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Abstract—Structures and mechanical properties of thin films of the Nb—AI—N system produced by mag-
netron sputtering of targets from niobium and aluminum in the Ar—N, atmosphere have been studied. It
has been shown that as the aluminum concentration increases, the structure of a thin film transforms from
the nanocrystalline into the nanocomposite one, which consists of nanocrystallites of solid solutions in a
matrix of amorphous aluminum nitride. Hardness, elastic modulus, and yield strength of Nb—Al—N thin
films have been studied by nanoindentation in the mode of continuous control of the contact stiffness. It
has been found that the transition of the structures of Nb—Al—N thin films from the nanocrystalline to the
nanocomposite structures results in an increase of hardness and decrease of elastic modulus due to the for-
mation of a thin amorphous interlayer between grains of nanocrystallites. A high hardness to elastic mod-
ulus ratio of Nb—Al—N nanocomposite thin films indicates that the films are a promising material for
wear-resistant coatings.
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1. INTRODUCTION

Thin films based on NbN exhibit many interesting properties like high hardness and electrical conductivity,
thermostability and chemical inertness [1, 2]. To increase the resistance to oxidation, niobium nitride coatings
are alloyed with aluminum. Besides, the incorporation of aluminum atoms into the lattice results in an
increase of hardness [3—38] due to the formation of the Nb;_,Al N solid solution. It has been found that struc-
tures of nanocrystalline thin films depend on the aluminum content. The Nb;_, AL, N (at x < 0.45) thin films
are characterized by the B1 structure of the NaCl type with cubic lattices BI-NbN and A1—Nb, ¢7Alj 33N.
At x > 0.71 there forms the B4 structure of the wurtzite type with a hexagonal lattice. In the 0.45 <x < 0.71
range there forms a mixture of B1 and B4 structures [6, 7]. The [6] and [7] publications report that Nb—Al—-N
nanocrystalline thin films were produced by the deposition from the vacuum arc plasma. The high energetics
of the deposition process caused the low amorphous phase content of thin films.

In the present study to produce Nb—AI—N nanocomposite thin films that contain nanocrystallites and
amorphous matrix, we used the magnetron sputtering. Our studies showed that in magnetron sputtering of
niobium and aluminum targets in the nitrogen and argon atmosphere the deposition of nanocomposite thin
films consisting of A1-NbN and A1-Nby 47Alj 33N nanocrystallites in the matrix of amorphous aluminum
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104 IVASHCHENKO et al.

nitride took place. To interpret the results obtained, we made the first-principles calculations of the B1-NbN
and B1-Nb,AIN phases, B1-(Nb,Al)N solid solution, and B1-NbN(001)/B1-AIN heterostructure.

2. EXPERIMENT

The Nb—AI—N thin films were deposited onto Si (100) substrates by the direct current sputtering of targets
of Nb (99.9%) and Al (99.999) in the argon and nitrogen atmosphere at the following deposition parameters:
substrate temperature 350°C, bias voltage on the substrate —50V, flow rates of argon and nitrogen 40 and

13 cm3/s, respectively; working pressure in the reaction chamber was 0.17 Pa; current supplied onto alumi-
num target, /,;, was 50, 100, 150, 200, 250, and 300 mA, which corresponded to the discharge power densities

2.9,5.7,8.6,11.4,13.7,and 17.1 W/ sz; current supplied onto niobium target—300 mA. Basic pressure in the

vacuum chamber was above 10~ Pa, the angle between targets was —45°, the distance from the target to sub-
strate holder was 8 cm. In one deposition four samples were produced: a, b, ¢, and d, which were placed along
the substrate holder. Samples of series a were placed at the minimum distance from the niobium target; there-
fore, the niobium concentration in them was maximum and aluminum noticeable less; samples of series d
were closer than all other to the target of aluminum; samples of series ¢ were placed between the targets of nio-
bium and aluminum, but closer to the latter. This approach makes it possible to obtain thin films of ternary
nitrides having different chemical compositions in one sputtering. In this paper we present the results of study-
ing the structure and mechanical properties of samples of series a and c¢. For comparison we deposited also thin
films of pure aluminum nitride and niobium nitride.

