
Composite Materials with Nanoscale Multilayer Architecture Based
on Cathodic-Arc Evaporated WN/NbN Coatings
Kateryna Smyrnova,* Martin Sahul, Marián Harsá̌ni, Vyacheslav Beresnev, Martin Truchly,́
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ABSTRACT: Hard nitride coatings are commonly employed to
protect components subjected to friction, whereby such coatings
should possess excellent tribomechanical properties in order to
endure high stresses and temperatures. In this study, WN/NbN
coatings are synthesized by using the cathodic-arc evaporation (CA-
PVD) technique at various negative bias voltages in the 50−200 V
range. The phase composition, microstructural features, and
tribomechanical properties of the multilayers are comprehensively
studied. Fabricated coatings have a complex structure of three
nanocrystalline phases: β-W2N, δ-NbN, and ε-NbN. They
demonstrate a tendency for (111)-oriented grains to overgrow
(200)-oriented grains with increasing coating thickness. All of the
data show that a decrease in the fraction of ε-NbN phase and
formation of the (111)-textured grains positively impact mechanical properties and wear behavior. Investigation of the room-
temperature tribological properties reveals that with an increase in bias voltage from −50 to −200 V, the wear mechanisms change as
follows: oxidative → fatigue and oxidative → adhesive and oxidative. Furthermore, WN/NbN coatings demonstrate a high hardness
of 33.6−36.6 GPa and a low specific wear rate of (1.9−4.1) × 10−6 mm3/Nm. These results indicate that synthesized multilayers
hold promise for tribological applications as wear-resistant coatings.

1. INTRODUCTION
Protective hard coatings have been widely used in the
manufacturing industry since the late 1970s.1 They find
widespread application in various industries, serving as cutting
tools for machining expensive and difficult-to-cut materials, as
well as being utilized in manufacturing wind turbine blades,
electronic devices, and aircraft and automotive components.2

Yet they are most commonly used to protect the surfaces of
cutting tools and components that operate under friction
conditions. Typically, these coatings are synthesized by various
physical vapor deposition (PVD) techniques, such as magnet-
ron sputtering (MS), cathodic-arc evaporation, and ion-beam-
assisted deposition.3,4 They are characterized by generating the
vapor phase from the solid phase (cathode material) by
physical methods, followed by its transfer to a low-pressure
region and its condensation on the substrate.5,6 PVD methods
can produce a wide range of dense coatings, including
metastable ones, due to the high ionization of the reactant
species bombarding the substrate and the ability to use low
deposition temperatures and various reactive gases.7,8 TiN was
the first nitride coating for various cutting and forming tools
that was produced by vaporizing solid titanium in a nitrogen

atmosphere.9 This was followed by a rapid progression in the
development of new protective coatings, such as TiAIN,
TiSiN, ZrN, CrN, CrAlN, AlCrSiN, and TiCrAISiN.10−12

Despite the good functional properties of monolithic coatings,
the multilayer design has proven its superiority. The alternating
deposition of different materials enables the effective tuning of
desired coating properties, including hardness, elasticity, wear
resistance, fracture toughness, etc.13−16

Among the variety of multilayer transition metal nitride
protective coatings, TiN- and CrN-based ones are the most
studied due to their high hardness and wear resistance. For
instance, TiN/CrN coatings showed a hardness of about 29.4
GPa and better oxidation and sliding wear resistance than
monolithic CrN and TiN.17,18 Huang et al.19 reported that
TiN/TaN multilayers exhibited an enhanced hardness of 36 ±
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2.4 GPa at the bilayer period (Λ) of 20 nm as a result of high
stacking fault density. Combining TiN with MoNy in the
superlattice multilayer thin films resulted in critical fracture
toughness and hardness of 4.1 ± 0.2 MPa √m and 34.8 ± 1.6
GPa, respectively, which were superior to TiN.20 In addition,
CrN-based multilayer coatings are widely utilized in tribo-
logical applications. CrN provides a low coefficient of friction
(COF) and good oxidation resistance due to the formation of a
protective Cr2O3 layer.13 For example, CrN/NbN multilayer
coatings, forming oxides of Cr and Nb, demonstrated high
resistance against water droplet erosion, tensile strength, and
creep properties.21 Moreover, CrN/MoN films showed
hardness and wear rate up to 42.3 GPa and 5.92 × 10−7

mm3/Nm, respectively, making them promising candidates
for industrial applications.22

However, over the past decades, in addition to well-studied
TiN and CrN coatings, WN has also captured the interest of
scientists, fueling research and exploration across various
scientific domains. Tungsten nitride can exist in two phases:
fcc W2N and hexagonal WN. Specifically, cubic W2N has
demonstrated the most distinctive and promising properties.
For instance, W2N films deposited using radio frequency
reactive magnetron sputtering were stable at temperatures
<800 °C with a hardness of 21.73 GPa.23 Ghantasala and
Sharma24 reported that cubic tungsten nitride films exhibited
self-lubrication properties, hardness of 28.36 ± 2.57 GPa, and
low coefficient of friction of 0.303. At elevated temperatures
(>150 °C), WNx coatings form lubricating WO3, decreasing
COF.25 Hence, W2N is characterized by high thermal
stability,26 hardness,27 adhesion strength to steel substrates,25

wear resistance,28 and specific capacity.29 Such a diverse range

of properties open up numerous applications and stimulate
new research into WN-based multilayer coatings. For instance,
Table 1 summarizes the deposition parameters and mechanical
and tribological properties of all WN-based multilayers
designed up to the present date. It can be seen that the
observed diversity among systems appears limited. The most
significant number of articles have been published on
multilayer coatings in which tungsten nitride was combined
with well-studied titanium and chromium nitrides. However,
beyond these two binary nitrides, WN-based multilayer
systems have not yet been explored much. A few nanoscale
multilayers incorporating ZrN, NbN, CrAlSiN, and
(TiZrNbHfTa)N have also been reported. All existing research
data demonstrate that WN-based multilayer coatings possess
hardness greater than 26.3 GPa (only WN/TiAlN showed the
lower value of 17.20 GPa), a low friction coefficient of 0.23−
0.76, and a wear rate within the range of 7 × 10−7−4.4 × 10−6

mm3/Nm. However, although the exhibited properties suggest
the potential of WN-based multilayer coatings, there is no
comprehensive investigation of their wear behavior. Thus,
further extensive studies of their tribological properties are
required.

Furthermore, as can be seen, magnetron sputtering is the
predominant deposition technique. In our previous study, we
successfully synthesized WN/ZrN, WN/CrN, WN/MoN, and
WN/NbN coatings under the same deposition conditions
using the CA-PVD method and comprehensively characterized
them.30 This approach aimed to elucidate the system that
exhibited the best tribomechanical properties. Thus, the WN/
NbN coating demonstrated superiority over the other studied
multilayers (Table 1). In addition to the high tribomechanical

Figure 1. SEM cross-sectional micrographs of WN/NbN coatings deposited at different bias voltages: (a) −50, (b) −100, and (c) − 200 V.
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properties of tungsten nitride, this is also due to the chemical
inertness, thermal stability, and high wear resistance of
niobium nitride.31 For example, NbN with a hardness of
23.74 ± 0.58 GPa exhibited ultralow COF of 0.058 and wear
rate of 1.79 × 10−10 mm3/Nm in a three-phase contact
medium (water, air, and NbN) due to the tribochemical
reactions with the formation of Nb2O5 particles.32 Moreover,
another study of NbN films synthesized by arc ion plating also
showed a low wear rate of about 3.0 × 10−8 mm3/Nm.
Considering the characteristics of WN and NbN, multilayer
coatings based on these nitrides should have excellent wear-
resistant properties. The only paper on WN/NbN films
deposited by magnetron sputtering was published by Wen et
al.33 At a bilayer period of 7.4 nm, multilayers demonstrated a
hardness greater than 40 GPa, but other properties were not
reported. Therefore, we elected to conduct a more in-depth
analysis of changes in the microstructure and tribological
behavior of WN/NbN coatings upon variations in the
deposition parameters.

