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Using the TiSiN/MeN (Me = Cr, Nb, W, Mo, TiZr) coatings system as an example, the analyzed results of multilayer coatings with
nanolayers of various functional purposes require a systematic approach to understanding the role of selected materials, growth
conditions, microstructure, and required properties. Nanoscale grain boundaries, coherent interlayer boundaries, and changes in
columnar morphology at the micro level significantly change the physical and mechanical properties of coatings. For all coatings, an
increase in mechanical parameters (hardness, modulus of elasticity) is observed due to the formation of a nanoscale phase (which
additionally prevents the movement of dislocations together with nanocomposite TiSiN). In addition, there is a mismatch of crystal
lattices between layers. Effectively contributes to strengthening due to variable fields of stresses and strains caused by deformations of
elastic coherence. Research has determined optimal conditions for the formation of coatings in a wide range of gas (nitrogen) pressure
and shear potential, which also allowed for establishing the factors of structural changes and operational characteristics that will be
optimal for their industrial use.

Key words: Cathodic vacuum arc physical vapor deposition; Multilayer coatings, TiSiN; Bias potential; Hardness; Phase state;
Annealing
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INTRODUCTION

A complex of structural materials with enhanced physical and mechanical properties is used to improve the reliability
and durability of modern technology in operation. However, to increase the performance of products, in particular cutting
tools, it is relevant to create and use protective coatings, whose principle is based on a complex of tribological and
mechanochemical effects that determine the ability of coatings to maintain their integrity and high wear resistance under
the influence of high temperatures and contact loads [1-3]. One of the key trends in developing these coatings is to ensure
the nanoscale of both structural elements and individual layers in multilayer compositions [4-8]. The formation of the
nanoscale structure of the coating materials is related to the choice of graininess, which is optimal according to the strength
criterion, the balance between the Hall-Patch dependence, and the expression that determines the rate of grain boundary
creep with decreasing grain size. The efficiency of applying such coatings is attributed to the combination of their high
physical and mechanical properties, resistance to oxidation, and dissociation of the chemical compounds included in their
composition due to the peculiarities of the structure of nanocomposite film systems. Immersing nanocrystalline grains in
the amorphous matrix of the second phase of the material, for example, Si3N4 can boost the physical and mechanical
properties of TiN coatings, increasing their oxidation resistance and thermal stability [9, 10].

In work [11], it was found that the process of destruction of TiSiN nanocomposite coatings changed from brittle to
ductile when the residual compressive stress decreased to the level at which the microcracks were activated. The residual
stress of deposited coatings consists of three parts: the epitaxial or structural mismatch between the seed film and the
substrate, the internal stress, and the thermal stress during the post-coating cooling process. Annealing is a common
method of reducing residual stress as a result of reducing defects, dislocations, and vacancies [12]. However, this
treatment also reduces the hardness of coatings obtained by ion bombardment [13].

For this reason, developing TiSiN coatings with a multilayer architecture is considered a more effective method to
improve viscosity and wear resistance, reduce residual stress, and maintaining high hardness [4].

First and foremost, the lattice mismatch and the interface between the different layers can cause the lattice to distort
to accommodate the applied stress and create an alternating stress field to reduce the stress concentration. Additionally,
different stress properties in each coating can reduce overall stress [14].
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In work [15], the wear behavior and adhesive properties of multilayer MeN/TiSiN (Me = Ti, Cr, Zr, Mo, NbxAl, )
coatings with variable second layers were studied. Multilayer coatings based on TiSiN alternated with TiN, ZrN, NbAIN,
CrN, and MoN with a fixed number of layers were synthesized by cathodic arc ion sputtering. Multilayer coatings based
on TiSiN exhibit a precise nanocomposite multilayer structure. Columnar grains are not observed because the growth of
crystalline nitride grains is blocked by amorphous Si3Ny or interfaces. High adhesion (with a critical load of more than
70 N) and a lower coefficient of friction (between 0.3 and 0.58) are achieved for all multilayer coatings.

In work [16], the investigation of multilayer coatings of the TiSiN/CrN system by cathodic arc evaporation with
different multilayer periods (A) of 8.3 nm, 6.2 nm, and 4.2 nm was reported. It revealed the formation of a typical
columnar structure and B1-NaCl crystalline with a maximum hardness of 3742 GPa and the lowest wear rate of 0.323 GPa
for the coating with A = 8.3 nm. This suggests that the mechanical and tribological properties of TiSiN-based coatings
can be enhanced through the design of multilayer coatings.

To enhance the oxidation and/or mechanical properties of TiSiN-based coatings, intensive efforts have been made
to explore multilayer structures. In work [17], nano-multilayer TiSiN/TiAIN films were reported by a dual cathodic arc
plasma evaporation system with a hardness ranging from 32 to 38 GPa. The potentiodynamic polarization measurements
showed that for all the multilayered coatings the corrosion potential shifted to higher values, and the corrosion current
density decreased, indicating better corrosion resistance than that of single-layer coatings like TiAIN or TiSiN [18-20].