The coatings structures were investigated by X-ray diffraction on a DRON-3M diffractometer in the CuKo
radiation. In superposition of complex diffraction profiles we used the expansion into constituting profiles.
The substructure characteristics (sizes of crystallites, microdeformation) were defined by the approximation
of the diffraction profile shape by the Cauchy function. FTIR absorption spectra were obtained at room tem-

perature in the range from 400 to 4000 cm™! using a TSM 1202 Infraspec spectrometer. The chemical bonds
in the films were analyzed by XPS on a FC 2401 device using the MgKo radiation (E = 1253.6 V). The peaks
Au 4f; » and Cu 2p3 ), with the binding energies 84.00 £ 0.05 and 932.66 + 0.05 eV, respectively, were used to
calibrate the device.

Mechanical testing of thin films was carried out on a Nano Indenter G-200 (Agilent Technology, USA)
using a Berkovich indenter with a tip radius of 340 nm (data of the atomic-force microscopy). The nanoin-
dentation was performed in the continuous stiffness measurement mode (CSM). In such tests the voltage,
which is supplied onto the loading head, is modulated by a low-amplitude (2 nm) and low-frequency (45 Hz)
signal. The nanoindentation in the CSM mode makes it possible to get the dependence of the average contact
pressure (ACP) and elastic modulus, E, on the indenter displacement in the region of loading. The tests were

. . . 1dh . . . .
conducted at the constant strain rate in the contact (€= ;7 , where £ is the displacement of the indenter tip,
t

t is the time), which was 0.05 s~!. The indention load was increased till the displacement was 200 nm. 10
imprints were made on each sample. The film thickness was defined by a Micron-gamma optical profilometer.
The thickness of Nb—Al—N coatings weakly depended on /,; and varied from 0.7 to 0.9 pm.

3. RESULTS AND DISCUSSION

3.1. Structure of Nb—Al—N Thin Films

As samples of series a were placed at the minimum distance from the Nb target and at the maximum dis-
tance from the Al target, the aluminum contents of these samples were minimum. The revealed diffraction
reflexes (Fig. 1) in samples of the a series belong to two phases having cubic lattices. The location of diffraction
reflexes of the first phase in the divided spectrum (Fig. 2) of the reflex (200) corresponds to the lattice constant
close to 0.4385 nm, which is inherent in the lattice of NbN with a low aluminum content (to 5 at %) following
the type of substitution; the lattice spacing of the second phase is close to 0.4285 nm, which is characteristic
of solid solutions A1-Nb,Al;_,N with the ratio of niobium and aluminum atoms in the lattice 2 : 1 that cor-

responds to the formula Nby, ¢-Al 33N. The latter was defined based on the Vegard law for crystal lattices of

the same type in the substitution of atoms with different radii [9]. Thus, samples of thin films of the a series
are nanocrystalline, consisting of grains of the B1-(Nb, AI)N solid solutions containing B1-Nby ¢7Alj 33N

and less than 5 at % Al.
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Fig. 1. XRD spectra of Nb—Al—N coatings deposited at /5; = 50 (1), 100 (2), 150 (3), 250 (4), 300 (5) mA (samples of series a).
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Fig. 2. Region of a diffraction spectrum of the Nb—AI—N coating (series a) deposited at /,; = 150 mA with division into con-
stituents of the film reflexes: NbN (7), Nby ¢7Alj 33N (2), accumulation approximating curve (3), points indicate the initial
data array.

Samples of series ¢ were located between the targets, closer to the aluminum target. Therefore, the alumi-
num contents of these samples should be well above than of samples of series a. Figure 3 demonstrates X-ray
diffraction spectra of Nb—AI—N films of series ¢ produced at different /5; currents. The marked peaks corre-
spond to the B1-NbN structure [6]. A characteristic feature of the spectra is the appearance of a preferred ori-
entation of crystallites on the basis of the BI-NbN phase with substitution of Al atoms for a portion of Nb
atoms, which are denoted therefore, as B1-(Nb, Al)N with the [100] axis of the crystallites textures that are
perpendicular to the growth plane. The latter is defined in diffraction spectra (see Fig. 2) by the increase of the
relative intensities of the (200) and (400) reflexes. The analysis of substructural characteristics made by the
approximation of the shape of the diffraction profile by the Cauchy functions showed that with increasing /,;
the size of the crystallites of the B1-(INb, AI)N phase increases in the texture axis direction, which is accom-
panied by a small amplification of the microdeformation (Table 1). In the separation of complex diffraction
profiles of this series coatings into constituents (Fig. 4) it is seen that in parallel with the reflexes of the B1-
(Nb, AI)N crystal phase in the 20 angles interval of 32—38° and 40—46° the diffused halo-like reflexes are
revealed, which are characteristic of amorphous-cluster structural state with the size of the region of ordering
2 nm (the methods of the estimation of the regions of ordering sizes is given in [10]). Centers of the angular
ranges of identifiable halo-like curves in diffraction spectra correspond to 35° and 43°, which complies with
the positions of AIN peaks [6], displaced to the side of the lowest angles as a result of the replacement of the
part of aluminum atoms by niobium atoms having higher atomic radius.
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Fig. 3. XRD spectra of Nb—Al—N films (series ¢) deposited at different /5;: 50 (1), 150 (2), 200 (3), 250 (4), 300 (5) mA.
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Fig. 4. Region of the diffraction profile with the separation into constituents of the Nb—AI—N film deposited at /5; = 250 mA:
1 and 3 indicate profiles corresponding to halo-like curves of amorphous aluminum nitride, 2 and 4 indicate the peaks corre-
sponding to nanocrystalline B1-(Nb, Al)N (series c).