This study aims to investigate the effect of the negative bias
voltage on the phase composition, texture, mechanical
properties, and room-temperature tribological performance of
CA-PVD WN/NbN coatings. Emphasis has been placed on
studying the texture evolution in multilayers and under-
standing the relationship between wear behavior and micro-
structural features.

2. RESULTS AND DISCUSSION
2.1. Coating Morphology. Figure 1 shows cross-sectional

scanning electron microscopy (SEM) images at higher and
lower magnifications of M-50, M-100, and M-200 coatings. All
multilayers demonstrate a dense, well-defined layered
structure. Bright layers represented tungsten nitride, and dark
layers were assigned to niobium nitride since the backscattered
electron emission rate is higher for elements with higher
atomic numbers. The bilayer period clearly varied depending
on the applied substrate bias. Coating deposited at the highest
Us had the thinnest layers with Λ of about 10 nm, while the
difference in the bilayer period between the M-50 and M-100
samples was not that dramatic. Thus, deposited coatings had a
nanolayered structure with Λ values in the 10−15 nm range.
Consequently, variations in total coating thicknesses were also
observed, following the same trend as the bilayer period: 4.7,
5.0, and 3.5 μm for M-50, M-100, and M-200, respectively.
Applying higher negative bias voltage increases the re-
sputtering rate of adatoms caused by the bombardment ion
flux effect.52 The balance between the nucleation and re-
sputtering processes determined the coating thickness.

Table 2 provides the results of the chemical composition
analysis, as determined by the WDS method. N concentration
ranged from 49.1 to 51.1 atom %, indicating the nitrogen
stoichiometry in the deposited multilayers. Applying the
highest Us of −200 V led to an increase in W content up to

24 atom % with an associated decrease in Nb and N
concentrations. Such a high bias voltage improves the energy
transmission to the substrate. Thus, ions of the cathode
materials with higher energies may cause significant intermix-
ing between depositing nitride layers and the re-sputtering of
niobium by heavier tungsten.
2.2. Phase Analysis. The GIXRD patterns of the M-50,

M-100, and M-200 coatings obtained at different ω angles of
the incident beam are depicted in Figure 2. All deposited
nanolayers consisted of three phases: fcc β-W2N (No. 225,
Fm3̅m, JCPDF 25-1257), fcc δ-NbN (No. 225, Fm3̅m, JCPDS
38-1155), and hexagonal ε-NbN (No. 194, P63/mmc, JCPDS
89-4757). The diffraction maxima were assigned to the
following planes: W2N (111), W2N (200), W2N (220), and
W2N (311); δ-NbN (111), δ-NbN (200), δ-NbN (220), δ-
NbN (311), and δ-NbN (222); ε-NbN (004) and ε-NbN
(104). The values of the crystal lattice constants of all three
phases in the deposited coatings tended to gradually decrease
with an increased substrate bias voltage (Table 3). The lattice
parameters of the hexagonal ε-NbN agreed well with the
experimental and theoretical results by Terao53 (a = 2.960 Å, c
= 11.270 Å), Zou et al.54 (a = 2.9599 Å, c = 11.2497 Å), and
Ivashchenko et al. (a = 2.975 Å, c = 11.300 Å).55 That could be
associated with the formation of vacancies, intermixing
between W- and Nb-based nitride layers, which could distort
crystal lattices, and the presence of compressive residual
stresses.56 It can be seen that all coatings consisted of
nanograins of similar sizes ranging from 2.8 to 4.3 nm.

Measuring diffraction patterns at various incident ω angles
allowed us to study in more detail the phase composition of
the deposited WN/NbN multilayers. Records obtained at
selected angles ω could be associated with microstructural
features at a certain coating thickness. For instance, GIXRD
patterns obtained at ω = 0.5, 1, 4, 8, and 10° were assigned to
approximately the following penetration depths: 0.127, 0.254,
1.016, 2.027, and 2.530 μm.

Analysis of the GIXRD patterns of WN/NbN multilayers
revealed that applying a substrate bias voltage of −100 V did
not change the microstructure from the top layers to half the
thickness of the coating (total thickness ≈ 5 μm). The
intensity of reflections from the hexagonal NbN phase in the
M-100 coating remained unchanged regardless of the ω angle.
Furthermore, the coating demonstrated a (111) + (200)
preferred orientation over the studied thicknesses with only a
slight decrease in (200) intensity. Diffraction peaks were
shifted toward smaller 2θ angles, which could indicate the
presence of compressive stresses.41,57 This was confirmed by
estimating residual stresses using the sin2ψ method. The
coating deposited at Us = −100 V demonstrated compressive
stresses with an absolute value of 4.65 ± 0.29 GPa (Table 3).

GIXRD spectra of the M-50 multilayer obtained at ω
ranging from 4 to 10° were similar to M-100, characterized by
the competitive growth of (111) and (200) planes. However,
patterns collected from a depth of about 250 nm started to
transform. The intensities of the (200), (220), and (311) peaks
of the fcc phases and reflections from ε-NbN significantly
decreased. Moreover, at a thickness of about 130 nm most
grains in the M-50 coating had a (111) orientation. Such
changes suggest a potential reduction in the density of defects
and an enhancement of the crystalline properties of a
multilayer. By acquiring a crystallographic texture, the coating
attempts to minimize the total energy.58 Among all deposited
WN/NbN multilayers, the GIXRD peaks of M-50 were shifted

Table 2. Elemental Composition of the WN/NbN Coatings
Deposited at Different Substrate Bias Voltages

element concentration (atom %)

coating W Nb N

M-50 21.1 29.0 49.9
M-100 19.7 29.2 51.1
M-200 24.0 26.9 49.1
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toward smaller angles the most because of the highest
compressive residual stresses (−6.93 ± 0.88 GPa).

The M-200 multilayer showed a variation in crystallographic
orientation throughout the coating. Since its total thickness is
about 3.5 μm, the GIXRD pattern is shown at ω = 10°. covers
the structural features from almost the entire coating. Thus, the
evolution of the crystalline grain orientation was abrupt as the
coating thickness increased. The WN/NbN coating developed
the (200) preferred orientation at the initial growth stage. The
W2N (220), δ-NbN (220), and δ-NbN (222) peaks were

missing, unlike other coatings. At a depth of about 2 μm from
the surface, the intensity of the (111) and (311) planes of fcc
phases increased. GIXRD pattern obtained at 1 μm from the
surface (ω = 4°) revealed that the (200) peaks continued to
fade to the point that most grains were oriented within (111)
and (311) directions. Finally, the structure of a coating area
close to the surface (127−254 nm) was characterized by a
strong (111) preferred orientation, which is the most close-
packed plane. Moreover, the ε-NbN reflections were almost
undetectable and (220) planes appeared. Similar behavior of

Figure 2. GIXRD patterns collected at ω angle from 0.5 to 10° of the nanolayered WN/NbN coatings deposited at various bias voltages: (a) −50
V, (b) −100 V, and (c) −200 V.

