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Abstract: The coatings ZrB2 and Zr-B-N were deposited by magnetron sputtering of ZrB2 target in Ar
and Ar–15%N2 atmospheres. The structure and properties of the coatings were investigated via scan-
ning and transmission electron microscopy, energy dispersion analysis, optical profilometry, glowing
discharge optical emission spectroscopy and X-ray diffraction analysis. Mechanical and tribological
properties of the coatings were investigated using nanoindentation, “pin-on-disc” tribological testing
and “ball-on-plate” impact testing. Free corrosion potential and corrosion current density were
measured by electrochemical testing in 1 N H2SO4 and 3.5%NaCl solutions. The oxidation resistance
of the coatings was investigated in the 600–800 ◦C temperature interval. The coatings deposited in Ar
contained 4–11 nm grains of the h-ZrB2 phase along with free boron. Nitrogen-containing coatings
consisted of finer crystals (1–4 nm) of h-ZrB2, separated by interlayers of amorphous a-BN. Both
types of coatings featured hardness of 22–23 GPa; however, the introduction of nitrogen decreased
the coating’s elastic modulus from 342 to 266 GPa and increased the elastic recovery from 62 to 72%,
which enhanced the wear resistance of the coatings. N-doped coatings demonstrated a relatively
low friction coefficient of 0.4 and a specific wear rate of ~1.3 × 10−6 mm3N−1m−1. Electrochemical
investigations revealed that the introduction of nitrogen into the coatings resulted in the decrease of
corrosion current density in 3.5% NaCl and 1 N H2SO4 solution up to 3.5 and 5 times, correspondingly.
The superior corrosion resistance of Zr-B-N coatings was related to the finer grains size and increased
volume of the BN phase. The samples ZrB2 and Zr-B-N resisted oxidation at 600 ◦C. N-free coatings
resisted oxidation (up to 800 ◦C) and the diffusion of metallic elements from the substrate better. In
contrast, Zr-B-N coatings experienced total oxidation and formed loose oxide layers, which could be
easily removed from the substrate.

Keywords: magnetron sputtering; coating; ZrB2; Zr-B-N; structure; mechanical and tribological
properties; corrosion and oxidation resistance

1. Introduction

The borides of transitional metals are prospective candidates for protective coatings for
machining tools [1], heavy-duty friction couplings [2], fuel cells [3], aerospace vehicles [4],
etc., due to the inherent high hardness, resistance towards corrosion, high-temperature
oxidation and wear, high diffusion-barrier properties and low friction coefficient. The
recent two decades saw considerable research efforts dedicated to coatings in Ta-B [5,6],
V-B [7], Ti-B [1,8,9], Hf-B [10], W-B [11] and Ru-B [12] systems.

The introduction of nitrogen in the composition of the boride coatings opens the
opportunity for the formation of nanocomposite structure comprised of nanosized crystals
of borides or nitrides of transitional metals and amorphous boron nitride-based interlayers.
Such structures display a unique combination of hardness up to 40 GPa, 70–90% elastic
recovery, phase stability and oxidation resistance up to 900–1000 ◦C [13]. The introduction
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of nitrogen can significantly alter the tribological properties and corrosion resistance of the
coatings due to the formation of additional amorphous phases and grain refinement [14].
Previous works dedicated to coatings Ti-B-N [15], Hf-B-N [16] and V-B-N [17] demonstrated
that the engineering of the structure, mechanical performance and wear resistance can be
achieved by variation of the nitrogen content in the coatings (primarily by the application
of different sputtering atmospheres). In addition to academic research, multiple enterprises
introduce new grades of boronitride coatings for the machining tools [18].

