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Abstract: One area of constant interest in many fields of industry is development of functional
multilayer coatings that possess excellent performance characteristics. That is why in our brief review
the results of studies of structure and properties of multilayer structures based on binary nitrides
of transition or refractory metals obtained by various physical-vapor deposition (PVD) techniques
are presented. The influence of substrate temperature, substrate bias voltage, bilayer thickness and
interface boundaries on the structure of coatings and their properties, such as hardness, plasticity,
wear and corrosion resistance, are discussed in detail. This review may be useful for students and
growing community of researchers interested in the synthesis-structure-properties relationship in
multilayer coatings based on metal nitrides.
Keywords: multilayer coatings; physical-mechanical properties; structural-phase state; wear;
friction; microstructure

1. Introduction
Over the last few decades, an intensive development of the modern technologies has stimulated
the need to improve protective properties of materials that are used in the manufacture of cutting
tools, turbine blades, reactor walls, biomedical implants and so forth. Enhanced hardness, service life,
resistance to wear and oxidation under high temperatures are among the list of the most essential
properties that such materials must possess. From this point of view, the most profitable way to satisfy
all the requirements is the creation of a thin coating with the desired characteristics on the surface
of a product material that protects the latter from the destruction when operating under extreme
conditions. Particularly, multilayer structures are very popular for this application.
The multilayer nitride coatings have been being actively investigated since the last quarter
of the 20th century due to the numerous possible applications in the modern aerospace industry,
manufacturing, medicine and so forth [1–8]. From the very moment of the first mention of these
structures to the present, researchers have collected a lot of information about the deposition
techniques, structure, properties and further perspectives of application. It was found that
binary metal nitrides exhibit improved characteristics compared to conventional metals [9–13].
Furthermore, multilayer nitride coatings demonstrate excellent durability, wear and corrosion
resistance, mechanical, optical, electronic and magnetic properties [14–19]. The specific characteristics
of nitride materials directly depend on their structure and types of chemical bonds formed between
their constituent elements [20].
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Table 1. Comparison of the melting temperatures (TM) of some transition metals and their nitrides.
Metal/Nitride
Ti/TiN
Zr/ZrN

TM (°C)
1668/3290
1855/2960
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Table 1. Comparison of the melting temperatures (TM ) of some transition metals and their nitrides.
Metal/Nitride

T M (◦ C)