Table 3. Summary of Lattice Parameters, Grain Sizes, and Residual Stresses of WN/NbN Coatings Deposited at Different
Negative Bias Voltages

lattice parameter (Å) grain size (nm)

ε-NbN δ-NbN β-W2N

β-W2N ε-NbN δ-NbNcoating a a c a residual stresses (GPa)

M-50 4.238 2.988 11.274 4.386 3.2 2.8 2.9 −6.93 ± 0.88
M-100 4.219 2.969 11.252 4.358 3.4 4.3 3.2 −4.65 ± 0.29
M-200 4.194 2.938 11.229 4.332 3.7 3.6 3.7 −2.78 ± 0.56
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the hexagonal NbN phase at the same ω angles was observed
in the M-50 multilayer. That could mean that during
deposition, at some critical thickness, the M-50 and M-200
coatings began to grow pseudoepitaxially at approximately the
top 200 nm-thick layer.

The evolution of the preferred orientation of grains can
occur during the nonequilibrium deposition process.59,60

Although the texture depends on many factors, the main
parameters include total coating thickness, bilayer period in
multilayers, deposition temperature, substrate bias voltage, and
the difference in thermal expansion coefficients of substrate
and coating.61,62 Among the deposited WN/NbN multilayers,
the most drastic texture evolution from (200) to (111) was
observed for the coating, with the lowest bilayer period of 10
nm deposited at the highest bias voltage. Less pronounced
changes then characterized the M-50 multilayer with a little
greater Λ of about 13 nm. Finally, the coating with Λ = 15 nm
demonstrated only a slight decrease in the (200) plane
intensity. It should, therefore, be noted that the tendency for
(111)-oriented grains to overgrow (200)-oriented grains was
inherent to all coatings to varying degrees.

The growth of grains is a complex process that is
characterized by the competitive evolution of certain grains
at the cost of others.61 Different crystallographic orientations
are favored by either surface and interface energy coatings or
strain energy minimization.63 Alterations in the texture of the
WN/NbN coatings throughout the thickness can be explained
by the anisotropies in the atomistic processes taking place on
different surfaces. It has been shown that during grain
formation and growth in nitride film deposited at a high bias
voltage, the system tries to minimize the total surface and
interface energy, which favors the (200)-oriented grains.64,65

Therefore, at the early phase of the coating growth, the (200)
surface is dominant as it provides a high diffusivity of adatoms.
Further, as the thickness of the multilayer increases, low
potential energy (111) surfaces slowly start to dominate. Thus,
a texture evolution in the M-200 coating is controlled solely by
kinetic effects.66 However, at lower energies of bombarding
ions (M-50 and M-100), the balance between kinetic factors
and thermodynamically driven growth governs the formation

of a mixture of (111)- and (200)-oriented grains. When the
low-diffusivity (111) surfaces slightly overgrow the (200)
planes, kinetic effects come to the forefront. Moreover, the
minimization of compressive residual stresses in nitride films
may govern the growth of (111) surfaces responsible for strain
minimization.63

In general, nitride coatings deposited by the CA-PVD
method often have high compressive stresses, which positively
affect tribomechanical properties.1 A study of residual stresses
of niobium nitride revealed higher compressive strains in films
with a mixed (111) + (200) texture compared to a strong
(111) preferred orientation.66 In addition, the absolute value of
compressive stresses was higher in the case of an increase in
the I(111)/I(200) ratio. We observed a similar behavior of WN/
NbN coatings deposited at different bias voltages. The residual
stresses in WN/NbN coatings deposited at absolute values of
the negative bias voltage ranging from 50 to 200 V
demonstrated a descending dependence (Table 3). The M-
200 multilayer had the lowest compressive stress of 2.78 ±
0.56 GPa. High-energetic ion bombardment due to a high
substrate bias voltage elevates the deposition temperature.
This, in turn, significantly affects the adatom mobility and
diffusivity. Therefore, atoms at the surface of the growing film
can migrate to the grain boundaries and occupy more
energetically favorable positions. Along with texture evolution,
such a process promotes the release of residual stresses in the
coating deposited at higher Us values.58,64,67

2.3. Microstructural Characterization. The bright-field
transmission electron microscopy (TEM) image of the M-200
cross section was reported in Figure 3. It was found that the
WN layers had a slightly lower thickness than that of NbN due
to the instabilities of an electric arc of the tungsten cathode.
The average bilayer period was calculated to be approximately
10 nm, which agreed well with the SEM findings. The distinct
feature of the nanolayer coating deposited at the highest bias
voltage was blurred interfaces between the layers. Fast Fourier
transform (FFT) patterns from various areas of the sample
were obtained to determine the phase composition of each
individual nitride layer. The analysis of WN layers represented
by dark lines revealed only crystallites of the NaCl-type β-W2N

Figure 3. Cross-sectional bright-field TEM image with FFT patterns from selected regions of the WN/NbN coating deposited at Us = −200 V.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10242
ACS Omega 2024, 9, 17247−17265

17252

https://pubs.acs.org/doi/10.1021/acsomega.3c10242?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10242?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10242?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10242?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in different parts of the coating. The crystallites were oriented
within the <110> type zone axes. In contrast, the light layers
ascribed to niobium nitride exhibited a more complex structure
with nanocrystallites of the fcc δ-NbN and hexagonal ε-NbN
phases. Similar to β-W2N, cubic δ-NbN was oriented within
the [01̅1] direction of the <110> type. This type of crystallite
orientation prevailed because of the lamella’s chosen
orientation. Therefore, the three phases β-W2N, δ-NbN, and
ε-NbN coexisted in the deposited nanolayer coatings, which
was in good agreement with the X-ray diffraction data.

For a detailed characterization of the interface between
deposited WN and NbN nanolayers, the M-200 coating was
analyzed simultaneously using different scanning TEM
(STEM) regimes (Figure 4a). In particular, bright-field, high-
angle annular dark-field (ADF1), and low-angle annular dark-
field (ADF2) detectors. The difference between ADF1 and
ADF2 is the collection angles of scattered electrons. ADF1
geometry allows it to detect signal within 50−250 mrad, while
inner-outer angles of the ADF2 detector signal correspond to
25−50 mrad.68 Thus, a high-angle annular dark-field detector
is sensitive to the atomic number Z and uses incoherently
scattered electrons for imaging. Meanwhile, a low-angle
annular dark-field signal is sensitive to strain fields from the
defects that cause dechanneling of the incident electrons. The
image in this mode is formed by collecting incoherently and
coherently scattered electrons.69 The BF image is created by a
direct beam weakened due to the interaction with the coating
being studied, making the crystalline areas appear dark.