Table 1. Substructural characteristics (average size of crystallites, L, and microdeformation, <e>) of samples

of Nb—Al—N nanocomposite thin films of series ¢

Iy, mA L,nm <e>, %
50 60 0.14
150 30 0.14
200 70 0.15
250 120 0.15
300 230 0.16

To verify the supposition as to the presence of amorphous aluminum nitride in the samples of series ¢, we
deposited thin films at different /5;. The analysis of the X-ray patterns showed that all thin films of aluminum

nitride were amorphous (a-AIN). The FTIR spectra of the AIN films are demonstrated in Fig. 5. It is seen
that the Al-N bonds intensify with increasing /,;: the absorption zone at 667 cm™ ! related to the vibrations

of AI-N [11] becomes increasingly evident.
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Fig. 5. FTIR spectra of AIN thin films deposited at /,; currents : 150 (7), 200 (2), 300 (3) mA.
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However, according to XRD the films remain X-ray amorphous. These data agree with the conclusion

about the strengthening of the a-AIN amorphous constituent in thin films of series c as the /,; increases.

XPS spectra of spanning levels of Nb—Al—N thin films of series ¢ are given in Fig. 6. The spectra were iden-
tified using the results reported in [12, 13]. It is seen that Nb—N and Al—N are main bonds in the Nb—AI-N
thin films. Thus, the data obtained by XRD, XPS, and FTIR indicate that aluminum nitride is present in thin
films of series ¢ as an amorphous phase. The Nb—O and Al—O was also revealed in the samples. The presence
of these bonds is caused by the fact that a small amount of oxygen is always accumulated in films based on the
niobium nitride [5]. According to the XPS measurements, we defined the chemical compositions of films of
series ¢. The amounts of niobium, aluminum, nitrogen, and oxygen in the films were ~ 36.3, 12.4, 35.3, and
16.0 at %, respectively. Thus, as the aluminum content increases, the structure of the Nb—AI—N thin films
transforms from the nanocrystalline into the nanocomposite one.
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Fig. 6. Typical XRS spectra of spanning levels of Nb—AI—N thin films (series ¢); Gauss components of the spectra are indi-
cated by dotted lines; vertical lines show the corresponding binding energies of atoms according to [11, 12].
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3.2. Mechanical Properties

A typical curve of the dependence of the indenter tip displacement, /4, on load, P, derived for an Nb-Al—-N
thin film is given in Fig. 7a. The indenter tip displacement monotonically increases with the indentation load,
strain—bursts in the load-displacement curve, which are typical of single crystals, are absent. Also, we should
note a high (~ 60%) recovery of the imprint depth in the indenter unloading due to the relaxation of the elastic
deformation in the contact, i.e., far in excess than in nanoindentation of metals and alloys. The dependence
of the average contact pressure (ACP) on the indenter displacement is shown in Fig. 7b, curve /. In the initial
region in the displacement range from 0 to 7 nm the deformation of the surface asperities takes place. As the
indenter displaces by more than 7 nm, it starts to penetrate into the thin film surface. Up to the point A (7 =
28 nm, P=0.76 mN, ACP = 19 GPa (~0.66 H) the ACP increases in direct proportion to the displacement.
Then ACP continues to grow with increased imprint depth but not so fast as in the beginning (the AB region).
After point B (h= 81 nm, P=4.4 mN) the ACP does not longer essentially change with the imprint depth (the
BC region). At the displacement above 170 nm (point C) the onset of the hardness decrease due to the effect
of alow-modular silicon substrate is observed (elastic modulus is 170 GPa). Therefore, we measured the hard-
ness of Nb—AI—N thin films in the displacement range from 80 to 170 nm. The elastic modulus, F, depen-
dence on the indenter displacement is shown in Fig. 7b (curve 2). It is seen from the figure that the substrate
starts to distort the results of the elastic moduli measurements of thin films at considerably lesser values of the
indenter displacements than in the hardness measurements. Therefore, we measured the elastic moduli of thin
films in the displacement range from 30 to 60 nm.