From the industrial point of view, ZrB2 and Zr-B-N–based coatings are prospective
candidates for application due to their hardness of 22–29 GPa [19,20], high adhesion (critical
stress of 80 N) [20]. ZrB2–based coatings can be produced by a wide variety of techniques,
including plasma deposition [21–23], diffusion saturation [24], salt electrolysis [25], elec-
trospark deposition [26,27], chemical vapor deposition [28] and arc-PVD [29]. Magnetron
sputtering offers several advantages, including low surface roughness, substrate geometry
retention [30,31], low content of pores and structural defects [32,33], high adhesion to the
substrate when the preliminary ion etching is applied [34–36], precise control of the struc-
tural characteristics via the adjustment of the sputtering parameters [37], the versatility
of the used substrates [38–41] and uniform depth-wise distribution of the elements in the
multi-element coatings [41–43].

This work aimed to conduct a comparative study of the structure, mechanical proper-
ties, tribological performance and corrosion resistance in aggressive gaseous and liquid
media for two types of coatings deposited in Ar and Ar + 15%N2 atmosphere by magnetron
sputtering of a ZrB2 target.

2. Materials and Methods

ZrB2 sputtering targets with a diameter of 120 mm and height of 5 mm were produced
by self-propagating high-temperature synthesis from the mixture of elemental boron
and zirconium powders [44]. Magnetron sputtering of the targets was performed in DC
mode using power unit Pinnacle Plus 5 × 5 (Advanced Energy), equipped with the arc
extinguisher and able to automatically maintain the deposition parameters. The amperage
and voltage of the current were 2 A and 400–500 V, correspondingly. The sputtering was
performed in Ar and Ar + 15%N2 atmospheres at 0.1–0.2 Pa pressure. As the substrates,
we employed discs made of hard alloy VK6M (WC–6%Co), nickel alloy HN65VMTYu
(international analog-Inconel C-276), aluminum oxide VOK-100-1 (sputtering duration
40 min) and KEF-4.5 grade monocrystalline silicon wafers (sputtering duration 15 min).
Before coating deposition, the substrates were cleaned by ion etching (Ar+ ions with energy
of 1.5–2 keV during 10 min) using a slot-type ion source. During the coating deposition,
the temperature of the substrate did not exceed 300 ◦C.

To record the depth-wise elemental profiles and analysis of the chemical composition
of the coatings we used glow-discharge optical emission spectroscope [45] PROFILER-
2 (Horiba Jobin Yvon, Longjumeau, France). Transverse fractures of the coatings were
investigated using scanning electron microscope (SEM) S3400 (Hitachi, Tokyo, Japan) in
the secondary electron mode (accelerating voltage 20–30 kV). X-ray diffraction analysis
was carried out using Bragg-Brentano geometry as well as grazing incidence angle of 5◦ on
a Bruker D8 diffractometer with monochromatic CuKα radiation. The phase composition
of the coatings was additionally investigated using Raman spectroscope Ntegra NT-MDT
equipped with a 633 nm laser. High-resolution Transmission electron microscopy (HRTEM)
investigations were performed using the coatings deposited on silicon wafers on the JEM-
2100 (Jeol, Tokyo, Japan) microscope. To ascertain the mechanical performance of the
coatings, we used Nano-Hardness Tester (CSM Instruments, Peseux, Switzerland). The
penetration depth did not exceed 10% at the 4 mN load. Tribological testing was performed
using Tribometer installation (CSM Instruments, Peseux, Switzerland) with a “pin-on-
disk” scheme (5 N load), equipped with WC–6%Co ball (d = 3 mm). The wear tracks
were investigated using optical profilometer Wyko-1100NT (Veeco, Plainview, NY, USA).
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Cyclic impact testing of the coatings was performed on impact tester (CemeCon, Würselen,
Germany) at 1000 N load for 105 cycles using a 5 mm WC-Co ball.

To ascertain the resistance of the coatings against high-temperature corrosion in air and
diffusion of the substrate elements, we conducted stepwise annealing in SNOL-7.2/1200
furnace (AB “UMEGA”, Utena, Lithuania) at 600 and 800 ◦C with 1 h isothermal dwelling.
After each annealing run, the depth-wise elemental profile was measured.

