrate. It
can decrease with poor adhesion, a high level of residual
stresses and the presence of macrodefects and foreign
inclusions, which, as a rule, are the initial points of
destruction.

In this work, coatings deposited from filtered
plasma, that is, with a minimum number of
macrodefects, were studied. Under these conditions, the
role of residual stresses in the prediction of wear
resistance is dramatically increased. Compressive
stresses were detected in all obtained coatings. The
maximum stress level of 7.5 GPa is observed in the
coating deposited at a constant potential of 150 V.
Obviously, high wear and cracking of this sample due to
cavitation is associated with increased stresses. In all
coatings synthesized at pulsed potential, the stress level
is lower. The dependence of stress on the amplitude of
the pulse potential is non-monotonic with a minimum at
1 kV. When the amplitude increases to 2.5kV, the
stress level again becomes quite high and, despite the
low cavitation wear, cracks are visible on the surface of
the sample after the tests. In coatings obtained at an
amplitude in the range of 0.5...1.5kV, which
demonstrate high resistance, both during cavitation and
during abrasive tests, stresses do not exceed 5 GPa. The
obtained results show that when predicting the wear
resistance of coatings, one cannot limit oneself to one of
the criteria, but must take into account a complex of
interrelated factors: hardness, H/E parameter, residual
stress level, crystallite size, texture, surface roughness,
degree of columnar microstructure.

Similar conclusions are confirmed by the results of
cavitation tests of TiZrAINbYN coatings with texture
(200). Indeed, although an increase in the frequency of
bias potential pulses on the substrate does not
significantly affect the hardness of the coatings, it has a
clear effect on the cavitation stability of the samples
(see Fig. 9,¢). The highest cavitation wear, which means
the worst resistance, was demonstrated by the non-
uniform and stressed coating obtained at a frequency of
2.5 kHz, which had the most non-uniform structure with
well-defined through fibers. The coating obtained at a
frequency of 1.3 kHz turned out to be more stable. Its
stability is close to that of a coating deposited at a
constant bias potential. The coating with the most
homogeneous and finely dispersed nanostructure, which
was deposited at a frequency of 12 kHz, had the best
resistance. The microscopic image of the fracture of this
coating is similar to the dense needle-like structure of
TIAIYN coatings, which demonstrated high wear
resistance (see Fig. 2,c).
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CONCLUSIONS

The structure and properties of protective cathodic
vacuum arc coatings based on TiN and CrN, including
multi-component ones with the addition of Al, Si, Zr, Y,
Re, Nb, Hf, deposited wusing a rectilinear
magnetoelectric  filter at different substrate bias
potentials, were studied. The applied design of the filter
demonstrates good quality of metal plasma filtration
from microparticles at a high coatings deposition rate.
With different modes of application of the substrate bias
potential the deposition of nitride-based coatings with a
nanocrystalline cubic structure (of the NaCl type), close
to stoichiometric nitrogen content and high hardness of
25...36 GPa is obtained.

Changing the characteristics of the high voltage
pulse bias potential in the range: amplitude
0.5...25KkV, duration 5...20 ps, repetition frequency
1.3...24 kHz, allows you to effectively control the
morphology, crystallite size, texture, stress level in
coatings, which effects on their mechanical properties.
It was found that the potential parameters have little
effect on the elemental composition of coatings
deposited using cathodes of Ti, TipsAlgs (including with
the additions of up to 2at% Y and Re),
Tio48Zr0,18Al0,18NDo 09 Y 0,07, TiosCro4, and CrosAlgs. The
Al concentration in the coatings corresponds well to the
cathode, in contrast to Si concentration, which greatly
decreases with increasing potential.

As the potential amplitude increases, the texture axis
in the coatings changes in the sequence
[111]—[110]—[100]. The level of compressive stresses,
the size of the crystallites and the surface roughness of
the coatings depend on the parameter (U-f-t;), which
characterizes the average value of the bias potential,
which means the average energy of the plasma ions
during deposition. The intensity of the relaxation
processes in coatings associated with the annealing of
excess interstitial atoms, stress reduction, and texture
change largely depends on the radiation heating of the
deposition surface due to ion bombardment, and
increases significantly with an increase in the deposition
rate. Differences in the influence of parameters on the
level of residual stresses for coatings of different
compositions are due to the difference in the average
energy of cathodic plasma ions and the formation of
metastable solid solutions and amorphous phases in
coatings with limited solubility.