20

Load, mN

0 50 100 150 200
Displacement, nm

(a)

350
: 300
: 250
1200
: 150

4 100

Average contact pressure, GPa
Elastic modulus, GPa

0 50 100 150 200
Displacement, nm
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Fig. 7. Load-displacement curve of the indenter (a) and the dependences of ACP (/) and elastic modulus (2) on the indenter
displacement (b).
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When analyzing the dependence of the ACP on the displacement it is necessary to remember that the
mechanical tests were performed by a Berkovich pyramidal indenter with the tip rounding as a sphere with a
radius of ~340 nm. That’s why in the range of displacement from 0 to 70 nm the sample surface was deformed
by a spherical rounding in the indenter tip. At the displacement above 70 nm a transition to pyramidal indenter
begins. The dependence of the ACP on the displacement similar to the given in Fig. 7b, curve I was earlier
observed by Tabor in penetration of a spherical indenter into a hardened material (a preliminary plastically
deformed steel sample) [14]. Tabor explained the observed dependence of the ACP on the displacement, 4, in
the OC region by a change of the deformation mode in a contact. According to Tabor, in the OA region only
elastic deformation takes place in the contact (see Fig. 7b, curve I). At the point A the shear stress under the
contact attains a critical value, at which under the imprint a zone of a constraint plastic deformation appears
that is surrounded by the elastically deformed material [15]. As the load increases, the size of the zone of a
constraint plastic deformation increases, and at the B point it intersects the sample surface. At this moment
the developed plastic flow starts in the contact (see Fig. 7b, curve I). It is known that abrupt elastoplastic tran-
sition caused by the homogeneous nucleation of dislocations in the region, which was previously free of dis-
locations under the contact, is typical of single crystals with low density of structural defects [16]. Earlier a
smooth elastoplastic transition was observed for crystalline materials having high densities of dislocations
(nanocrystalline and nanocomposite coatings [ 17, 18] and mechanically polished sapphire single crystals [19])
as a result of the motion and multiplication of dislocations already existing in the contact region.

Thus, the AB section in Fig. 7b is an elastoplastic transition in a contact at the Berkovich indenter pene-
tration into the sample. The ACP, at which the plasticity initiation occurs at nanodeformation of materials by
a spherical indenter (point 4 in Fig. 7b) is related to a critical shear stress, 7., by the following equation [20]:

1, = 0.465p,, (1)

where p, is the ACP, at which the plasticity initiation in a nanocontact occurred. Knowing the critical shear
stress, we defined the yield strength, Y, using the Mises criterion [20]:

Y =31, . )

The results of measurements of the critical shear stress, T,., and yield strength, ¥, of thin films of the Nb—
Al—N system at the nanoscale are listed in Table 2. It is seen that the strength properties both of Nb—AI—N
nanocrystalline and nanocomposite thin films are noticeably higher than of aluminium nitride and niobium

nitride separately. Thus, the nanoindentation makes it possible to measure the strength properties of materials
at the nanoscale, including brittle thin films.

Table 2. Elastic modulus, E, hardness, H, critical average contact pressure of plasticity, p, initiation, critical shear stress,
T., and yield strength, ¥, of the Nb—AI—N, thin films measured at nanoindentation

Sample E, GPa H, GPa H/E D¢, GPa T., GPa Y, GPa H/Y
a-AIN 173 12.9 0.075 7.0£0.5 3.3 5.6 2.30
nc-NbN 285 25.1 0.088 15.0£2.2 7.0 12.1 2.07
nc-(Nb, AI)N (sample a) 292 26.5 0.091 16.9+0.8 7.9 13.6 1.95
nc-(Nb, Al)N/a-AIN 276 30.2 0.109 21.9+1.7 10.2 17.6 1.72
(sample c)

Note. The I, current is 100 mA. For comparison we include the data for thin films of amorphous aluminum nitride and nanocrystal-
line niobium nitride obtained at the same deposition parameters.