Electrochemical investigation of the coatings and substrate were performed using
the three-electrode cell with potentiostat “Voltalab PST050” (Radiometer Analytical SAS,
Lyon, France) (solutions 1 N H2SO4 and 3.5% NaCl, T = 25 ◦C). For statistics, 2 series
of samples were examined. All potentials were normalized against standard hydrogen
electrodes. Corrosion currents were calculated using the graphical representation of the
Taffel equation.

3. Results and Discussion

According to the GDOES data, all elements were distributed uniformly across the
depth of the coatings (Figure 1).

Figure 1. GDOES profiles for the coatings 1 (100%Ar) (a) and 2 (85%Ar + 15%N2) (b).

The concentration of admixtures of carbon and oxygen did not exceed 1.5 at.% per ele-
ment. The presence of the admixtures in the coatings can be attributed to the trace amounts
of carbon and oxygen both in the sputtered target and in the sputtering atmosphere. The
depth-averaged concentration of the main constituent elements is presented in Table 1.

Table 1. Composition, mechanical properties and tribological performance of the coatings.

№ Atmosphere
Composition, at.% Mechanical Properties

f Vw, × 10−6

mm3N−1m−1Zr B N H, ГΠa E, ГΠa H/E H3/E2, ГΠa W, %

1 100%Ar 24 ± 2 76 ± 2 - 22 342 0.064 0.091 62 0.9 8.2
2 85%Ar + 15%N2 18 ± 2 61 ± 2 21 ± 2 23 266 0.086 0.172 72 0.4 1.3

The sputtering of ZrB2 in Ar yielded coatings with 24 at.% Zr and 76 at.% B. This
corresponds to the B/Zr ratio of 3.2 which is far from the stoichiometry of the target.
The concentration of Zr and B predictably decreases to 18 and 61 at.% correspondingly
(B/Zr = 3.4) upon the introduction of nitrogen in the sputtering atmosphere. The nitrogen
content in N-doped coatings was approx. 21 at.%.

The SEM images of the morphology of the coatings are presented in Figure 2.
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Figure 2. SEM images of the transverse fractures of the coatings 1 (100%Ar) (a) and 2 (85%Ar + 15%N2) (b).

The analysis of the SEM images of the transverse fractures of the coatings deposited
on silicon wafers suggests that all investigated coatings have a dense, defect-free structure.
Both ZrB2 and Zr-B-N coatings have a higher density as compared to the industry-standard
two-component coatings [46,47]. The SEM-derived growth rate of the coatings was 52 and
49 nm/min in case of deposition in Ar and Ar + N2, correspondingly.

According to XRD analysis, the only crystalline constituent of coating 1 is the ZrB2
phase with hexagonal lattice (JCPDS 89–3930). XRD patterns show pronounced reflexes
(001), (100), (101), (002) and (102) of h-ZrB2 (Figure 3).

Figure 3. XRD patterns of coatings 1 (100%Ar) (a) and 2 (85%Ar + 15%N2) (b).

This phase is characterized by a pronounced texture in (001) direction, which coincides
with the coating’s growth direction. Mean crystallite size was calculated using half-width
of (001), (100) and (101) lines and was equal to 6–11 nm. The introduction of nitrogen
decreased the size of h-ZrB2 crystallites to 1–2 nm and changed the preferential orientation
to (100). Similar trends were observed previously for the coatings based on borides of
Cr and Ti [13]. The lattice spacings calculated using the three most intense lines on XRD
patterns for the coatings deposited in Ar were 0.359, 0.292 and 0.232 nm. It should be noted
that according to the reference data, the spacings for h-ZrB2 are 0.353, 0.274, 0.216 nm.
Therefore, we report results that are close or slightly higher as compared to the reference,
which might be related to the introduction of excess boron atoms into the interstitial
positions of the ZrB2 lattice [48]. Additionally, internal stresses in the coatings can also
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affect the position of the diffraction lines [49]. For the N-doped coatings, the following
spacings were obtained: 0.351, 0.282 and 0.236 nm. A minor reduction of the interplanar
spacings in coating 2 as compared to coating 1 might be related to the precipitation of
excess boron from h-ZrB2 and the formation of an amorphous boron-based phase.

