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Abstract—The phase composition, element distribution, and mechanical properties of the
TiSiN/NbN(TiN) multilayer coatings obtained by vacuum arc deposition are anlyzed. The effect of
the bias potential on the mechanical and tribological characteristics of the coatings is studied, and the
adhesion strengths of the coatings to the substrate are measured. The results of X-ray diffraction stud-
ies of the coatings show that a two-fold increase in the bias potential leads to increases in all phase and
structural parameters—in particular, lattice parameters, crystallite sizes, and microdeformation levels
of the components of the coatings. The intensities of δ diffraction peaks of TiN and NbN indicate the
presence of a strong (200) texture. Tribotechnical studies of the coatings have shown that they are
erased during scratching, but their detachment from the substrate has not been recorded. This means
that the coatings are worn by the cohesive mechanism associated with plastic deformation and the for-
mation of fatigue cracks in the coating volume. Different modes of coating formation correspond to
different values of acoustic emission that occurs, depending on the conditions, in the loading zone.
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INTRODUCTION
The development and application of new coating materials to improve the functional properties of the

cutting tool (increasing the cutting speed, improving the quality of the machined surface, increasing the
service life of the product, etc.) is among the most promising fields in the development of modern mate-
rials related to cutting processes. Refractory metal nitrides that are widely used in various industries
exhibit high hardness, but they oxidize at a temperature of 550°C [1], which requires their further
improvement. The processing methods, properties, and applications of titanium nitride (TiN) are the
most systematically studied areas of transition metal nitrides. Titanium nitride crystallizes with the NaCl
structure and exists as a solid solution containing nitrogen (from 37.5 to 50 at %). The structure and char-
acteristics of coatings using TiN occurs improve due to the creation of multiphase compositions, such as
the ternary, quaternary, and multicomponent ones. The currently used TiSiN ternary coating performs
better than the TiN mononitride coating and so me ternary coatings, such as TiAlN, TiZrN, and TiVN
[2]. The addition of silicon to TiN substantially improves its oxidation resistance and thermal stability.
Moreover, the Ti–Si–N system even with a small concentration of element Si forms the nc-TiN/Si3N4
binary nanocomposite structure (the amorphous phase of Si3N4 surrounds the nanocrystalline phase of
TiN), which directly improves its strength characteristics (hardness, crack resistance, wear resistance,
etc.) [3].

In addition, the formation of a multilayer structure that contains nanoscale layers is an effective way to
improve the properties of nanocomposite coatings. The proportion of interfaces in the structure of the
coating material increases under such conditions, which makes it possible to simultaneously increase their
hardness and viscosity. Among different binary transition metal nitrides, niobium nitride (NbN) is prob-
ably the best candidate, which can serve as a material of the second layer of the multilayer structure
413
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Table 1. Technological parameters of deposition of the TiSiN/NbN coating

Sample
Current, A

Bias potential Ub, V Working gas pressure 
pN, Paarc Id coil If

A1 110/80 0.5/0.5 –100 0.53
A2 –200
B1 –100 0.05
B2 –200
together with TiSiN. Niobium nitride exhibits high hardness and corrosion resistance, and excellent
chemical stability at high temperatures (1000°C), which will undoubtedly improve the stability and
strength of the TiSiN composition. The coatings based on NbN are successfully used in industrial practice
as a material for cutting tools and molds for pressure casting, which provides them with wear protection
and corrosion resistance [4]. Recently, NbN exhibiting a high superconducting critical temperature and a
high critical current density, as well as a low resistivity in the normal state, has been successfully used for
the production of tunnel junctions, superconducting nanowire single-photon detectors (SNSPDs), hot
electron bolometers (HEBs), etc.

In this regard, the development of protective coatings, one layer of which is a composite material, such
as TiSiN, and the second one is a single-phase, such as NbN, is of considerable interest.

The aim of this study was to analyze the influence of deposition technological parameters—in partic-
ular, the bias potential and the working gas pressure—on the formation of multilayer nanostructured
nitride coatings of the TiSiN/NbN systems and to investigate their properties.