The results of determining the hardness and elastic moduli of thin films of the due to formation of thin lay-
ers of amorphous AIN between (Nb,Al)N solid solution nanocrystallites grains Nb—AIl—N system, deposited
at different currents /,; are given in Fig. 8. It is seen that the hardness and elastic moduli of samples of the
Nb—AI—-N system increase with the deposition current /,;. The hardness of thin films from amorphous alu-

minium nitride is minimum (it varies in the range from 12 to 15 GPa). The hardness of nanocrystalline thin
films of niobium nitride is much higher ~ 25 GPa (see Table 2). The alloying niobium nitride with aluminium
(samples of series a and c) caused their hardness to increase (see Fig. 8). For samples of series a this increase
was insignificant, as they were located near the niobium target and contained the minimum amount of alu-
minium. Their hardness increased to 27 GPa as compared with the 25 GPa of thin films from pure niobium.
From our structural studies it follows that these films are nanocrystalline consisting of nanocrystallites of
solid solutions (Nb, AIN)N. Therefore, we can state that the increasing of hardness of series a samples is
caused by the solid solution strengthening. The increase of the aluminium concentration in Nb—AI—N thin
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films (samples of series ¢) essentially affected their mechanical properties. The hardness increased to 31 GPa
and elastic modulus decreased as compared with NbN thin films and Nb—AI—N nanocrystalline samples of
series a (see Fig. 8 and Table 2) due to the formation of thin layers of amorphous AIN between (Nb,Al)N solid
solution nanocrystallites grains. Therefore, the H/E ratio for the Nb—Al—N nanocomposite thin films is well

IVASHCHENKO et al.

above than for nanocrystalline films, i.e., 0.109 and 0.90, respectively.
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Fig. 8. Nanohardness, H, elastic moduli, £, and the H/E ratios of Nb—AI—-N thin films depending on the /,; current a-AIN
(1), Nb—AI—N nanocrystalline thin film (2), Nb—AI—N nanocomposite thin film (3).

It is known that the wear resistance of materials is proportional to the H/E ratio. The higher is this ratio,
the higher is the wear resistance [21]. Therefore, to increase the wear resistance of materials, it is no need to
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tend to a very high hardness. Very hard materials, as a rule, are very brittle and that decreases the wear resis-
tance of them. To increase the H/E ratio, it is important to decrease the elastic modulus. One of the methods
to attain this result is to produce nanocomposite materials [21]. The formation of coatings with the nancom-
posite structure as a rule leads to an increase of the hardness and decrease of the elastic modulus as compared
to the nanocrystalline structure [17, 22]. Thus, because of the high H/E ratio the nanocomposite thin films of
the Nb—AI—N system are a promising material for wear resistance coatings.

3.3. First- Principles Calculations of the Structures of the Nb—AI—N System
To check the conclusions about the structure of the Nb—AI—N films, we made the first-principles calcula-
tions of the BI-NbN phase, B1-Nb, Al;_,N solid solutions, B1-NbN(001)/B1—AIN heterostructure, and
Nb,AIN ordered phase. The conditions of the calculation are described in detail in [12, 23], the calculations

were made using the “quantum-ESPRESSO” [24], the exchange-correlation potential was calculated with
the use of the generalized gradient approximation [25]. The simulation in the framework of the molecular
dynamics was performed using an NVT assembly at 1400 K with a subsequent cooling to 0 K and static relax-
ation [23]. We considered 96-atomic structures arranged by translating 8-atomic B1-NbN cell as (2 X 2 X 3)
[23]. The compositions of solid solutions and heterostructures were chosen to be equal. The Nb,AIN cell
(space group P65/mmec, No. 194) consists of 8 atoms. The structures we consider include all possible config-

urations of the Nb,Al;_,N. The XRD spectra are calculated using the PowderCell-2.4 software [26].

Figure 9 shows atomic configurations of BI-NbN(001)/1 ML AIN and B1-NbN(001)/2 ML B1—-AIN,
where ML is the monolayer, and BINb,Al;,N solid solutions as well. The analysis of total energies of heter-
ostructures and solid solutions shows that the BINb, Al N solid solutions at x < 0.67 should disintegrate and