According to this principle, TiSiN-based multilayer coatings have attracted a great deal of interest. The existing
literature shows that most scientific researchers focus on the influence of the bilayer period on the microstructure and
mechanical properties of TiSiN-based multilayer coatings. However, there are relatively few studies devoted to the
investigation of the properties, which is the most important factor for the application.

To summarise data on TiSiN-based multilayers for specific applications, we decided to write this review paper, which
concludes the results of newly published experiments on multilayer coatings TiSiN/MeN (Me = Cr, Nb, W, Mo, and TiZr).

MATERIAL AND METHODS

The architectural solution of composite multilayer coatings based on TiSiN is presented in Figure 1.

Multilayer coating systems TiSiN/MeN (Me = Cr, Nb, W, Mo, and TiZr) were synthesized by cathodic vacuum arc
physical vapor deposition (CVA-PVD). The scheme of the cathodic-arc deposition machine is depicted in Figure 2.

Two evaporators were used to obtain TiSiN/MeN coatings. The cathodes were sintered from the TiSi target
(chemical specification in at. % is TioSis) and Me targets such as Cr, Nb, W, Mo (purity specification is 99.8 %) and
sintered TiZr (chemical specification in at. % is TirsZrs). Nitrogen was supplied by injecting N, gas (a purity of 99.6 %)
into the deposition chamber.

The coating systems were deposited on stainless steel (grade 12X18HIT or an analogue of SUS321 and 321S51)
with dimensions of 20 mm»20 mmx2 mm.

The specific technological parameters during the deposition of multilayer coatings are summarized in Table 1.
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0202320822038 - ocops
000" ©
9000000000 000 - | 0858 8000 008
OO rrres 0000 ©0000° 064590
PPPPPPPPPPRR O oo0opo 0000 °°°0
00°08°00°8°8°%8 8899 2888 9882
0000000 060 00 8000°2202 800g
©.0.0.00 600 0 oo ¢ %00

Yovevewveywwwwew

PePePPPPPPPRLE oo0d ccoQ oo le

PPPPPPPPP PP O 0000° 000 & 0920

0000000000 000 44493 ++4+444.24
0.00.00.00 BeSse oy

00.000.0000000

© TiN © SiNx ® MeN (Cr, Nb, W, Mo, TiZr)

Figure 1. The architecture scheme of composite multilayer coating systems TiSiN/MeN (Me = Cr, Nb, W, Mo, and TiZr).
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Figure 2. Scheme of the CAE-PVD machine used for the deposition of the multilayer coating systems TiSiN/MeN (Me = Cr, Nb, W,
Mo, and TiZr). Adapted from [21].
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Table 1. Deposition parameters of multilayer coating systems TiSiN/MeN (Cr, Nb, W, Mo, and TiZr).

. Sample Arc current, Negative Gas Cpatmg Multilayer
Coating . thickness, .
no. A bias, V pressure, Pa um period, nm
1 0.08
2 110/90 -100 0.3
i 3 0.06
TiSiN/ CrN 7 0.08 7-10 6.7-12.5
5 110/80 -200 0.3
6 0.6
1 -110 5.1 56
0.53
. 2 -200 4.5 50
TiSiN/NbN 3 110/80 110 o3 6.8 75
4 -200 ) 6.3 70
TiSiN/WN 1 100 -200 0.6 4.2 10.5
1 0.6 3.61 40.1
R 2 0.13 3.72 40.9
TiSiN/TiZrN 3 80-85 -200 0c 367 0.4
4 ’ 3.96 85.9
1 -100
2 140/100 00 0.05
i 3 -100
TiSiN/MoN 4 140/100 00 0.13 9-11 7-8
5 -100
6 140/100 00 0.67
DISCUSSIONS

Coatings of TiSiN/NbN system

Experimental results for multilayer TiSiN/NbN coatings are shown in Figure 3 and Figure 4 and adopted
from [21-23]. The TiSi target was obtained by the vacuum-arc remelting method. The composition of targets was TiosSis
and Nboos. As can be seen, the surface morphology of the coatings has a well-defined cellular structure (Figure 3, left
panel). There are many shallow craters with a diameter of 0.3 to 5 pm. Solid inclusions in the form of drops are unevenly
distributed over the surface and occupy approximately 15 % of the surface area. The diameter of the droplets varies
between 2 to 10 nm.