The ADF1 part of the STEM image demonstrated an
alternated stack of dark and bright layers ascribed to niobium
nitride and tungsten nitride nanolayers, respectively. Moreover,
the BF and ADF2 parts of Figure 4a provide a better
understanding of the features of interlayer interfaces. It can be
seen that no sharp boundaries were observed. This finding
means that high-energy incident particles hitting the growing
surface of the coating due to high bias voltage resulted in the
intermixing between WN and NbN layers. Additionally, a low-
angle annular dark-field part of the STEM image exhibited a
positive contrast at the interlayer interfaces, appearing as bright
regions. Such areas with increased intensity in the LAADF
regime indicate the strained regions that cause changes in
diffraction conditions.70,71 Strain causes an intense signal due
to the electron probe dechanneling.72 Thus, intermixing
between layers deposited at high Us values created deformed
regions with dislocations and high stresses. The BF high-
resolution image of the coating cross section showing
interfaces between different constituent nitride layers is
reported in Figure 4b. Interfaces between layers were not
sharp, and NbN layers had many distortion regions because of
the complex structure composed of cubic and hexagonal
phases. The lattice fringes also appear to be continuous
between different nitride layers. In order to transmit the in-
plane crystallographic orientation within the coating, the
crystallites of the fcc-W2N, fcc-NbN, and hexagonal NbN
phases with an appropriate mutual orientation exhibit an
interconnected arrangement. This interwind is a prerequisite
for achieving semicoherence in crystallites.73 Figure 4c−e

Figure 4. Combined STEM image of the WN/NbN coating deposited at a bias voltage of −200 V acquired simultaneously with BF, HAADF
(ADF1), and LAADF (ADF2) detectors (a). A high-resolution STEM image in BF mode (b) and EDS elemental mapping images (c-e) of the M-
200 multilayer.
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demonstrates the corresponding EDS elemental mapping of
the M-200 coating. Nitrogen was evenly distributed within the
multilayer. Furthermore, a slight overlap between Nb and W
was visible, confirming intermixing between different nitride
layers during the deposition.
2.4. Mechanical Properties. The mechanical properties of

the nanolayer nitride coatings were assessed by using
nanoindentation tests. Four main parameters (nanohardness
(H), elastic modulus (Er), H/Er, and H3/Er

2 ratios) were
evaluated and are shown in Figure 5. Typical load−
displacement curves of WN/NbN coatings are provided in
Figure 5c. The hardness of the monolithic fcc W2N was found
to be within the range of 26.7−31.0 GPa.34,46,49 The hexagonal
ε-NbN and fcc δ-NbN coatings exhibited a hardness of 22−30
and 17−20 GPa, depending on the applied load.54,66

Therefore, the hardness values of the deposited WN/NbN
multilayer coatings clearly exceeded those of single-layer
tungsten and niobium nitrides. The highest hardness (36.6 ±
3.5 GPa) and elastic modulus (448.7 ± 36.5 GPa) were
observed for the M-200 sample. However, many authors have
discussed the importance of high H/Er and H3/Er

2 values for
predicting wear-resistant properties.38,74 The first parameter is
connected to the energy dissipation in mechanical contact
(elastic strain to failure), while the H3/Er

2 ratio is called the
resistance to plastic deformation. The most durable protective
coatings are expected to have high hardness in order to be
effective in resisting plastic deformation and moderately low
elastic modulus.75,76 Hence, the highest values of H/Er and
H3/Er

2 ratios, as demonstrated by the M-50 multilayer, allowed
us to suggest that it should exhibit an enhanced resistance to
wear.

The deposited WN/NbN nanolayers demonstrated mechan-
ical properties superior to those of their constituent
monolayers due to a few mechanisms. First, the nanolayer
architecture plays a crucial role in enhancing the mechanical
properties. Due to the alternating deposition of the individual
layers, multilayers have many interfaces that hinder crack
propagation and dislocation movement throughout the
coating. Such coatings have a significant area of interphase
boundaries and many defects at the interfaces. Many papers
that studied different multilayer films have demonstrated that
there is an optimal bilayer period that provides the best
mechanical properties. For example, TiN/WN coatings
showed maximized hardness at Λ = 8.1 nm,42 and an optimal
bilayer period for NbN/WN multilayers was about 7.4 nm,33

while in both cases, increasing the Λ deteriorated their
characteristics. Similar behavior of the WN-based multilayer
system was observed in the present study. The WN/NbN
coating with the lowest Λ value of 10 nm (M-200) exhibited
the highest hardness value of 36.6 ± 3.5 GPa. An increase in Λ
to 13 nm (M-50) and 15 nm (M-100) led to a gradual
decrease in hardness to 35.2 ± 3.3 and 33.6 ± 3.0 GPa,
respectively. Another source of hardness enhancement is the
lattice misfit between adjacent phases.77,78 For instance, in the
case of the M-200 coating, analysis of the FFT patterns
provided in Figure 4 demonstrated that it was composed of
three phases. Therefore, the lattice misfit for the crystallo-
graphic relationships along the [01̅0]ε‑NbN || [01̅1]δ‑NbN,
[01̅0]ε‑NbN || [1̅01]β‑Wd2N, and [01̅1]δ‑NbN || [1̅01]β‑Wd2N interfaces
were 4.1, 1.0, and 3.2%, respectively. All of the lattice mismatch
values were positive, indicating an expansion of the unit cell of
ε-NbN in the first two relationships and compression of crystal

Figure 5. Hardness and elastic modulus (a), H/Er and H3/Er
2 ratios (b), and typical load−displacement curves (c) from nanoindentation

measurements of WN/NbN multilayer coatings deposited at different negative bias voltages.
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lattices of cubic nitride phases. The δ-NbN/β-W2N interface
was also characterized by contraction of the niobium nitride
lattice. This misfit is a source of the local strain at the phase
boundaries, which is beneficial for the hardness.78

Another mechanism that could also be responsible for the
high mechanical properties of the nanostructured WN/NbN
coatings is a fine-grained structure. When the size of grains d <
10 nm, dislocations do not appear if d is smaller than the
length of a dislocation, and processes at the grain boundaries
have a significant impact on the material properties.79 Smaller
grains mean an increase in grain boundaries that tend to
accumulate dislocations and hinder their movement.45 More-
over, the formation of the mixture of two different NbN phases
also affected the mechanical properties. According to Pugh’s
criterion, if the Pugh modulus ratio k is greater than 1.75, the
material demonstrates ductile behavior; otherwise, it has a
brittle character. Papers studying different NbN polymorphs
have shown that the calculated k value for ε-NbN was around
1.69, implying its brittle nature.55,80 Yet the cubic δ-NbN
demonstrated a much higher Pugh modulus ratio of about
2.20, indicating that it is a ductile material.80,81 It should be
considered that nanohardness measurements were conducted
at a depth of about 200 nm. According to the phase analysis,
this indicates that in the near-surface region, M-50 and M-200
coatings were characterized by a negligible amount of the ε-
NbN phase and prevalent (111) orientation in most grains.
Consequently, the presence of hard hexagonal nanocrystallites
led to degradation of the mechanical properties. Conversely,
the development of the (111) texture had a favorable impact.
Hence, the M-50 coating’s superior elastic strain to failure and
resistance to plastic deformation were attributed to the synergy
of small grain sizes, optimal texture, and bilayer period of 13
nm, and the lowest volume fraction of hard but brittle ε-NbN
phase surrounded by a more ductile δ-NbN.
2.5. Tribological Tests. 2.5.1. Friction Performance. The

friction coefficient of the nanolayer WN/NbN coatings
deposited at different substrate biases as a function of sliding
time is listed in Figure 6. The running-in state of multilayers
was short and characterized by a rapid increase in the COF.
This is due to high contact stress and wear loss caused by the

softening of the contact interfaces at the beginning of the dry
sliding. Macroparticles at the surface of cathodic-arc
evaporated coatings are droplets of target materials in the
form of soft pure metals or hardened particles, which are
created due to even a low efficiency of chemical reaction with
nitrogen.82 Such surface asperities during sliding act as abrasive
particles that plow the coating surface and increase its wear.
The surface roughness of three multilayers had similar values in
the 37−41 nm range and was not a crucial factor responsible
for different tribological test results. However, the friction
behavior of the steady-state phase varied for different coatings.