EXPERIMENTAL
Multilayer coatings were formed by the method of vacuum arc deposition with use of two plasma

sources by evaporation of TiSi and Nb cathodes in a nitrogen atmosphere during continuous rotation of
the substrate with samples at a speed of 8 rpm. We used cathodes with the following chemical composi-
tion: TiSi with 94 at % Ti and 6 at % Si, and Nb of purity 98.2%. The substrate material was a plate made
of 12Kh18N9T steel with a size of 20 × 20 × 3 mm.

The technological conditions for obtaining an experimental coating are given in Table 1.
Electron microscopy images of the cross section of the coating were obtained on a Novascan 450 scan-

ning electron microscope, and its elemental composition was analyzed. The structure and phase compo-
sition of the coating were studied by X-ray diffraction in CuKα radiation on a DRON-4 device. The micro-
hardness values were determined using an HMV-G21ST ultramicrohardness meter from the Shimadzu
company with a load on the indenter of 490.3 mN. Sclerometric tests were carried out using an REVE-
TEST scratch tester under the following conditions: the load on the indenter was increased from 0.9 to
190 N, the load speed was 15.8 N/min, the speed of the indenter movement was 1 mm/min, and the
scratch length was 12.0 mm.

RESULTS AND DISCUSSION
The chemical composition of the obtained coating is given in Table 2. The results show that there is a

decrease in the concentration of silicon in the coating with an increase in the partial pressure of nitrogen
to 0.53 Pa. Given that the mean energy of Ti ions is 122 eV (which is much higher than the average energy
of Si ions (97 eV) [5]), this gives rise to the impoverishment of the plasma flow with less energetic particles
during the collision of metal atoms with the gas f low. On the other hand, this process is facilitated by the
selective sputtering of silicon in the f low of cathode particles, which is consistent with the published
results [6] that the atomic content of the coating components differs from the ratio of their concentration
in the cathode. The concentration ratio of light elements (silicon) is lower than their content in the cath-
ode. According to [7], the concentration ratio of the components in the coating varies depending on the
bias potential on the substrate, the working gas pressure in the chamber, and the presence or absence of a
focusing field.

Figure 1 shows an electron microscopic image of a cross section of the TiSiN/NbN multilayer coating
(sample B2). As can be seen from Fig. 1, the coating applied to the steel substrate is uniformly distributed
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Table 2. Chemical composition of the TiSiN/NbN coating

Sample
Elemental composition, at %

N Ti Si Nb

A1 21.59 35.81 1.52 41.07
A2 24.33 35.57 1.37 38.73
B1 10.45 38.87 1.90 48.78
B2 18.47 41.23 1.42 38.68
and has a dense structure without pores, cracks, or other structural defects. A clear periodic arrangement
of nanoscale layers in a multilayer architecture was observed. The thickness of the NbN layers is slightly
greater (up to 20%) than that of the TiSiN layers. On the one hand, this phenomenon can be explanation
by a lower evaporation rate of the TiSi cathode, which mainly consists of the refractory intermetallic com-
pound TiSi2 in contrast to the cathode made of high-purity NbN. On the other hand, the smaller thick-
ness and higher density of TiSiN can be attributed to the lower energy of formation of the TiSiN com-
pound compared to the NbN binary compound.

As was established from the results of X-ray diffraction analysis, the studied experimental coatings
show different ratios of the (111) and (200) diffraction peaks, which depend on the value of the bias poten-
tial (–200 and –100 V) applied to the substrate. Thus, the X-ray diffraction pattern of the coating (Fig. 2),
which is recorded with a bias potential of Ub = –100 V and a pressure of 0.53 Pa, revealed the two phases:
cubic TiN in the first layer and cubic δ-NbN in the second layer. The lattice parameter of TiN is a =
0.4272 nm, and the size of the coherent scattering region (CSR) is D = 6.5 nm at the level of microstrains
of ε = 4.07 × 10–3. The lattice parameter of δ-NbN is a = 0.4392 nm, and the CSR size is D = 6.9 nm at
the level of microstrains of ε = 5.77 × 10–3. The distribution of line intensities of both of the phases indi-
cates the presence of a strong (200) texture in TiN and δ-NbN.