According to the XRD data, coating 1 contained a single crystalline phase h-ZrB2. The
introduction of 21%N into ZrB2 coatings did not result in the formation of any nitrogen-
containing crystalline phases. Since the atomic ration B/Zr = 3.2–3.4, both coatings 1 and 2
contain excess boron. Therefore, one might expect the formation of amorphous structural
constituents, which cannot be traced by XRD (such as B and BN). Raman spectroscopy of
coating 1 demonstrated the presence of ZrB2 (peak at 514 cm−1) [50], as well as free boron
(intensely widened peak at ~800 cm−1) [51]. Coating 2 in addition to the peak at 515 cm−1

shows peaks at 1343 and 1535 cm−1, which are characteristic of the BN phase [52,53]
(Figure 4).

Figure 4. Raman spectra of the coatings 1 (100%Ar) (a) and 2 (85%Ar + 15%N2) (b).

TEM images of the microstructures and SAED patterns of the coatings 1 and 2 are
presented in Figure 5.

The lamellas for TEM were prepared using a standard technique, which includes
gluing, mechanical thinning and ion etching. This approach allowed us to analyze the
transverse cross-section of the coatings. The TEM images of both reactive and non-reactive
coatings feature equiaxial microstructures. Usually, ZrB2 coatings are characterized by
columnar microstructure [54,55]. The absence of the columnar microstructure in the case of
ZrB2 coating (coating 1) can be attributed to the accumulation of strain in the crystalline
structure of ZrB2 due to the oversaturation by boron atoms, premature inhibition of the
grain growth and formation of the additional B-B phase, which suppresses the layer-by-
layer growth of the columnar structures.

The SAED patterns (Figure 5a) of coating 1 shows prominent reflexes from h-ZrB2.
Interplanar spacings calculated using SAED were 0.330, 0.265 and 0.210 nm. The TEM-
derived grains size of the h-ZrB2 phase in coating 1 was 4–11 nm, which correlates well
with the XRD-derived results. The TEM-derived interplanar spacings for coating 1 were
0.361, 0.289 and 0.226 nm, which corresponds well with the XRD data.
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Figure 5. HR TEM images and SAED patterns of coatings 1 (100%Ar) (a) and 2 (85%Ar + 15%N2) (b).

The SAED patterns of coating 2 show significantly broadened lines; however, the
interplanar spacings (d-spacings) measured from the location of the center of each line were
close to that of coating 1 and were equal to 0.325, 0.269 and 0.209 nm, which corroborates
the presence of h-ZrB2 phase. The introduction of nitrogen decreases the grain size of the
crystalline phase to 1.5–3.5 nm and the formation of prominent 1–2 nm wide amorphous
interlayers (Figure 5b). A similar effect of grain refinement was previously reported [56,57].
According to the TEM data for coating 2, the reflexes have interplanar spacings of 0.238 and
0.250 nm, which can correspond both to the ZrB2 and cubic ZrN, i.e., we cannot exclude
the possibility of ZrN formation. The volume ratio of such crystallites was approx. 7%.

The results of the mechanical testing of the coatings deposited on hard alloy VK6M
substrate are shown in Table 1. Both coatings 1 and 2 demonstrated close hardness values
(H = 22–23 GPa). Upon the introduction of nitrogen, the elastic modulus (E) decreased
by 22% and the elastic recovery (W) increased by 16%. This effect can be related to a
variety of factors, such as changes in the internal stresses and coating’s texture, grain re-
finement and emergence of new N-containing phases. The higher values of elastic recovery
W = 72%, as well as plasticity index H/E = 0.086 and resistance to plastic deformation
H3/E2 = 0.172 GPa were attained for the Zr-B-N coatings. The elastic-plastic characteristics
W, H/E and H3/E2 can significantly affect the fracture toughness, wear-resistance and
tribological performance of the investigated coatings [58–60].

Experiments demonstrated that nitrogen-free Zr-B coatings display a higher friction
coefficient as compared to reactive N-doped coatings. In the first case, during the 0–10 m
distance, the friction coefficient reaches 0.8–0.9 and occasionally rises to 1.1 (Figure 6a).