In the cross-section, the coatings are evenly deposited on the substrate and have a dense structure. A clear periodic
arrangement of nanoscale layers in the laminar architecture is observed (Figure 3, right panel). The thickness of the NbN
layers is 20 % greater than the thickness of the TiSiN layers. This difference in thickness can be attributed to a lower rate
of evaporation of the TiSi cathode, which mainly consists of the refractory intermetallic compound TiSi,, compared to
pure niobium. Additionally, the smaller thickness and higher density of TiSiN can also be explained by the lower
formation energy of TiSiN compared to NbN. The structure of the NbN layers is more difficult to densify by ion
bombardment, which is generated by the -110 V and -200 V bias voltages applied to the substrate during coating
production. Thus, both phenomena lead to the formation of thinner but denser TiSiN layers. According to elemental
analysis data, it was established that the coatings obtained at a higher bias potential of -200 V have a lower concentration
of Si ranging between 0.8 to1.0 at. % than the coatings obtained at a lower bias potential of -110 V.

According to XRD patterns (see Figure 4a), it was established that in the coatings obtained at low values of the bias
potential of -110 V (samples nos. 1 and 3), two phases are formed: face-centered cubic (fcc) titanium nitride TiN (space
group No. 225) and hexagonal close-packed (fcc) niobium nitride NbN-&' (space group No. 194). Analysis of the intensity
and position of the peaks indicates the presence of a (111) texture in fcc-TiN and a strong (00.2) texture in hcp-NbN-3'
for the coating obtained at a pressure of 0.13 Pa (sample no. 1). An increase in the gas pressure to 0.53 Pa leads to a
redistribution of the peak intensity and a shift in their position, which indicates the practically non-textured state of the
sample no. 3.

An increase in the negative bias potential leads to the appearance of clear high-intensity peaks in the diffraction
patterns, which indicate the formation of a nanocrystalline state in the coatings (see Figure 4b). For the sample obtained
at a low pressure of 0.13 Pa (sample no. 2), two phases are formed: fcc-TiN and hcp-bN-3'. However, with an increase in
pressure to 0.53 Pa, structural and phase transformations occur in the coatings, leading to the appearance of the third
phase - face-centered cubic (fcc) niobium nitride NbN (space group No. 225) (sample no. 4). Due to the complex structure
of the samples, the diffractogram has many diffraction planes for different phases, and some peaks overlap.
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Figure 3. Scanning electron microscopy images of the surface and cross-section of multilayer coatings TiSiN/NbN.
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Figure 4. General research results of multilayer coatings TiSiN/NbN: XRD patterns (a), Hardness and Young’s modulus (b), results
of sclerometric studies of the sample no. 2 (the red line corresponds to the friction coefficient (COF) and the blue line corresponds to
the acoustic emission (AE)) (¢).

The average grain size ranges from 8 to 14 nm. The lattice parameter for TiN ranges from 0.4250 to 0.4256 nm and
is slightly increased compared to the reference fcc-TiN (a = 0.4240 nm according to JCPDS). This indicates the formation
of residual compressive stresses in the coatings.

For TiSiN/NDbN coatings, an increase in mechanical parameters is observed (see Figure 4b). The hardness grows up
to 34.4 GPa, and the modulus of elasticity rises up to 412 GPa. This is due to the formation of a nano-sized NbN phase
(which additionally prevents the movement of dislocations together with nanocomposite TiSiN). In addition, the crystal
lattice mismatch between the TiSiN and NbN layers effectively contributes to strengthening due to variable stress and
strain fields caused by elastic coherence deformations. The multilayer architecture contributes to the reduction of grain
sizes and the increase of the volume fraction of atoms located at the interfaces of layers, thereby preventing the
propagation of dislocations.

Adhesive strength tests (see Figure 4c) indicate a cohesive failure mechanism of TiSiN/NbN coatings, which is
associated with plastic deformation and the formation of fatigue cracks in the material. The maximum load resulting in
plastic abrasion of sample no. 2 is greater than 49.76 N, which indicates a high degree of strength of the coating and high
adhesive properties of the contact between the coating and the substrate.

Coatings of TiSiN/CrN system
Figure 5 shows experimental results for multilayer TiSiN/CrN coatings adopted from [24, 25]. The vacuum-arc
remelting method was applied to sinter the TiSi target. The composition of targets were Tio4Sis and Crgo . Since the TiSiN
and CrN films have a face-centered cubic structure, in the multilayer architecture, which is depicted in Figure 5a, the
TiSiN and CrN nanolayers tend to grow epitaxially, which will reduce the interfacial energy in the coatings. As the
thickness of the CrN nanolayer increases, the increase in strain energy due to the different lattice parameters of TiSiN and
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CrN disrupts the coherent interface. Thus, the structure of the epitaxial growth between TiSiN and CrN can be disturbed,
which leads to a deterioration of crystallinity.