Ti/TiN
Zr/ZrN
Hf/HfN
V/VN
Ta/TaN
Cr/CrN
Mo/MoN

1668/3290
1855/2960
2233/3305
1910/2050
3015/3090
1907/1770
2010/1750

Furthermore, many transition metal-based nitrides are good superconductors that have high
hardness and high heat resistance. For instance, the superconducting transition temperature for
niobium nitride and molybdenum nitride are −258 and −261 ◦ C, respectively. These materials
are characterized by a high melting point, hardness, corrosion resistance, good electrical and
thermal conductivity [14,37–40]. Due to the universal and simultaneously some unique properties,
nitride coatings from transition metals are widely applied as structural materials in engineering,
nuclear and chemical industries, in the production of abrasives, cutting tools, wear-resistant materials
and so forth [41–45]. It is worth noting that some of the transition metal nitrides show superconducting
properties at atmospheric pressure. Relatively high critical temperature and stability make such
coatings the potential candidates for using in the superconducting devices, such as single-photon
detectors or hot-electron bolometric mixers [46–52]. Hence, because of the listed advantages multilayer
coatings often are designed based on transition and refractory metal nitrides. Their combination as
alternating layers in one multilayer material endow the latter with outstanding mechanical, tribological,
electrical, optical and magnetic properties.
Herein, the present paper will discuss general features of nanostructured multilayer systems,
their microstructure and functional characteristics, such as corrosion resistance, physical-mechanical
and tribological properties. In order to highlight characteristics of nitrides, based on transition and
refractory metals obtained by PVD techniques, we consider some examples of modern multilayer
nanoscale protective coatings.
2. General Features of Multilayer Coatings
An abiding scientific interest in the multilayer coatings can be explained by the fact that such
structures as a whole can demonstrate excellent physical-mechanical characteristics that are unusual
for their individual constituents. This is confirmed by various studies, for instance, according to
works [53–56] electrical, optical, mechanical and tribological properties, as well as high-temperature
oxidation resistance in multilayer systems are significantly higher compared to those in single-layer
coatings. Furthermore, coatings with multilayer architecture can demonstrate a significant reduction
of the specific wear rate in a wide range of different operating conditions, while maintaining high
values of hardness and strength. For instance, ZrN/WN coatings with bilayer thickness of about 30 nm
demonstrated improved fracture resistance, enhanced hardness and Young’s modulus compared to the
single-layer ZrN and WN coatings; total thickness for all samples was 0.8 µm. Addition of ZrN (fcc)
layers into W2 N (bcc) layers resulted in the relaxation of the compressive stress, the suppression of
grain grows and the formation of a mixed polycrystalline structure ((111), (200) and (311) texture) in the
WN layers. A low-energy interface between ZrN and W2 N planes provided a barrier to the promotion
of dislocations across layers [57]. Multilayer structures also can demonstrate unique properties that
are not inherent in their single-layer constituents. The NbN/AlN multilayers are a good example of
the high-temperature superconductors, although NbN refers to the low-temperature superconductors
and AlN belongs to the insulators [58].
In general, multilayer coatings are capable of combining a range of different functional
characteristics related to: (i) the need to provide a certain magnitude and sign of final stresses;
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and so forth [20,53]. Enhanced oxidation, corrosion and wear resistance of the multilayer coatings
arise due to the large number of interfaces and reduced grain sizes resulted in denser pore-free
non-columnar microstructure [63].
The properties of multilayer coatings can be tuned not only by varying the bilayer thickness Λ but
also by changing the atomic spacing within the layers. Figure 3a shows coherent interface between two
layers occurred when interfacial plane has the same atomic configuration in both phases. In case of more
significant mismatch of two lattices (one of the lattice parameters is grater) coherency strains take place in
order to preserve the coherency of the interphase. This process leads to the accumulation of elastic energy
in the coating. When a mismatch
is too large such energetically unfavourable(b)
coherent interphase turns
(a)
into more stable structure with defects (Figure 3b). Therefore, in multilayer coatings defects at interface
boundaries and coherency strain can act as barriers for dislocation movement [64,65].