Afterward, the friction coefficient decreases to 0.6 and then rises again and stabilizes
at 0.9. The oscillations of the friction coefficient in such a broad interval are caused by
rapid degradation and wear of the N-free coating (complete wear at 100 m). In the case
of N-doped coatings, after the first running-in time (less than 5 m) the friction coefficient
stabilizes and remains constant (0.44) during the rest of the tribological test. This stark
difference is caused by the presence of an amorphous phase (a-BN) in N-doped coatings,
which upon tribo contact easily reacts with the oxygen from air with the formation of
B2O3 and then reacts with the water vapor (air humidity was 40–50%) with the formation
of boric acid H3BO3. This acid possesses layered structures and acts as a solid lubricant
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during tribological testing [61]. Additionally, the higher fracture toughness of the N-doped
coatings can also play a role [36,62].

Figure 6. Dependence of the friction coefficient on the distance (a) and photo of the wear zones of the counter-bodies (b).

The reduction of friction coefficient in the N-doped coatings leads to a substantial
decrease in the wear of the counter-body (Figure 6b): the diameter of the worn-out area
decreases from 350 to 150 µm. The N-free coatings experience rapid and complete wear
and the wear track has areas of brittle fracture, in which the depth of the wear trach is
≥3.5 µm, i.e., is deeper than the coating itself (Figure 7). The width of the wear track
in these locations is 70–100 µm. In other areas, the wear track depth was 500–700 nm
at 50–200 µm track width. In the coatings with the highest nitrogen content, the wear
track has a uniform perimeter. The depth of the wear track is below 1 µm, with a width
of 90–100 µm. The profiles of the wear tracks were used to calculate the specific wear
rate of the coatings (Table 2). The lower specific wear rate of 1.3 × 10−6 mm3N−1m−1

was obtained for the reactive Zr-B-N coatings. For the binary boride coatings, the wear
rate was almost an order of magnitude higher—8.2 × 10−6 mm3N−1m−1. Thus, the N-
doped coatings possessed higher wear resistance as a result of their higher mechanical
properties (W, H/E, H3/E2) [63]. Analysis of published literature demonstrated that the
coatings Zr-B-N, produced by magnetron sputtering, in case of sliding friction against
Al2O3 counter-body were characterized by a high friction coefficient of 0.69–0.75 and
specific wear rate of 1.8–2.8 × 10−6 mm3N−1m−1 [54].

N-free coatings demonstrated higher resistance towards dynamic loads: the depth of
wear holes was ~7 µm, with 550 µm diameter (Figure 8).

Uniform wear across the area of the tribological contact was observed. In the case of
N-doped coatings, the surface layer experienced rapid degradation, followed by wear of
the surface (exacerbated by the presence of products of coating’s wear). The wear hole
was non-uniform, with a max depth of 13 µm and diameter of 750 µm. Therefore, the
introduction of nitrogen decreases the impact resistance of the coatings. This effect can be
attributed to the higher elastic modulus of ZrB2 coatings, which is close to the values for
the substrate (E = 450–500 GPa) [64].

The results of electrochemical testing of coatings and uncoated substrate VK6M (WC–
6%Co) in water solutions of 3.5% NaCl and 1 N H2SO4 are demonstrated in Figure 9 as
polarization curves in semi-logarithmic coordinates. The free corrosion potential E and
corrosion current density Icorr are provided in Table 2.
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Figure 7. 3D and 2D profiles of the wear tracks for coatings 1 (100%Ar) (a) and 2 (85%Ar + 15%N2) (b).

Figure 8. 3D and 2D profiles of wear holes for the coatings 1 (100%Ar) (a) and 2 (85%Ar + 15%N2) (b).
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Figure 9. Results of electrochemical testing in 3.5% NaCl (a) and 1 N H2SO4 (b) solutions.

Table 2. The results of electrochemical investigations.