The X-ray diffraction pattern of the coating recorded with Ub = –200 V and a pressure of 0.53 Pa
revealed the two phases: cubic TiN and cubic δ-NbN. In addition, the X-ray diffraction pattern contains
an additional line (at an angle of 2θ = 47.97°), which probably belongs to hexagonal δ'-NbN (the lattice
parameters published in ICDD PDF-2 no. 65-3417 are a = 0.2968 nm and c = 0.5549 nm). The lattice
parameter of TiN is a = 0.4312 nm, and the CSR size is D = 15.0 nm at the level of microstrains of ε =
5.60 × 10–3. The lattice parameter of δ-NbN is a = 0.4405 nm, and the CSR size is D = 18.2 nm at the
level of microstrains of ε = 5.85 × 10–3. The intensity distribution of X-ray diffraction lines of TiN and
δ-NbN indicates the presence of a strong (200) texture in these phases. The lattice parameters and sub-
structural characteristics of hexagonal δ'-NbN could not be determined, since there is only one diffraction
line of this phase.

Figure 3 shows fragments of X-ray diffraction patterns of the TiSiN/NbN coating synthesized with
pN = 0.05 Pa. As was established from the results of processing the received data, cubic nitride phase
(Ti,Nb)N based on titanium and niobium nitrides is formed in these coatings. In sample B1 obtained with
a bias potential of Ub = –100 V, the lattice parameter of (Ti,Nb)N is a = 0.4351 nm and the CSR size is
D = 6.3 nm at the level of microstrains of ε = 1.82 × 10–3. In sample B2 obtained with a bias potential of
JOURNAL OF SUPERHARD MATERIALS  Vol. 44  No. 6  2022

Fig. 1. Section of the TiSiN/NbN coating synthesized with Ub = –200 V and pN = 0.53 Pa.
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Fig. 2. Fragments of X-ray diffraction patterns of the TiSiN/NbN coating synthesized with pN = 0.53 Pa for samples
(1) A1 and (2) A2 comprised of (r) TiN, (■) δ-NbN, (h) δ'-NbN, and (e) a substrate.
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Fig. 3. Fragments of X-ray diffraction patterns of the TiSiN/NbN coating synthesized with pN = 0.05 Pa for samples
(1) B1 and (2) B2 comprised of (r) (Ti,Nb)N and (e) a substrate.
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Ub = –200 V, only the cubic nitride phase based on titanium and niobium nitrides (Ti,Nb)N was detected,
similarly to sample B1, the lattice parameter of which is a = 0.4335 nm and the CSR size is D = 6.3 nm at
the level of microstrains of ε = 1.38 × 10–3. The intensities of diffraction lines from the (111) and (311)
planes is overestimated compared to the untextured state. That is, the texture in these coatings is complex
(has several components), which is characterized by an intermediate state during the (200) → (111) trans-
formation.

In general, the X-ray diffraction studies have shown that the phase composition of the TiSiN/NbN
coating deposited under different deposition regimes varies greatly in the diffraction line shapes and inten-
sities. The detected difference in the phase composition and the preferential growth direction of the coat-
ing indicates their substantial dependence on the working gas pressure and the bias potential, respectively.