The application of bias pulse potential with an
amplitude of 1...2 kV, frequency of 10...20 kHz and
duty cycle of 10...15% makes it possible to form a
homogeneous dense nanostructure with a predominant
[110] or [100] orientation and a low stress level
4..5GPa and defects in coatings of different
compositions. It is shown that such structure provides
improved the coatings resistance to various types of
wear. Unequivocal correlations were not found between
the hardness of the coatings, the modulus of elasticity
and their wear.
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BIIJIUB IMITYJIbCHOTI'O ITOTEHIIAJTY 3MIIIEHHSA NIJKJAIKU HA CTPYKTYPY
TA BJACTUBOCTI HITPUJJHUX NIOKPUTTIB, OCAJKEHUX
3 ®LJIbTPOBAHOI KATOJHO-AYTI'OBOI IIJIA3MHA

O.M. Pewwemnsax, B.€. Cmpenvnuyvkuit, B.B. Bacunves, O.A. /Iyuaninoe

HaBopsiTbesl pe3ysibTaTH JIOCHIPKEHb MOKPHUTTIB HITPUAIB, OCaKEHUX i3 3aCTOCYBAHHSM JDKEpesia KaTOHAHOI
BaKyyMHO-IYTOBOi IUIa3MH 3 (ILIBTPOM TpsMOIiHiIHHOTO THIy. IIpoaHami3oBaHO BIUIMB MapaMETpiB IMITYJBCIB
BUCOKOBOJITHOT'O TMOTEHIIANY 3MIIIEHHS MiJKIaJKd Ha IIBUJAKICTh OCAa/DKEHHS, CKJIaJ, CTPYKTypy 1 MeXaHiuHi
BiacTuBOCTi MOKPUTTIB HA ocHOBI TiN Ta CrN, y ToMy uuchi 6araTOKOMIIOHEHTHHUX i3 mojaBanusm Al, Si, Zr Y,
Re, Nb, Hf. Tlpum pisaux pexumax Mmogaui MOTEHIany 3abe3nedyerbcss (OPMYBaHHS MTOKPHUTTIB 3
HAHOKPHUCTAIIYHOIO KyOiuHOIO cTpykTypoto (tumy NaCl) Ta Gnu3bKHM 10 CTEXiOMETPHUYHOTO BMICTOM a30Ty i
BUCOKOIO TBepaicTio 25...36 ['Tla. 3’sicoBaHo, 1m0 3MiHA aMILTITY/M, TPUBAJIOCTI Ta YaCTOTH IMITYJIbCIB JIO3BOJISIE
e(eKTHBHO KepyBaTH MOPQOJIOTi€I0, PO3MIpOM KPHCTAIITIB, TEKCTYpOI, PIBHEM HAMPYKEHb Yy MOKPUTTAX, IO
BILUIMBA€E Ha X MEXaHIuHI BIACTHBOCTI. 3aCTOCYBaHHs IMITYJILCHOI'O MOTEHIIAY 3MILIEHHS 3 aMIutiTyaoo 1...2 kB,
yactotoro 10...20 kI'u Ta koediumientoMm 3amoBHeHHs immynbciB 10...15% nae mosxiuBicts QopmyBatu y
MOKPHUTTSX PI3HOTO CKJIAy OAHOPiIHY IIUIEHY HAHOCTPYKTYpY 3 Tekctypoto [110] abo [100], onTumansHUM piBHEM
HanpyxkeHb 4...5 ['Tla Ta rmankoro moBepxHero. [Toka3zaHo, IO Taka CTPYKTypa 3a0e3nedye MOKpalieHHs CTIHKOCTi
MOKPHUTTIB JIO PI3HUX THIIIB 3HONIIyBaHHS. He BHSBIEHO OJHO3HAYHMX KOPENSLiH MiX TBEpAICTIO MOKPUTTIB,
MOJyJIeM MPY>KHOCTI Ta iX 3HOCOCTIHKICTIO.
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