The elemental analysis results established that all TiSiN/CrN coatings have a slightly higher stoichiometric
composition, confirmed by the ratio of metal elements to nitrogen (Ti + Si + Cr)/N (see Figure 5a, insert). The coating of
sample no.3 obtained at the bias potential of -100 V and nitrogen pressure of 0.6 Pa has the maximum silicon
concentration. As the bias potential increases to -200 V, the silicon concentration drops several times. Apparently, this is
due to the preferential atomization of light silicon atoms from the surface of the growing coating due to ion bombardment.
The higher the shear potential and the lower the gas pressure in the chamber, the stronger this effect.

The analysis of the secondary mass spectrometry is presented in Figure 5b. It confirms the presence of positive ions
in the spectra, in particular Ti, Cr, Si (at 28-30 min with low intensity), TiN, CrN, Ti,, TiCr, Ti,N, Ti,N, (probably TiSi
in the case of the presence of a layer of TiSiN), as well as Ti3N, Ti3(N2)(Si), Ti3(N3)(SiN). The spectrum of negative ions
revealed the presence of SiN, TiN, and CNI(Cr, Cr»), which shows a maximum at the beginning of the sputtering and
decreases and reaches a plateau after 45—60 min. The intensity of the secondary ion current for TiN and Tix bonds is
relatively small in the first five minutes of sputtering, then increases sharply, reaches a maximum, and soon (after
45-60 minutes) reaches a plateau.
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Figure 5. General research results of multilayer coatings TiSiN/CrN: typical SEM image of cross-section with chemical analysis for sample
nos. 1-3 (a), spectrum of positive secondary ions for sample no. 3 (b), typical XRD patterns (c), results of sclerometric studies of the sample
no. 3 (the red line corresponds to the friction coefficient (COF) and the blue line corresponds to the acoustic emission (AE)) (d)

X-ray patterns of multilayer TiSiN/CrN coatings in the initial state show the formation of three main nitride phases,
in particular, face-centered cubic (fcc) TiN (JCPDS 38-1420) and Ti;N phase (JCPDS 23-1455) with tetragonal (anti-)
rutile type structure (space group P42/mnm) for TiSiN layers, and face-centered cubic (fcc) CrN (JCPDS 65-2899) for
CrN layers (see Figure 5c). For these coatings, the Ti;N phase leads to a high level of microdeformations with a value of
7.5%1073, The main crystalline phase is TiN with a cubic B1 (NaCl-type) structure. Applying a negative bias potential to
the substrate during deposition leads to a highly textured state with a predominant orientation along the (111) axis. In
addition, it increases the number of defects in the crystal structure and the level of residual compressive stresses.

After annealing the coatings at 400 °C (see Figure 5c), the phase composition TiSiN/CrN of sample no. 1 does not
change. Still, crystallization occurs in the CrN layers, as indicated by separating the CrN(111) peak from the highly
intensive TiN(111) peak. Increasing the annealing temperature to 700 °C also does not lead to a change in the phase
composition of the coatings or the texture. Still, the separation of the CrN(111) peak becomes much more noticeable. At
the same time, low-intensity peaks of Ti,N(200), TioN(111), Ti2N(330), and CrN(311) appear. Annealing leads to a
greater decrease in the lattice parameters of all phases by 2-3 % and a decrease in the level of microdeformations from
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7.5%107 to 7.2x1073. After annealing at 700 °C (see Fig. 5c), the content of Si in the upper layers of the coatings increased
due to intensive diffusion of silicon from the depth of the coating to the surface. At the same time, at 700 °C, a change in
the stoichiometry of the coatings accompanies the annealing process. All coatings acquire a pre-stoichiometric
composition as the concentration of N decreases from (50.43 + 53.41) to (48.18 +~ 49.16) at. %.

According to the mechanical tests, all TiSIN/CrN coatings are pretty hard (hardness values varied between 27.8 and
31.1 GPa) in the initial state. Annealing the coatings at 400 °C increases the hardness to (29.1 + 32.8) GPa. A further
increase in the annealing temperature to 700 °C slightly reduces the hardness of the coatings to the range of
(28.8 +30.9) GPa. The coating sample no. 3, obtained at a bias potential of -200 V and a working gas pressure of 0.6 Pa,
has the best mechanical properties both in the initial and after annealing. The coating hardness and elastic modulus have
maximum values of 31.1 GPa and 298 GPa (32.8 GPa and 311 GPa at 400 °C and 30.9 GPa and 301 GPa at 700 °C),
respectively. The higher hardness of this sample is due to the higher level of crystallinity of the TiSiN layers in the
multilayer structure (according to the Pathscheider model). The H3/E? values of the coatings are also exceptionally high
both in the initial state (0.20 + 0.33) and after annealing at 400 °C (0.23 + 0.36) and at 700 °C (0.23 =+ 0.32), which
indicates their reasonably high resistance to mechanical loads without and under the influence of temperature.