Indentation is the most accurate method of determining the hardness and Young’s modulus, which is
theoretically and experimentally confirmed and standardized for studying the physical and mechanical
properties of materials with a fine structure. The results of measuring the hardness of the TiSiN/NbN
JOURNAL OF SUPERHARD MATERIALS  Vol. 44  No. 6  2022
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Table 3. Mechanical properties of the TiSiN/NbN coating

Sample Hardness H, GPa Young modulus E, GPa H/E H3/E2

B1 20.7 311 0.066 0.091
B2 22.3 329 0.067 0.1
A1 27.9 348 0.08 0.17
A2 34.4 412 0.083 0.23
coatings are given in Table 3. It is obvious that the samples obtained with a high value of the working gas
pressure (0.53 Pa) have the higher hardness (>27 GPa) and higher Young’s modulus (>340 GPa). At the
same time, an increase in the bias potential to –200 V leads to the formation of a coating with the best
mechanical properties characterized by H = 34.4 GPa and E = 412 GPa. In particular, this is related to the
phase composition of this sample, which has a complex nature, since the formation of a diffraction reflec-
tion that is probably attributable to hexagonal δ'-NbN was established in addition to reflections of the
phases of cubic titanium nitride and niobium.

It is well known that the H/E* (elastic strain of fracture) and H3/E*2 (resistance to plastic deformation)
ratios are important characteristics of functional coatings in addition to the hardness and induced Young’s
modulus values [8].

The calculated values of the H/E* and H3/E*2 ratios of the investigated multilayer coating samples
indicate that a high H/E* value (≥0.1) is associated with a decrease in the contact pressure, since the
applied load is distributed over a large area. Therefore, such materials with high H/E* values demonstrate
high wear resistance and can be recommended for industrial applications [9, 10].

The increase in the hardness when switching to a multilayer architecture is associated with several
additional effects. The most effective mechanism of blocking dislocations in multilayer systems is the
Köhler effect. In a multilayer coating, extremely high shear stresses are required to move dislocations
through the coating structure due to different shear moduli of the layers [11]. In the case of the
TiSiN/NbN coating, the increase in the hardness is also caused by the formation of the nanosized NbN
phase, which additionally hinders the movement of dislocations. In addition, the lattice mismatch
between the crystalline layers of TiSiN and NbN effectively promotes strengthening due to alternating
stress–strain fields caused by elastic coherence strains. The multilayered architecture contributes to the
reduction of the grain sizes and the increase of the volume fraction of atoms located at the layer interfaces,
thereby preventing the propagation of dislocations. This dependence is performed in the nanometer range
of crystallite sizes (from ≥10 to 100 nm). It is assumed that grain boundary sliding or grain rotation occurs
when grinding the grains below the critical size. This can explain the decrease in the hardness of the mate-
rial with a very small grain size. Achieving a superhard state in nanostructured coatings is possible in the
case of creating a structure with nanograins without dislocations or with a small number of them, and this
factor is more important than the size of interatomic bonds in the crystal lattice [12]. As was established
in [13], the sources of dislocation propagation cannot act in nanograins with sizes less than 10 nm, since
such nanograins are free of dislocations, and the existing dislocations are not stable—for example, they are
pushed into the amorphous matrix and disappear—and the amorphous matrix itself adapts to the crystal
lattice mismatches of randomly oriented nanocrystallites. Taking into account the formation of the Si3N4
amorphous phase, the TiSiN/MeN multilayer coatings can have a nanocomposite structure and trigger
the above-described strengthening mechanism.

The H/E* parameter of the TiSiN/NbN multilayer coatings is higher than the H/E* ratios of relatively
soft single-layer Ti and TiN films (0.044 and 0.067, respectively [14]), which indicates their resistance to
deformation and makes them promising for use as wear-resistant coatings.

The synthesized multilayer TiSiN/NbN coating (sample A2) shows the highest H/E* and H3/E*2

parameters among all the investigated coatings. Separately, it is worth noting the substantially different
value of resistance to plastic deformation (0.23). The H3/E*2 ratio makes it possible to predict the mech-
anisms of localized deformation; inhomogeneous deformation (with the formation of shear steps) occurs
only with low values of this parameter.