Sample Atmosphere 3.5% NaCl 1 N H2SO4

E, mV Icorr, µA/cm2 E, mV Icorr, µA/cm2

1 Ar −131 0.24 −250 8.7
2 Ar + 15%N2 −47 0.07 −216 1.7

Substrate WC–6%Co −39 1.15 −115 33.0

In a 3.5% NaCl, both coatings demonstrated stable passivated behavior. Upon anode
polarization, both coatings 1 and 2 showed passive behavior up to the potential of 1.5 V.
Hard-alloy substrate experienced rapid corrosion, which can be seen from the value of
corrosion current density and the rapid rise of current upon anode polarization. The settled
free corrosion potentials for coatings 1, 2 and uncoated substrate were −131, −47 and
−39 mV, correspondingly. The comparison of the corrosion currents (Table 2) revealed
that the introduction of nitrogen in the composition of the coatings decreased the current
density by 3.5 times. A similar effect was observed in [65]. One should note that the
coatings ZrB2 and Zr-B-N showed an order of magnitude higher corrosion resistance in
3.5% NaCl as compared to the hard alloy.

Electrochemical testing of the coatings in 1 N H2SO4 (Figure 9b) demonstrated that
the coating 1 and substrate are passivated up to 1 V. Beyond 1 V, the break-up of the
passive film occurs, followed by dissolution of the material. The coating deposited in
Ar + 15%N2 atmosphere retains its passive state up to 1.5 V. The free corrosion potentials of
the coatings 1, 2 and substrate in 1 N H2SO4 were −250, −216 and −115 mV, correspond-
ingly. The corrosion current density decreased in the following sequence: VK6M substrate
(33.0 µA/cm2) → non-reactive ZrB2 coating (8.7 µA/cm2) → N-doped coating Zr-B-N
(1.7 µA/cm2). The introduction of N in the composition of the coating resulted in a 5-fold
decrease in the corrosion current density. One should note that coatings 1 and 2 increase
the resistance of the hard alloy towards corrosion in 1 N H2SO4 by ~4 and 20 times, corre-
spondingly. According to the literature data, coatings ZrB2 and Zr-B-N, tested in similar 1
N H2SO4 solution, demonstrated corrosion current densities of 1.93 and 0.60 mA/cm2 [65],
which are substantially higher than the values obtained in our work.

Therefore, the best corrosion resistance in 3.5% NaCl and 1 N H2SO4 solutions were
obtained for the coatings deposited in Ar + 15%N2 atmospheres. The increase of the corro-
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sion resistance upon the introduction of the nitrogen can be associated with the changes in
the phase composition and formation of nanocomposite microstructure in the coatings [20].
According to our TEM and XRD data, the introduction of N into the ZrB2 coatings resulted
in the alteration of the microstructure of the coatings, namely the refinement of the grains
size from 4–11 nm to 1–4 nm and an increase in the volume percentage of the amorphous
phase. It is known that a dense and fine-grained microstructure of the coatings promotes
the formation of stable passivated layers [66,67]. The differences in the corrosion resistance
between coatings 1 and 2 can be attributed to the distinction in the conductivity of free
boron and boron nitride [68,69]. An important factor for the improvement of the protec-
tive properties of the coatings is the continuity and width of the amorphous interlayers
which surround ZrB2 grains. In the case of Zr-B-N coatings, the ZrB2 grains are separated
by relatively thick interlayers of dielectric BN phase [70,71]. Since there is no definitive
proof regarding the formation of the ZrN phase (or lack thereof), we conjecture that this
corrosion-resistant phase can also enhance the coating’s corrosion performance [72].

To ascertain the high-temperature oxidation resistance of the coatings, stepwise ox-
idation annealing runs were performed using coatings deposited on corrosion-resistant
nickel-based alloy HN65VMTYu. Based on the GDOES-derived of depth-wise elemental
profiles we calculated the thickness of the oxide layers on top of the tested coatings. Results
for coating 1 are provided in Figure 10.

Figure 10. Depth-wise elemental profiles for coating 1 (100%Ar) after annealing in air at 600 ◦C (a) and 800 ◦C (b).