The results of the adhesive tests, presented in Figure 5d, show that the coatings wear out under load, but do not peel
off. Coating destruction occurs through a cohesive mechanism associated with plastic deformation and the formation of
fatigue cracks in the coating material. It was found that the adhesive strength of TiSiN/CrN coatings obtained at a nitrogen
pressure of 0.6 Pa and a bias potential of -100 B is higher by 10 % compared to coatings obtained at a bias potential of -
200 B. For sample no. 3, which has the best hardness indicators, we identified the highest adhesive strength of 49.54 N.

Coatings of TiSiN/WN system
The results of experimental studies of the structure and properties of multilayer TiSiIN/WN coatings before and after
annealing are given in [26, 27] and depicted in Figure 6.
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Figure 6. General research results of multilayer coatings TiSiN/WN: SEM images of the cross-sections with chemical analyses
before and after annealing (a) XRD patterns before and after annealing (b)
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It was established that all coatings have a relatively dense homogeneous structure (see Figure 6a). There are no
cracks, pores, or other structural defects at the "substrate-coating" interface. According to the results of the quantitative
analysis of the droplet phase, the average size of droplet formations in the coatings is approximately the same. Still, their
number in the TiSIN/WN coating is reduced by two times compared to the WN/TiN coating due to the higher melting
temperature of the TiSi system. After annealing, the surface of the coating’s changes, while the main part, in the direction
from the surface to the substrate, remains visually unchanged. Noticeable dimensional changes, in particular, the thickness
of coatings decreases by 5 %.

It is seen that the heating intensified the diffusion processes that contributed to the changes in the atomic composition
of the components (see Figure 6a). The titanium concentration increases from 16.58 to 20.38 at. % and tungsten
concentration rise from 18.29 to 41.46 at. %. This may be due to the additional formation of solid solutions from TiSi and
W atoms in the near-boundary region due to the diffusion processes and mixing. The silicon concentration increased
approximately two times, from 6.11 to 12.48 at. %.

Experimental data show that nanosize multilayer TiSiN/WN coatings have a two-phase structure: cubic tungsten
nitride WN-f and cubic titanium nitride TiN (see Figure 6b). The lattice parameter of WN-f is 0.4232 nm, the grain size
is 8.2 nm, and the level of microdeformations is 6.3x107. The intensity of the diffraction lines from WN-B and TiN
indicates the predominant orientation (200) in the WN layers and (311) in the TiSiN layers. The titanium nitride lattice
parameter is 0.4155 nm, the grain size is 9.0 nm, and the level of microdeformations is 1.35x102. After annealing at
700 °C, the two-phase structure remained in the WN/TiSiN multilayer coatings. The lattice parameter of WN-f decreases
the value of 0.4192 nm, the grain size increases to 12.6 nm, and the level of microdeformations decreases to 3.6x107.
The lattice parameter of TiN also reduces to 0.4124 nm, the grain size increases to 10.9 nm, and the level of microstrains
decreases to 1.16x102. The preferential orientation (200) remains unchanged.

It is obvious that annealing intensifies diffusion processes that cause changes in the atomic composition of elements.
The Ti concentration increases from 18.29 to 20.08 at. %, and the W concentration rises from 18.29 to 41.46 at.
Furthermore, the concentration of N decreases from 59 to 26 at. %, and Si increases almost two times (from 6.11 at. % to
12.48 at. %).

Diffraction lines containing silicon are absent in XRD patterns, which indicates the XRD amorphousness. The only
change for the TiSiN/WN coating is that the reflections from WN-f are shifted to higher 2-theta values, which may be
due to the annihilation of point defects (interstitial or substituted) often observed in vacuum-arc coatings obtained at high
pressure of the working gas [28]. Annihilation should also affect the TiN lattice parameters. However, the diffusion effect
of W in TiN can counteract the expected decrease in the lattice parameter, which is observed in this coating. During
annealing, the phase state of the coatings did not change in principle, but it led to an increase in grain size and relaxation
of internal stresses.

The indicators of the mechanical properties show that the hardness of the annealed coatings increased by 6-7 %
(hardness values rise up to 33 GPa, elastic modulus grows up to 422 GPa, fracture deformation, and plastic deformation
increses up to 0.078 and 0.202, respectively). In summary, annealing multilayer TiSIN/WN coatings at a moderate
temperature partially eliminated structural and technological defects, improving mechanical characteristics.

Coatings of TiSiN/TiZrN system

Increasing the wear resistance of TiSiN-based coatings can be achieved by applying a multicomponent alternating
layer, for instance, TiAIN or TiVN [10, 17]. Figure 7 shows the experimental results of the study of multilayer
TiSiN/TiZrN coatings adopted from [29-31]. We used the targets made of alloys TiZr (element ratio is 75:25 at. %) and
TiSi (elements ratio is 94:6 at. %). The technology used in target production is vacuum-arc remelting. As can be seen in
Figure 7a, the surface of the coatings is not smooth, and the droplet fraction on the samples of all samples is present in a
rather noticeable amount. In addition to drops, crater-pores are visible on the surface. The cross-sectional images clearly
show the layered architecture and the diffusion zone formed at the "coating-substrate" interface. The multilayer
combination has good planarity and the boundaries of layers of different compositions are well distinguished. According
to chemical analysis, the content of silicon varied between 0.56 to 0.86 at. %, which is significantly lower than its content
in the target (5 at. %). The likely reason for these decreases is backscattering.