The friction coefficient curve of the M-50 coating first had a
slight ascending trend, with some spikes during the steady-state
part up to 300 s of sliding. After the contact between the
multilayer and steel counterbody surfaces was optimized, the
COF decreased to approximately 0.7 and was stable until the
end of the test. Therefore, when the steel ball slid over
niobium nitride layers, hard and brittle ε-NbN nanograins
surrounded by the δ-NbN phase could detach and refine,
serving as an abrasive material. However, a negligible amount
of hexagonal phase in this coating and the small average size of
grains resulted in the lowest COF at longer distances.

The WN/NbN multilayer deposited at Us = −100 V
demonstrated no stable steady-state friction coefficient. After
the running-in state, the COF constantly rose from 0.5 to 0.75,
meaning a large scattering of the results. Even though this
coating had the lowest average COF value of about 0.68, the
friction behavior was irregular and unstable. The curve
exhibited some discontinuity character with sharp fluctuations.
That could be caused by local failure of the layer at some
places or even minor coating delamination since the friction
performance continued to worsen after those breakdown
events. Moreover, another reason for those fluctuations in the
COF could be related to a higher content of the hard ε-NbN
grains, the particles of which potentially acted as a third body
during the sliding process. During the sliding motion, they
could be unevenly gathered at different parts of the wear track,
expelled, or immersed within the transferred materials.

Finally, the steady state of the friction coefficient curve of
the M-200 coating until 370 s had an ascending character, as
observed for the M-50 sample. However, it stabilized for the
rest of the sliding with some local fluctuations, which could be
related to the alternate failure of different individual layers and
continuous formation and removal of WO3 and Nb2O5 tribo-
oxides. This multilayer with the smallest Λ value of about 10
nm demonstrated the highest average COF value of 0.74.
Zhang et al.83 reported the same relation between the friction
coefficient and bilayer period of CrSiN/ZrN coatings. The
highest COF was observed for the coating with the smallest
bilayer thickness.

The average friction coefficient of the monolithic NbN
during the dry sliding against a stainless-steel ball was reported
to be about 0.78.32 The fcc W2N coating deposited by
magnetron sputtering demonstrated COF of about 0.47−
0.5.41,84 Thus, the CA-PVD WN/NbN coatings studied in this
article showed friction coefficients with average values lying
between those of individual constituent layers. Among all
multilayers, the coating deposited at Us = −50 V demonstrated
the most stable friction performance, with the lowest COF at
longer distances until the end of the sliding against a steel ball.

2.5.2. Wear Resistance. The wear behavior of CA-PVD
WN/NbN coatings was assessed by ball-on-disk tests using a
100Cr6 stainless-steel counterbody. SEM images of the worn

Figure 6. Evolution of the coefficient of friction of the WN/NbN
multilayers deposited at various bias voltages depending on the sliding
time against the steel ball.
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surfaces of multilayers deposited at different substrate bias
voltages and balls after tribotests are shown in Figure 7. EDS
elemental maps were recorded to better understand the
deposited coatings’ main wear mechanisms. Signals from four
elements were used for the analysis: tungsten, niobium,
oxygen, and iron. The last two elements were indicators of
the coating spallation with consequent substrate exposure and
transfer layer formation from the steel counterbody on the
wear scar surface. The M-50 and M-200 multilayers remained
fully intact until the end of the wear tests. However, the M-100
sample exhibited a few areas of coating spallation with
stainless-steel substrate exposure. Analysis of the wear scars
of three CA-PVD WN/NbN coatings revealed different wear
mechanisms and wear resistance.

The wear behavior is greatly influenced by a suitable
combination of mechanical properties (hardness, elasticity, and
resistance to plastic deformation), residual stresses, and
microstructure (grain size, interfaces, and texture) of the
coating.85 Moreover, the thickness of the coating is one of the
most essential parameters that affects its wear resistance and
friction performance. For various materials, there is an optimal
thickness that allows the reduction of wear, while the bilayer

period should also be optimized to improve the wear resistance
in the case of multilayer coatings. Thus, these parameters were
considered during the study of WN/NbN wear resistance,
which was mainly assessed by calculating the specific wear rate,
ws. The ws values of coatings deposited at different negative
bias voltage values are provided in Figure 8.

The wear scar features of the WN/NbN coating deposited at
Us = −50 V are provided in Figure 7a. It can be seen that the
M-50 multilayer exhibited the least damaged surface after
sliding a steel ball for 75 m. The wear track was smooth
without signs of coating delamination, and the scar profile was
shallow, with width and depth of about 162 and 0.270 μm
(Figure 9a). These parameters resulted in the lowest specific
wear rate, 1.9 × 10−6 mm3/Nm. Moreover, the wear scar on
the counterbody after tribotests had the smallest size, and the
wear rate of the ball was the lowest, with a value of 1.5 × 10−8

mm3/Nm (Figure 8). Figure 7a shows only fine particles in
small amounts. According to SEM-EDS elemental maps, those
debris were oxides of tungsten and niobium, and no iron was
detected on the wear scar area. These features indicate that the
primary wear mechanism of the M-50 coating was oxidative
wear (Figure 9b). Sliding two materials against each other

Figure 7. SEM images of the wear tracks of the WN/NbN multilayers (first column), EDS elemental maps (smaller images in the middle), and
images of 100Cr6 counterbody balls (last column) after ball-on-disk tribotests as a function of substrate bias: (a) −50, (b) −100, and (c) − 200 V.
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generates high temperatures in the tribe-pair contact. However,
at low speeds below 1 m/s, the temperatures are not high
enough to cause direct oxidation of the highest surface
irregularities.86 The process occurs due to the oxidation of
accumulated wear debris. When oxide films grown on
asperities reach a critical thickness of around a few nanometers,
they detach from the worn surface in the form of flaky oxide
wear particles that subsequently compact and create oxide
“islands”.87,88 As sliding time increases, created plastically
deformed oxides get flattened and smooth and may leave “tail-
like” traces behind them. This type of wear mechanism is
considered mild wear. Observed oxide wear particles could be
WO3 and Nb2O5, which are known for their lubricious
properties. For instance, WO3 is the Magneĺi phase with a
shear structure and lower shear strength.25 It has lubricating
properties due to three types of W−O bonds. This scale has a
low hardness of about 5 GPa and can be worn easily during
friction because of the weak van der Waals interactions
between layers.89 It can wear out fast but also takes a few
microseconds to regrow. Therefore, WN can be considered a
self-lubricating material. The NbN films showed similar
behavior during wear tests. They can be oxidized to Nb2O5,
which provides high wear resistance.32,90 Thus, the formation
of both tungsten and niobium oxides during the wear tests
significantly improves the wear behavior of the deposited WN/
NbN coatings. Moreover, the M-50 sample was characterized
by the highest elastic strain to failure (H/Er) and the highest
resistance to plastic deformation (H3/Er

2), which also
contributed to its superior wear resistance. These parameters
indicated that the coating had an enhanced probability of
elastic-dominated deformation, resistance to crack initiation,
and load-carrying capacity.91 This coating also had a high
compressive residual stress, which is favorable for tribological
applications since it may enhance mechanical properties and
crack resistance.92,93 Its wear behavior indicates that it had an
optimal total thickness (4.7 μm) and bilayer period (13 nm)
for sufficient load support to decrease the substrate
deformation. The coating must be thick enough; otherwise,
the soft substrate may not be able to carry the load and deform
under the contact.