Both coatings 1 and 2 resisted oxidation at 600 ◦C. According to the GDOES data, the
penetration depth of the oxygen atoms in coatings 1 and 2 was 120 and 90 nm, correspondingly.
The composition of the upper layer was based on the zirconium dioxide with minor
retention of boron. The main volume of boron apparently evaporated from the surface in
form of the volatile oxide B2O3 [73,74]. Upon the increase of the temperature to 800 ◦C the
coating 2 suffered complete oxidation and transformed into a porous oxide layer with poor
strength and adhesion towards the substrate (the oxide layer was destroyed by a single
measurement on spectrometer). The low oxidation resistance of the coatings in the Zr-B-N
system is related to the formation of oxides of boron and nitrogen upon heating in air. These
oxides have high saturated vapor pressure at 800 ◦C and therefore evaporate rapidly and
compromise the structural integrity of the coatings [75,76]. The heating of N-free coating
1 up to 800 ◦C resulted in the formation of a 2–2.5 µm thick upper oxide layer based on
boron oxide. Under this upper layer lies an intermediate 3 µm thick layer consisting of the
mixture of ZrO2 and B2O3 and an oxygen-free layer, which consists of Zr, B and a minor
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amount of Ni from the substrate, underneath which lies the substrate itself (a nickel alloy
based on Ni, Cr and W). The as-formed layered structure possessed high strength.

4. Conclusions

Using the magnetron sputtering of ceramic cathodes, which were fabricated by self-
propagating high-temperature synthesis, we produced coatings ZrB2 and Zr-B-N. The
non-reactive coatings were based on the ZrB2 phase with a hexagonal lattice, with a minor
amount of amorphous boron. The introduction of nitrogen does not lead to the formation
of additional crystalline phases but resulted in the decrease of the grains size from 4–11
to 1–4 nm and change from the texture orientation from (001) to (100) and formation of
amorphous 1–2 nm thick grain boundary interlayers of amorphous a-BN phase.

The hardness of both N-free and N-doped coatings was equal to 22–23 GPa. However,
N-doped coatings demonstrated a decrease in elastic modulus and an increase of elastic
recovery by 20% and 16% as compared to the ZrB2 coatings. Due to the higher fracture
toughness, the Zr-B-N coating surpassed the non-reactive coating in terms of tribological
performance and demonstrated a stable friction coefficient of 0.4 and a specific wear rate of
1.3 × 10−6 mm3N−1m−1.

Resistance towards gaseous corrosion of Zr-B-N coatings is based on the formation on
the surface of the coating of a zirconia-based protective layer, which impedes the diffusion
of oxygen into the coating. The increase in Zr content improves the oxidation resistance of
the coatings, whereas the higher content of boron and nitrogen compromises the oxidation
resistance due to the rapid formation and evaporation of BOx and NOx.

Electrochemical investigations in a 3.5% NaCl revealed that the coatings ZrB2 and
Zr-B-N have an order of magnitude higher corrosion resistance as compared to the hard
alloy substrate. The introduction of nitrogen into the coating resulted in a 3.5-fold decrease
in the corrosion current density. In the 1 N H2SO4 solution the corrosion current density
decreased in the following sequence: WC–6%Co substrate (33.0 µA/cm2)→ N-free ZrB2
coating (8.7 µA/cm2) → N-doped coating Zr-B-N (1.7 µA/cm2). The introduction of
nitrogen into the composition of the coating has led to a 5-fold decrease in the corrosion
current density.

The increase of corrosion resistance in 3.5% NaCl and 1 N H2SO4 solutions upon
the introduction of nitrogen into the coatings is related to the decrease of the size of
h-ZrB2 crystallites, change of the composition of amorphous interlayers from B-B to B-
N and increase of the interlayers’ thickness. The amorphous B-N interlayers with high
electrical resistance, increased volume percentage and nanometric thickness, provide
efficient isolation for the h-ZrB2 crystallites and impede their corrosion.
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