According to XRD analysis (see Figure 7b), the two-phase structure with fcc crystal structure is formed. The TiZrN
and TiN phases have reflections of the (111), (200), and (311) planes. The signal from the (111) planes is the most intense,
which is the preferential orientation and can be considered a confirmation of the highest level of crystallinity. An increase
in the multilayer period while maintaining the total thickness of the coating is accompanied by a similar decrease in the
degree of crystallinity. As the multilayer period increases, splitting the (111) peak into components from the TiZrN and
TiN phases becomes more noticeable. A similar pattern is also visible for the (311) peak. The average grain size ranges
from 9.2 to 11.6 nm. In coatings deposited under different nitrogen pressures with the same other parameters, the grain
size difference was only 0.2 nm, that is, only 2% on average. The architecture and structure of the coating are more
significant influences on the grain size. Thus, an increase in the number of bilayers (in other words, a decrease in the
multilayer period) from 90 to 180 and 360 leads to a consistent corresponding change in grain sizes along the chain:
11.6 nm (sample no. 4) - =10 nm (sample no. 1 and sample no. 2) - 9.2 nm (sample no. 3) and to increasing crystallinity
(level of texture). During coatings deposition, compressive residual stresses are formed, increasing from -3.5 to -5.3 GPa
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with grain size. The calculated dimensions of the lattice parameters differ little (the change range is between 0.4323 and
0.4354 nm); that is, the discrepancy does not exceed 1 %.

According to the data of photoelectron spectroscopy (see Figure 7¢), the N 1s spectrum can be separated into two
components, of which the main (high-intensity) peak at 395.3 eV can correspond to the energy of Si-Ny type bonds,
probably in the Si3Ns compound. The low-energy peak at 395.5 eV may correspond to the Ti-N bond energy. The Ti 2p
spectrum also splits into two components: the high binding energy at 397.2 eV corresponds to Ti-N type bonds, and the
low binding energy at 396.3 eV corresponds to Zr-N bonds.
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Figure 7. General research results of multilayer coatings TiSiN/TiZrN: typical SEM images of the surface and cross-section (a), XRD
patterns (b), photoelectron spectroscopy spectra (c), results of sclerometric studies of the sample nos. 2 ta 4 (the red line corresponds
to the friction coefficient (COF) and the blue line corresponds to the acoustic emission (AE)) (d, ), SEM image of the scratch on the
surface of sample no. 4 at different critical loads Le1 — Les (f).
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Figure 7. (continued) General research results of multilayer coatings TiSiN/TiZrN: typical SEM images of the surface and cross-
section (a), XRD patterns (b), photoelectron spectroscopy spectra (c), results of sclerometric studies of the sample nos. 2 ta 4 (the red
line corresponds to the friction coefficient (COF) and the blue line corresponds to the acoustic emission (AE)) (d, e), SEM image of
the scratch on the surface of sample no. 4 at different critical loads Lc1 — Les (f).

Compared to TiSiN or TiZrN films, multilayer TiZrN/TiSiN coatings have increased hardness, ranging from
24.5 GPa to 38.2 GPa. The trend of hardness increases with decreasing bilayer thickness, and the trend of hardness
increases with decreasing bilayer thickness is evident. The coating with the thinnest multilayer period of 20 nm has the
highest hardness of 38.2 GPa and modulus of elasticity of 430 GPa. Similar changes in friction coefficients and acoustic
emission parameters were recorded for coatings obtained at different nitrogen pressures (see Figures 7d and 7e). When
the load increases to ~55 N, the friction coefficients increase quite quickly and steadily to the level of ~0.5-0.52, after
which it decreases slightly to the values of 0.46 - 0.47 and remains practically unchanged after that (not more than 0.48)
to a maximum load of 190 N. During the entire period of loading and movement of the indenter on the coating surface,
the level of acoustic emission (AE) is relatively low. The first pulses are recorded starting with a load of 15 N; the
maximum level of AE is observed at loads of 25-45 N, although it does not exceed 5 %. Extreme AE peaks are not
recorded, a characteristic feature of wear without brittle fracture. No peeling of the coating was recorded during
scratching, indicating cohesive wear associated with plastic deformation and fatigue failure of the coating material.
Scratches at different stages of loading indicate a smooth wear characteristic of plastic abrasion without clearly visible
cracks (see Fig. 7f). Such wear is observed until the coating is completely worn to the substrate.