Analysis of SEM images of the wear track provided in Figure
7b and the scar profiles presented in Figure 9a of the M-100
multilayer revealed that it had the worst wear resistance. The

depth and width of the wear scar had the greatest values, which
were attributed to the highest specific wear rate of 4.1 × 10−6

mm3/Nm (Figure 8). However, it is still within the moderate
wear range. Furthermore, the specific wear rate of the
counterbody was also the highest (7.2 × 10−6 mm3/Nm). As
noted above, the resistance to plastic deformation, represented
by the H3/Er

2 ratio, was the lowest for the M-100 multilayer
(Figure 5b), which was found to be an indicator of low wear
resistance. Moreover, the average bilayer period of this coating
was higher than that for the coating deposited at −50 V (Λ =
15 nm), which could also be the reason for worse wear
resistance. There is an optimal bilayer period that provides
resistance to crack propagation. For instance, an investigation
into the tribological and wear performance of HfN/VN
nanolayers revealed enhanced hardness, decreased friction
coefficient, and reduced wear at Λ = 15 nm.94 Conversely,
higher bilayer period values were found to compromise these
properties. Furthermore, another reason contributing to the
widest groove and coating delamination in the M-100
multilayer can be the highest amount of the brittle and hard
hexagonal NbN phase, with an average grain size of about 4
nm (Table 3). Hard and small grains may act as hard
inclusions. Their movement can promote the formation of
voids, which grow in size as plastic deformation continues.
Stresses below the wear zone are high, favoring the generation
and propagation of cracks within the coating.95 This, in turn,
can lead to spalling, or even hard grains themselves can also be
the sites that initiate delamination. These are features of fatigue
wear. Nevertheless, the oxidative mode was present along with
a fatigue wear mechanism, considering the SEM observations
in Figure 7b. Compared with the coating deposited at a lower
bias voltage, the M-100 multilayer exhibited a much higher
number of larger oxides on the worn surface. Those wear
debris were WO3 and Nb2O5 “islands” formed during the
tribochemical reaction of the WN and NbN layers with
atmospheric oxygen. It should be noted that the formation of
oxides can deteriorate the ability of the material to repair the
crack through the adhesion of the fractured surfaces.95

However, in this study, the resulting scales could also benefit
wear resistance due to their lubricating properties. Thus, the
synergy of these processes balanced severe fatigue wear, and
the oxidative wear mechanism contributed to wear resistance
improvement. A schematic illustration of the wear mechanisms
involved is provided in Figure 9c.

The M-200 coating exhibited wear behavior different from
that of the other WN/NbN multilayers. It demonstrated a
smooth wear track with transfer layers on its surface, as seen in
the SEM image (Figure 7c) and 3D profile image (Figure 9a).
The width was approximately 240 nm, and the depth of the
wear scar was measured to be around 363 nm. The calculated
specific wear rate of the M-200 coating was about 3.2 × 10−6

mm3/Nm. Thus, its wear resistance fell between those of the
other two coatings. However, this multilayer exhibited a
different wear behavior. The characteristic features of the M-
200 wear track were transfer layers and fine wear particles.
Therefore, the coating wear was caused by the synergy of two
wear mechanisms: adhesive and oxidative. Adhesive wear is
distinguished by material transfer from one surface (counter-
body) to another (coating), with the formation of transfer
films. When two materials are slid against each other, the
formation of transfer particles is initially observed. However, as
the sliding continues, these particles grow and become
compacted and flattened, forming transfer layers. When

Figure 8. Specific wear rate values of WN/NbN coatings deposited
various negative bias voltages and 100Cr6 steel counterbodies.
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exposed to air under atmospheric pressure, metals oxidize
rapidly. These processes lead to the formation of thin oxide
layers from transferred material on one of the sliding surfaces.
The preferred areas for the adhesion of the transfer layer are
the highest asperities of the coating.85 The WN/NbN surface
irregularities tended to tear off softer steel balls, and oxidized
counterbody particles adhered to the coating without causing
plowing or polishing effects. Hence, in the case of the M-200
multilayer, after sliding against a stainless-steel ball, the coating
surface was covered in transfer layers consisting of iron oxides,
indicating an adhesive wear mechanism. Those oxide particles
were mainly located at the edges of the wear track but could
also be seen inside the scar. Even though adhesive wear is
considered a severe type of wear, it has been shown that Fe3O4
forming on the sliding surfaces acts as a protective oxide layer
that reduces wear rate.96 Moreover, the formation of adhesive
layers can increase friction, which could be the reason for the
higher friction coefficient of the M-200 coating (Figure 6).

Along with adhered transfer layers, wear particles of tungsten
and niobium oxides were present. That indicated that along
with adhesion wear the M-200 coating also demonstrated an
oxidative wear mode (Figure 9d). On the smooth surface of
the scar, no prominent grooves were observed created by soft
W and Nb oxide particles. Similar to the other two multilayers,
since the tribo-pair is exposed to the oxygen, fine metallic wear
debris generated during the sliding gets oxidized and accretes
with further formation of oxide wear debris. These WO3 and
Nb2O5, in turn also act as lubricious protective oxide layers and
reduce the severity of adhesive wear. Therefore, these factors
resulted in the moderate value of the specific wear rate of the
M-200 multilayer.

Furthermore, it should be taken into account that multilayer
coatings were worn to different depths. Comparing the GIXRD
patterns (Figure 3) and wear profiles (Figure 9a), we could
study the relationship between the structural features and the
wear resistance of WN/NbN multilayers. Thus, the M-50

Figure 9. 2D and 3D profiles of wear tracks of the CA-PVD WN/NbN nanolayer coatings deposited at different bias voltages (a). Wear
mechanisms of the M-50 (b), M-100 (c), and M-200 (d) multilayers.
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coating with the shallowest wear scar was worn out to about
270 nm from the surface. Such results meant that the structure
of the sample involved in the wear process was characterized
by a negligible amount of the hard ε-NbN phase, a (111)
texture of the cubic grains with a small number of the (200)-
oriented grains (Figure 2a). The deepest wear track was
observed for the M-100 multilayer (about 514 nm). Notably,
the phase composition remained almost unchanged through-
out the studied coating thickness. It showed a (111) + (200)
preferred orientation and the highest amount of hexagonal
NbN. Finally, the M-200 coating was worn out to a thickness
of 363 nm, where it still had a (111) texture of the fcc grains,
but close to the end of the sliding, the fraction of ε-NbN slowly
started to rise.