for these concentrations a nanocomposite structure consisting of BI-NbN and B1-AIN crystallites may form.
Using the atomic configurations found as a result of first-principles calculations, we calculated diffraction pat-
terns for the heterostructure BINbN(001)/2 ML B1AIN and BINbN, BINb,Al;_,N, x= 0,67 and Nb,AIN
phases. The calculated XRD spectra are shown in Fig. 10. It is seen that the formation of a heterostructure or
a solid solution should result in an arising of floatings on basic reflections due to cubic niobium nitride at wide
angles. This is supported by the measurements results showed in Figs. 1—4. The absence of the peak at 20 =
32° in the experimental diffraction patterns, which is present in the theoretical diffraction patterns of the het-
erostructure, gives ground to suggest that epitaxial layers of aluminum nitride do not form at the grain bound-
aries in the films. It follows that the grain boundaries consist mainly of amorphous aluminum nitride, and this
agrees with our experiment. We should also mention the fact that the reflection of the Nb,AIN phase having
a hexagonal crystal lattice, which is at 26 = 38° in the calculated pattern (Fig. 10), is absent in the experimental
diffraction patterns (see Figs. 1, 3). On the strength of these data one may propose that the films we produced
do not contain crystallites of Nb,AIN hexagonal type and BI-AIN, and aluminum nitride is in films as the

amorphous phase.
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Fig. 9. Atomic configurations of the BI-NbN(001)/1 ML B1-AIN heterostructure (a), the Nb g3Al, 17N solid solution (b),
B1-NbN(001)/2 ML B1-AIN heterostructure (c), and Nb ¢7Alj 33N solid solution (d). The compositions of the (a) and (b)
structures are the same; the composition of the heterostructure (c) is identical to that of the solid solution (d); the differences
of the total energies of the heterostructures and corresponding solid solution with a chaotic arrangement of atoms in the metal
lattice are: E£(a) — E(b) =0.016 eV/atom, E(c) — E(d) = —0.039 eV/atom.

Thus, experimental and theoretical results show that films should consist of crystallites having a cubic crys-

tal lattice BI-NbN and B1-Nb,Al;_,N, x = 0.67 embedded into the amorphous a-AIN matrix. This conclu-
sion is favored by the fact that for each diffraction peak (200) and (400) the difference in the peak location
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A260 =20(1-NbN) 20(B1-NbxAll—xN) in experimental and theoretic patterns are virtually the same. It should be
also noted that films based on niobium nitride are inclined to accumulate a small amount of oxygen [5]. This is
also supported by the results of the measurements of the XPS spectra presented in Fig. 6. Oxygen may replace a
portion of nitrogen in solid solutions and in the amorphous matrix [27]. Therefore, the Nb,Al l_xNyO oy X =
0.67, 1 — y<< 1 structure will be more preferable for solid solutions and the a-AINO structure for the amorphous
matrix.

Intensity, arb. units

i | |
e s

30 40 50 60 70 80 90 100
20, deg

Fig. 10. Calculated X-ray diffraction patterns of the structures: Nb—AIl—N: BI-NbN(001)/2 ML B1-AIN (/); Al-
Nby ¢7Aly 33N (2); A1I-NbN (—) and NbyAIN (---) (3).

4. CONCLUSIONS

In studying the Nb—AI—N thin films that have been produced by magnetron sputtering of Nb and Al targets
at various currents supplied to the magnetron with the Al target in the /,; range from 50 to 300 mA it has been
found that at a low concentration of aluminum there form nanocrystalline thin films with hardness of 26—
28 GPa, which consist of nanocrystallites of the Al-(Nb, A)N and Al-Nb ¢c7Alj 33N solid solutions. An
increase of the aluminum concentration results in the formation of nanocomposite thin films, which com-
posed of the A1-(Nb, AI)N and Al-Nby ¢7Alj 33N nanocrystallites and the matrix of amorphous aluminum
nitride. The nanohardness of Nb—AI—N nanocomposite thin films varies from 29 to 31 GPa and attains the
maximum at the at the /,; current 300 mA. The comparison of the results of the first-principles calculations
with the data of experimental studies points to a possibility of the existence of two types of the B1-NbN and
AI-Nby 7Alj 33N crystallites in Nb—Al—N magnetron thin films and the absence of crystalline phases with a
noncubic type of the crystal lattice in them. Taking into account the high hardness and H/E ratio of nanocom-
posite thin films of series ¢, they may be recommended for protective and wear-resistant coatings.

The study is implemented in the framework of the STCU project no. 5964 and complex State programs:
Development of science of materials fundamentals of the structural engineering of vacuum-plasma superhard
coatings with the aim to achieve the required functional properties and Physical principles of plasma technol-
ogies for a complex machining of multicomponent materials and coatings (no. 0113u000137c).
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