According to the wear testing results, multilayer TiSiN/TiZrN coatings wear by an abrasive mechanism. The
intensity of wear of sample no. 3 (multilayer period is 20.4 nm) is twice as low as in sample no. 4 (the multilayer period
is 85.9 nm). The coefficient of friction during the tests range from 0.79 to 0.82. The improvement of wear resistance of
TiZrN/TiSiN nanocomposites is affected by their structural and phase features, in particular, multilayer period,
concentration of Si atoms, the level of crystallinity (texture), and stress state.

Coatings of TiSiN/MoN system

Figure 8 shows experimental results for multilayer TiSiN/MoN coatings adopted from [32-35]. The vacuum-arc
remelting method was applied to sinter the TiSi target. The compositions of the targets were TigsSis and Moo s.
Microscopic analysis of the cross-section images of the coatings showed a reasonably high uniformity and low defectivity
(see Figure 8a) of the obtained coatings by thickness. An increase in the bias potential causes more intense surface
sputtering, while the thickness of the coating also decreases. It is shown that in the nitrogen pressure between 0.05 and
0.67 Pa, when the pressure increases, changes occur at the elemental level: The Si content decreases and the N and Mo/Ti
ratios increase. At the phase level, changes mainly occur in molybdenum-based layers, where the transition
Mo — y-MoaN — MoN occurs with increasing pressure. The highest hardness of 37.5 GPa is achieved in this case by
forming TiN/y-MoxN layers with an isostructural crystal lattice. The use of high-temperature annealing (at a temperature
of 1023 K) makes it possible to increase the hardness of the coatings obtained at a relatively low nitrogen pressure of
0.09 Pa when the formation of an additional solid TisSi; phase is likely due to the low nitrogen content.
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Figure 8. General research results of multilayer coatings TiSiN/MoN: cross-section SEM images (a), XRD patterns (b), dependence of
hardness on the nitrogen partial pressure before (curve 1) and after annealing (curve 2) (c), results of sclerometric studies of the sample no.
4 (the red line corresponds to the friction coefficient (COF) and the blue line corresponds to the acoustic emission (AE)) (d).

The results of adhesion strength of multilayer TiSIN/MoN coatings are significantly higher compared to coatings
based on TiAISiN systems, TiZrSiN, and, TiHfSiN which were obtained by vacuum-arc deposition [36, 37]. Thus, the
destruction of these coatings begins at an average load of 55-65 N, and in multilayer TiSiN/MoN coatings - at a load of
160-180 N. The measurement of hardness shows that the partial pressure of nitrogen, which affects the formation of the
phase composition, also has a decisive effect on hardness. The dependence of hardness on pressure reaches maximum
values of about 37.5 GPa in the pressure range between 0.16 to 0.4 Pa (see Figure 8c). From the point of view of structural
engineering, this state corresponds to the presence of nitride phases TiN and y-Mo,N with an isostructural crystalline
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lattice of the NaCl type in both layers. Annealing is accompanied by a decrease in the hardness of the coatings obtained
in the pressure range of 0.15 to 0.7 Pa, which is associated with the characteristic growth of crystallites in the constituent
phases. This is especially noticeable in the coatings obtained at a pressure of 0.7 Pa, when, according to phase analysis,
the MoN phase with a hexagonal crystal lattice is formed in molybdenum-based layers. At the same time, annealing of
the coatings obtained at a pressure of 0.7 Pa leads to a significant increase in hardness by more than 30 % (up to 40 GPa).

CONCLUSIONS

Based on the obtained research results, the main regularities of the formation of the composition and properties of
multilayer coatings were analyzed. This allows for further development of more complex combined multilayer systems
with improved physicomechanical and tribological properties, as well as improved biocompatibility.

Studies of multilayer coatings, which consist of a combination of nitride or carbide multielement layers and layers of
binary nitrides of refractory or transition metals or layers of pure metals, allow combining within one coating the best
properties of multielement and multilayer nitride or carbide coatings. Patterns of structure formation in multilayer and
multielement coatings under certain deposition conditions, such as nitrogen atmosphere pressure, bias potential, and substrate
temperature, can be used to conduct further fundamental scientific research to elucidate the mechanisms of structure
formation of more complex coatings for which these mechanisms are unknown at the moment, or to create approaches to the
formation of new types of coatings by varying deposition parameters, architecture, and elemental composition.

The main practical advantages of the proposed vacuum-arc coating deposition method are simplified control over
the technological process, reduction of cost and energy consumption, good repeatability of results, and the possibility of
relatively easy and fast industrial scaling of deposition technologies.

Modeling the structure and properties of multielement and multilayer coatings based on first-principle molecular
dynamics can additionally explain and confirm assumptions about specific features of the formation of the structure and
properties of multilayer and multicomponent coatings, which allows us to predict good prospects for its application in
further fundamental and applied research more complex from the point of view of architecture coatings.