The adhesive strength is another important characteristic of coatings [15]. The scratch testing method
was used to determine the adhesive strength. Samples A1 and A2 synthesized under the same nitrogen pres-
sure (pN = 0.53 Pa), but with different bias potentials Ub (–100 and –200 V, respectively) were tested (see
Table 4).
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Table 4. Results of adhesion tests of the TiSiN/NbN coating

Sample

Load Lc, N

Bias potential Ub, V

Lc1 Lc2 Lc3 Lc4 Lc5

A1 4.75 9.82 16.51 33.77 44.26 –100

A2 15.02 27.3 30.42 43.99 49.76 –200
The coefficient of friction for different stages of wear, the amplitude of the acoustic emission, and the
minimum (critical) load were determined as a result tests (load Lc1 corresponds to the onset of penetration
of the indenter into the coating, Lc2 corresponds to the appearance of the first cracks, Lc3 corresponds to
the the appearance of clusters of cracks, Lc4 characterizes the peeling of some regions of the coating, and
Lc5 characterizes the chipping of the coating or its plastic abrasion).

In the process of testing the coatings, it is possible to determine the limiting values of the critical failure
load. According to the results of testing the coating synthesized with Ub = –200 V and pN = 0.53 Pa (sam-
ple A2), cohesive failure begins at a minimum load of Lc1 = 15.02 N, and for the coating obtained with
Ub = –100 V and pN = 0.53 Pa (sample A1), failure begins under a load of Lc1 = 4.75 N (see Table 4 and
Fig. 3). This result is indicative of the high cohesive strength of sample A2. Under a load of Lc2 = 27.3 N,
slight peeling of the coating was observed at the edges of the scratches (see Fig. 4, sample A2), which cor-
relates with an increase in the intensity of the amplitude of acoustic emission (AE). The comparative anal-
ysis shows that TiSiN/NbN coating samples are worn during scratches, but not exfoliated, i.e., they are
destroyed by a cohesive mechanism associated with plastic deformation and the formation of fatigue
cracks in the coating material. They showed a high adhesive strength and a relatively low degree of delam-
ination. The constant increase in the coefficient of friction with an increase in the load increases can be
associated with the gradual degradation of the coating, which leads to the formation of wear products in
the form of particles consisting of solid nitrides and leads to coating abrasion (Fig. 3, sample A2).
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Fig. 4. The results of studying the properties of the TiSiN/NbN coating synthesized with pN = 0.53 Pa and Ub = –200 V:
(1) amplitude AE, %; (2) friction coefficient μ.
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Similar results were obtained for the TiSiN/NbN coating formed with Ub = –100 V and pN = 0.53 Pa.
Different regimes of coating deposition used in the study correspond to different AE values depending on
the loads.

CONCLUSIONS
As a result of studying the TiSiN/NbN multilayer coating synthesized by the vacuum arc deposition

method in the mode of continuous rotation of the substrate, the effects of deposition parameters, such as
the bias potential and the working gas pressure, on the structural phase composition, mechanical, and
adhesive characteristics of the coating are determined. It is found that an increase in the bias potential
from –100 to –200 V under a stable working gas pressure of 0.53 Pa leads to increases in the lattice param-
eters of TiN and δ-NbN, in the crystallite sizes, and the level of microstresses, as well as to the formation of a pre-
dominant texture growth in the (200) plane. A decrease in the pressure of the working gas to 0.05 Pa causes the
formation of a cubic nitride phase based on titanium and niobium nitrides (Ti,Nb)N in the coating. The
texture of such samples is complex (has several components) and is characterized by an intermediate state
during the (200) → (111) transformation of crystallographic planes. The CSR size is about 6.3 nm, and
the level of microstrains varies within (1.82–1.38) × 10–3.

The maximum values of mechanical parameters are obtained for the sample synthesized with a bias
potential of –200 V and a working gas pressure of 0.53 Pa, which are as follows: hardness 34.4 GPa,
Young’s modulus 412 GPa, H/E* ratio 0.083, and H3/E*2 ratio 0.23.

Adhesion strength tests indicate a cohesive mechanism of coating failure, which is associated with plas-
tic deformation and the formation of fatigue cracks in the material. The load leading to plastic abrasion of
the sample is more than 44 N, which indicates a high degree of coating strength and high adhesive prop-
erties of the contact between the coating and the substrate.
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