Hence, we can conclude that the specific wear rate was
dependent on the presence of hard hexagonal grains. The
higher the fraction of ε-NbN, the worse the wear resistance of
the studied CA-PVD WN/NbN multilayers. Moreover, similar
to the mechanical properties, the preferred orientation of cubic
grains along the (111) plane had a positive impact on wear
behavior. Analysis of the wear behavior of the CA-PVD WN/
NbN coatings demonstrated that the optimal thickness and
bilayer period, which provided the best wear resistance, were
about 4.7 μm and 13 nm, respectively. Due to the high number
of interfaces in the nanolayer architecture, small nanograins,
negligible amount of hexagonal NbN crystallites, sufficient
load-bearing capacity, high nanohardness, elastic strain to
failure, and resistance to plastic deformation, the M-50
multilayer could effectively hinder crack propagation and
withstand deformation and damage.

In order to prove the formation of tungsten and niobium
oxides during the sliding process, Raman spectra of the M-50
and M-200 multilayers obtained from wear debris, the middle
part and edges of wear tracks, and unworn coating surfaces
were analyzed. All of the spectra of the deposited coatings
presented in Figure 10 were characterized by a strong band in
the range of 100−300 cm−1 and a weak band at 400−700
cm−1. Notably, the first-order Raman active mode cannot be
observed in the crystalline β-W2N.26,97 However, due to the
presence of N vacancies, the broad bands reflected the
vibration density of states and could be detected in the 150−
350 cm−1 range with two double maximums at 155 and 209
cm−1.98 Moreover, different NbN phases can also be
characterized by two distinct bands at 155−160 and 205−

210 cm−1, whereas NbNx is represented by a broad frequency
band with a maximum close to 100−190 cm−1.99,100 In turn,
we suggested that the appearance of the strong Raman band in
the range of 100−300 cm−1 with three distinct maximums at
133, 173, and 217 cm−1 could be related to NbN phases, as
well as the nonstoichiometric WNx and NbNx on the WN/
NbN interface.

Considering the weak Raman band at 400−700 cm−1, the
maximum of the band at 523 cm−1 could be assigned to the
NbNx,

99−101 whereas the broadening of the band could be an
indication of the W2N phase due to the shoulder at the higher
wavenumbers (690 cm−1)50 as well as WNx with a shoulder at
471 cm−1.98 The shoulder at 685 cm−1 observed in spectra 2
measured at the wear track edges tended to increase with the
negative substrate bias voltage. That could indicate an increase
in the W2N phase and was in good agreement with the
chemical composition and microstructural characteristics that
suggest an enlargement of the W2N crystallites.

All of the Raman spectra accumulated on the flat area in the
middle part of the wear tracks (spectra 2) were very similar to
those in the unworn region. An analysis of the wear debris
inside and at the edges of the wear scars revealed very similar
Raman spectra. Two strong bands were observed at 673 and
944 cm−1, which could be related to Nb2O5 and WO3 at 670102

and 925−960 cm−1,50,103 respectively. Notably, the small band
at 850 cm−1 confirmed the formation of the Nb2O5.

102

Moving to spectrum 4 of the M-200 multilayer, a group of
peaks at 217, 292, 406, 499, 597, and 662 cm−1 were observed,
which clearly indicated the α-Fe2O3.

104,105 In addition, the
peak at 662 cm−1 could also be related to Fe3O4. The strong
peaks centered at 877 and 662 cm−1 were attributed to the
Fe−O−Cr interaction.106 Thus, the analyzed debris could
belong to the adhered particles transferred from the 100Cr6
steel ball during sliding. However, Raman spectra of the wear
debris from the M-50 multilayer did not show such peaks. This
coating had only small visible bands at 499 and 597 cm−1. In
that case, the intensity of those bands was relatively small, and
all other bands related to the α-Fe2O3 were not detected; thus,
we could assign them to the O−W−O107 vibrations and
amorphous Nb2O5,

108 respectively. Finally, a strong increase of
the peak at 133 cm−1 at the spectra obtained from the worn
surfaces could be caused by the rise in the WO3 or Nb2O5
phases.

Figure 10. Raman spectra of WN/NbN multilayers deposited at a bias voltage of −50 (a) and −200 V (b), obtained from different areas indicated
on micrographs (c, d): unworn coating surface (red spectra), flat area in the middle of the wear scar (spectra 1), wear debris at the edge (spectra 2),
and inside of the wear track (spectra 3 and 4).
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Raman spectroscopy, therefore, confirmed that the M-200
coating was characterized by adhesive and oxidative wear
mechanisms with iron oxides transferred from a steel
counterbody as well as Nb2O5 and WO3 formed at the worn
surface. In contrast, the primary wear mode of the M-50
multilayer was solely oxidative wear in the presence of
lubricating WO3 or Nb2O5 tribo-oxides, which contributed to
enhanced wear resistance.

3. CONCLUSIONS
In summary, changes in structural features, mechanical
properties, friction performance, and wear resistance of the
cathodic-arc evaporated WN/NbN coatings deposited at
various energies of bombarding ions have been comprehen-
sively investigated. Applying a negative bias voltage in the 50−
200 V range resulted in variations in the total coating thickness
(3.5−5.0 μm) and bilayer period (10−15 nm) of the deposited
multilayers. WN/NbN multilayers demonstrated a tendency
for (111)-oriented grains to overgrow the (200)-oriented
grains with increasing coating thickness to varying degrees.
Notably, the lower the bilayer period, the more drastic the
changes in the preferred orientation were observed. Analysis of
the relationship between the microstructure and tribomechan-
ical properties revealed that the formation of hard hexagonal
grains and the (111) preferred orientation had negative and
positive effects, respectively. As the absolute value of the
negative bias voltage increased, the wear mechanisms changed:
oxidative → fatigue + oxidative → adhesive + oxidative.
Oxidative wear contributed to better wear resistance.

Furthermore, the coating deposited at the lowest negative
bias voltage of −50 V exhibited superior wear resistance with
the lowest specific wear rate of 1.9 × 10−6 mm3/Nm. This was
attributed to the optimal thickness, bilayer period, high
number of interfaces, small nanograins, the formation of
lubricating Nb2O5 and WO3, low volume fraction of the
hexagonal NbN phase, and (111)-oriented grains as well as
high nanohardness (35.2 ± 3.3 GPa), elastic strain to failure,
and resistance to plastic deformation. Thus, based on the
conducted analysis, it could be stated that elaborated CA-PVD
WN/NbN nanolayer coatings hold significant promise as high-
potential protective coatings suitable for tribological applica-
tions.