The results of the study of the properties presented in the review, in particular the structure, hardness, adhesive
strength, and the effect of annealing, are the main characteristics that affect the formation of composite nano-sized
multilayer coatings as highly efficient materials for multifunctional purpose. This opens new perspectives for the
development of new combinations of structural materials and the optimization of their production technologies.
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OorJjisi1 BAKYYMHO-AYTI'OBUX BA'ATOIIAPOBUX IOKPUTTIB 3 BACOKUMHU XAPAKTEPUCTUKAMU
MILHOCTI TA AATE3IAHUMM BJACTUBOCTSIMUA
0.B. Makcakosa*P, C.B. Jlutopuenxo?®, B.M. Bepecuer?, C.A. Knumenko®, JI.B. Topox?, B.0. Masiain®, M.IO. Koneiikina®,
C.An. Knumenko®, B.B. T'pyanunskuii, 0.B. Layxos®, P.C. Iaaymkos?
“Xapriecvkuil HayionaneHwill yHigepcumem imeni B.H. Kapasina, maiioan Ceo6oou 4, 61022, m. Xapxis, Yxpaina
bIuemumym mamepianosuaecmesa, Cnosayvkuii mexnonoziunuil ynisepcumem y Bpamucnasi,
25, eyn. Ana Bommy , 917 24, Tpnasa, Cnosauvuuna
Incmumym naomeepoux mamepianie imeni B.H. baxyna HAH Vkpainuu, éyn. Aémo3zasooceka, 2, m. Kuis, Yxpaina
Hayionanouwiii nayxoeuii yenmp «Xapkiecokutl (isuxo-mexuiunuti incmumymy,
8yn. Akademiuna, 1, 61108, m. Xapkis, Yxpaina
¢Xapkiscokuil HayioHanbHUU YHigepcumem padioenrekmponiuku, np. Hayxku, 14, 61166, m. Xapxis, Yxpaina

Ha npuknani cuctemu nokputtiB TiSiN/MeN (Me = Cr, Nb, W, Mo, TiZr) npoaHaii3oBaHO pe3yJIbTaTd CTBOPEHHS OaraTomapoBHX
MIOKPHTTIB 3 HAHOUIAPAMH Pi3HOr0 (YHKIIOHAIBHOTO INMpPU3HAYEHHS, SIKi IMOTPeOyIOTh CHCTEMHOTO MiJXOAy A0 PO3YyMIHHS PO
00paHuX MaTepialiB, yMOB POCTY, MiIKPOCTPYKTYPH Ta HEOOXiTHUX BiIacTHBOCTEH. HaHOPO3MIipHI MeXi 3epeH, KOTepeHTHI MKIIIAPOBI
IpaHULi Ta 3MiHM CTOBITYAcTOi MOpQoJIorii Ha MIKPOPIBHI CYTTEBO 3MIHIOIOTH ()i3MKO-MEXaHIuHI BIACTUBOCTI MOKPHUTTIB. [JIst BCixX
MOKPUTTIB CIIOCTEPIra€ThCsl MOKPALICHHS MEXaHIYHHX XapaKTEePUCTHK (TBEpAICTb, MOJIYJNb IPYXKHOCTI) 32 PaXyHOK YTBOPCHHS
HaHOPO3MipHOT (a3u (sKa ITOAATKOBO MEPEIIKO/PKAE PyXy AMCIOKaliil pasom 3 Hanokommo3utoM TiSiN). Kpim Toro, 3adikcoBana
HEBiAMOBIMHICTG KPUCTAIIYHUX TPATOK OKPEeMHUX INapiB €(PEeKTUBHO CHpHUSE€ 3MIIHEHHIO BHACTIJOK YTBOPEHHS 3MIHHX IOJIB
HaTpyXXeHb 1 pyKHUX Aedopmaniii. JJociKeHHIMH BU3HAYEHO ONTHMAIIbHI YMOBH ()OPMYBaHHS [TOKPUTTIB Y IIMPOKOMY Aiara3oHi
TUCKY pEKIHHOro ra3zy (a3oTy) Ta MOTEHIaly 3MIINIEHHS, IO TAaKOX MO3BOJIMJIO BCTAHOBUTH (DaKTOPH CTPYKTYPHHX 3MIH Ta
eKCILTyaTalliifHi XapaKTepUCTHKH, sIKi OyIyTh ONTUMAIEHUMHU JJIS IX IIPOMHCIIOBOTO BUKOPHUCTAHHSI.

KurwuoBi cinoBa: eaxyymno-oyeoge ocaoscenns;, bazamowaposi nokpumms, TiSIN, nomewnyian 3miwjenns;, meepoicmo, ¢hazosuil
cman; ionan