4. EXPERIMENTAL SECTION
4.1. Coating Deposition Process. For this study, three

WN/NbN nanolayer coatings were deposited by a cathodic-arc
evaporation method by using an upgraded “Bulat-6” device.
The schematic illustration of the deposition equipment is
provided in Figure 11. W (99.5%) and Nb (99.5%) were used
as targets for the coating synthesis. The angle between two
cathodes was set at 90° in the vacuum chamber. The substrate
material was X6CrNiTi18-11 stainless steel. Before the
deposition process, substrates were mechanically ground,
polished on a polishing cloth with Goya’s paste, and
ultrasonically cleaned in acetone and alcohol. They were
then sputter-cleaned in an argon plasma for 10 min to
eliminate surface impurities and the oxide layer. Three WN/
NbN coatings were prepared in a nitrogen atmosphere by
changing the negative substrate bias voltage, Us. Multilayers
deposited at −50, −100, and −200 V were designated M-50,
M-100, and M-200, respectively. In order to synthesize a
nanolayer architecture, the substrate holder was constantly

rotated at a rate of 7 rpm so that substrates alternately faced
different targets. The distance between the substrate and each
target was kept at 60 mm. The working gas pressure was
maintained at 0.4 Pa. The temperature of the substrate during
the deposition process was fixed at 400 °C. The arc current
applied to the W and NbN targets was 120 A. The total time of
coating deposition was maintained at 60 min.
4.2. Microstructure and Surface Characterization. The

phase analysis of the deposited WN/NbN coatings was
assessed using Grazing incident X-ray diffractometry
(GIXRD, Panalytical Empyrean X-ray diffractometer). The
X-ray radiation source was Cu Kα (Λ = 0.15406 nm) operated
at I = 40 mA and U = 40 kV. The incident angle ω was fixed at
0.5, 1, 4, 8, and 10°. The measurements were collected within
the 2Theta interval from 20 to 90° at a step size of 0.1°. The
path of the incident beam was composed of a parallel beam X-
ray mirror for Cu-radiation, with a 0.04 rad. Soller slit, a fixed
1/16° divergence slit, and a 10 mm fixed mask. The path of the
diffracted beam consisted of 0.04 rad. Soller slit, 0.27° slit
parallel plate collimator, parallel plate collimator slit, and
scintillation point detector. The average crystallite sizes were
calculated using GIXRD patterns collected at ω = 8° using the
Scherrer equation

= · ·D K / cos

where D is the crystallite size, K is a function of the crystallite
shape (0.9), Λ is the wavelength of the Cu Kα X-ray radiation
source, β is the full width at half-maximum (FWHM) of the
analyzed peak, and θ is the diffraction angle.

Residual stresses were evaluated via sin2 ψ measurements
using a Panalytical Empyrean X-ray diffractometer using a Co
X-ray tube (λKαd1

= 0.178901 nm). The incident beam was
introduced through a parallel beam mirror, iron β-filter, a 1
mm mask, and a fixed divergence slit. The diffracted beam
pathed through a 0.04 rad. Soller slit, 0.27° slit parallel plate
collimator, parallel plate collimator slit, and a proportional Xe
point detector. The (311) peak was selected for stress
measurements of the M-50 and M-100 multilayers. The 2θ
interval ranged from 79 to 99°, while for the M-200 coating,
the scan range was 40−60° in order to evaluate residual

Figure 11. Schematic illustration of upgraded “Bulat-6” cathodic-arc
evaporation equipment.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10242
ACS Omega 2024, 9, 17247−17265

17260

https://pubs.acs.org/doi/10.1021/acsomega.3c10242?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10242?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10242?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10242?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


stresses using (111) and (200) planes since other peaks were
missing.

The cross-sectional morphology of multilayers was analyzed
using a JEOL JSM 7600F high-resolution field emission
scanning electron microscope (SEM, JEOL), which was
operated in the backscatter electron (BSE) imaging mode. In
order to prepare the cross sections, samples were mechanically
ground and polished. Wavelength-dispersive X-ray spectrosco-
py (WDS) was employed to study the chemical composition of
coatings using the Oxford Instruments Inca Wave spectrom-
eter installed in SEM. Before a quantitative analysis of the
WN/NbN system was conducted, the WDS spectrometer
underwent calibration using standards of BN, W, and Nb. For
X-ray data quantification, the Kα, Lα, and Mα lines were
chosen for nitrogen, niobium, and tungsten, respectively.

The lamella of the WN/NbN coating deposited at Us =
−200 V (M-200) was prepared by the Nanoanalytik Zeiss
Auriga 60 high-resolution focused ion beam scanning electron
microscope (FIB-SEM). Initially, a protective multilayer
consisting of platinum and carbon with dimensions of 20 μm
× 2 μm × 2 μm was deposited on the surface. Subsequently, to
mitigate the impact of inherent stresses and prevent lamella
breakage, rectangular trenches, about 1 μm in width, were
precisely cut. Following this, the lamella was thinned out using
an ion beam to approximately 1 μm. The following steps
involved mounting the lamella onto a TEM copper grid and
performing a final thinning with beam currents changing from
600 pA down to 50 pA at 30 kV, followed by a finishing polish
using a low current beam. Nanoscale microstructure features of
the M-200 coating were investigated by using a double-
corrected field emission atomic resolution analytical TEM
JEOL JEM-ARM200CF (200 kV). High-resolution TEM (HR-
TEM) and STEM images analyzed in this paper were recorded
in the following modes: bright-field (BF), low-angle annular
dark-field (LAADF), and high-angle annular dark-field
(HAADF). The inner-collection angles of the LAADF and
HAADF detectors were set at 35 and 90 mrad, respectively.
Gatan DigitalMicrograph and CrysTBox software were utilized
for data processing.

Raman spectra were measured using the WiTeC Alpha 300R
microRaman system with a laser source of 532 nm wavelength
with 1 mW power. In all sample areas, they were collected
during the integration time of 15 s and were accumulated 20
times.
4.3. Tribomechanical Properties. The nanohardness and

elastic modulus values of the WN/NbN coatings were
measured by using the Anton Paar NHT2 nanoindenter with
a Berkovich indenter tip. The maximum load applied during
the test was 12 mN, with a loading/unloading rate of about 48
mN/min. The dwell time was fixed at 5 s. The hardness value
was calculated as an average of 16 measurements for each
sample.

The ball-on-disk tests were conducted to evaluate the
coefficient of friction (COF) and resistance to wear by using a
Bruker UMT Tribolab Tribometer. A ball made of 100Cr6
high-carbon-bearing steel with a diameter of 6.3 mm utilized as
a counterbody slid against the WN/NbN coating surface for
200 s. An applied normal load was set at 3 N, the velocity was
fixed at 200 rpm, and the track radius was 2.5 mm. This
resulted in a total sliding distance of 75 m. Tribological tests
were repeated three times under ambient room temperature
(22−23 °C) and relative humidity of 38−42%. The ASTM

G99-17 standard was considered for the calculation of the
specific wear rate using the following equation:

= ·w V F L/s

where V is the volume loss, F is the applied normal load, and L
is the sliding distance.

The wear volume of the coating was determined using the
following equation

= · + + +V R S S S S( )/2coat 1 2 3 4

where R is the radius of the wear track and S1−S4 are cross-
sectional areas at four places on the wear track at intervals of
90°. The wear volume of the ball specimen was calculated as
follows:

=V A B D/32ball
3

where A is the minimum diameter of the wear scar, B is the
diameter in a direction perpendicular to the minimum
diameter, and D is the diameter of the ball counterbody.

Zeiss LSM 700 scanning laser confocal microscope (LSCM)
was employed to evaluate the wear volume of the WN/NbN
nanolayer coatings. The 3D maps of the wear track profiles
were created by stitching and processing the data using Zeiss
ConfoMap Premium 7.2 software.
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