The properties of multilayer coatings can be tuned not only by varying the bilayer thickness Λ
but also by changing the atomic spacing within the layers. Figure 3a shows coherent interface
between two layers occurred when interfacial plane has the same atomic configuration in both phases.
In case of more significant mismatch of two lattices (one of the lattice parameters is grater) coherency
Coatings
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3. Microstructure, Physical-Mechanical and Tribological Properties of Multilayer Coatings
Intensive studies of multilayer coatings began with the Ref. [85]. This work for the first time
described the concept of obtaining a multilayer coating with a micrometre thickness of layers.
The coatings consisted of two layers, TiN (5 µm) and TiC (6 µm), were deposited onto cutting tool
from constructional steel. Results of the study showed that such material significantly prolonged the
lifetime of the tool compared to a single-layer 11 µm thick TiN coating. The further development was
characterized by the combinations of nitride, carbide, carbonitride and oxide materials, for example
TiN, TiC, and/or TiCN with Al2 O3 [86]. A layer of nitride or carbide provided a high strength and
changes in the grain sizes in the oxide layer, while the oxide layer enhanced the chemical resistance,
which makes this class of coatings promising candidates for cutting applications. The thickness of each
individual layers was usually about 500 nm and the total thickness of the coatings varied within range
of 5–10 µm.
Summarizing the first results of studies of multilayer coatings, the researchers concluded that
the careful choice of composition, the strong chemical bonding and nano- and micrometres thickness
of individual layers are the key factors affecting the properties of multilayer coatings. Varying these
parameters allowed designing the first multilayer coatings with unique physical-mechanical properties.
They had superb hardness (≥40 GPa), high thermal and chemical stability, good corrosion and wear
resistance even under dry contact conditions [79,87–89].
Table 2 shows physical-mechanical properties of the multilayer binary nitride coatings studied by
different authors using various methods of deposition. High-power impulse magnetron sputtering,
unbalanced magnetron sputtering and vacuum-arc deposition are among the most promising main
methods for obtaining multilayer coatings due to the relative simplicity of implementation process,
the high repeatability of the results and the possibility of an industry-level implementation of these
technologies. However, it should be noted that utilizing magnetron sputtering method results in the
formation of the homogeneous layers, smooth surface but low adhesion strength and vacuum-arc
deposition, on the contrary, provides a good adhesion between layers and substrate but at the
same time leads to increase in the surface roughness. High roughness large amount of defects,
pores and microdroplets, as well as a low adhesion strength in coatings decrease the performance
characteristics as they are responsible for intensive cracking [90,91]. Thus, it is required to tune the
deposition parameters in order to produce smother surface and maximum identity of each bilayer in
the multilayer structures.
The TiN/VN multilayer coatings are one of the most successful examples of the superhard
materials. Such combination of two different coatings results in the compensation of their shortcomings
and the emergence of unique properties. Hardness of these multilayer coatings reached 56 GPa when
the thickness of bilayers was about 5.2 nm [102–104]. This value is close to that of the cubic BN and
inferior to only the diamond. However, despite the fact that TiN/VN multilayer coatings demonstrated
high hardness, their practical application was significantly limited by the enhanced susceptibility to
oxidation, especially at high temperatures that vastly reduced their functional characteristics [105–107].
This problem was solved by designing the coatings based on CrN and AlN with improved thermal
stability and high oxidation resistance, which were achieved without significant deterioration in
hardness [108–111].
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Figure 5. Cross sectional view of the TiN/ZrN multilayer coatings with bilayer thickness of 10 nm:
deposited via magnetron sputtering of the silicon substrates (a) Scanning electron microscope (SEM)
image; (b) High resolution transmission electron microscope (HRTEM) image [112].
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The main factors contributing to the increase in the hardness of the multilayer coating are (i) the
blocking of dislocations at the interfaces between layers [68,113], (ii) the Hall-Petch effect [114,115],
(iii) the thermoelastic deformations at the boundaries between layer [116], (iiii) the supermodulus
effect [117].
In the paper [96], the multilayer TiN/CrN, TiN/MoN, TiN/NbN and TiN/TaN coatings were
deposited on the carbide substrates using a combination of two PVD methods. The ion beam sputtering
technology was used to obtain the layers of titanium nitride and the magnetron sputtering method
was employed for other layers. The deposited multilayer coatings had the NaCl-type cubic structure.
The peak shift phenomenon was not observed in the X-ray diffraction (XRD) patterns (Figure 6).
Furthermore, all multilayer coatings, except TiN/MoN, had a pronounced preferential (200) orientation.
The TiN MoN was characterized by (111), (200) and (220) orientations. The preferential orientation for
the single-layer TiN coating was (111). The investigation of residual stresses, hardness, adhesion and
wear resistance of the TiN/MeN (Me = Cr, Mo, Nb, Ta) multilayer coatings revealed that their
mechanical and tribological characteristics are superior to the classical protective single-layer TiN
coatings. The highest hardness values were recorded for TiN/CrN structures, while TiN/TaN coatings
had the highest abrasive wear resistance.
Multilayer coatings consisting of the alternating layers of transition and refractory metal nitrides
can significantly improve the physical-mechanical and tribological properties of the protective coatings
due to the combination of their best characteristics. However, existing multilayer materials are
characterized by a high level of the internal compressive stresses, which causes tensile stresses in the
substrate that, in turn, lead to a decrease in strength characteristics. Hence, further investigation of
Coatingscoatings
2018, 9, x based on alternating layers of transition metal nitrides is required.
9 of 29
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4. Structure, Phase Composition, Mechanical and Tribological Properties of Some Multilayer
Coatings
Structural features, physical‐mechanical and tribological properties of multilayer structures can
be reviewed in detail on the refractory and transition metals (Ti, Cr, Zr and Mo) based nitride coatings
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4. Structure, Phase Composition, Mechanical and Tribological Properties of Some Multilayer Coatings
Structural features, physical-mechanical and tribological properties of multilayer structures
can be reviewed in detail on the refractory and transition metals (Ti, Cr, Zr and Mo) based nitride
coatings [2,10,29,82,108,118,119]. TiN/ZrN, TiN/MoN and CrN/MoN coatings were deposited on
the steel substrates by the vacuum-arc evaporation method [8,99,100,120]. The vacuum chamber was
equipped with a pressure control system and two evaporators with Ti, Cr or Mo targets. The automatic
rotation system of the substrate holder provided the correct position of the substrates during the
deposition process of each layer and the subsequent 180 degrees rotation to another evaporator.
For instance, in case of TiN/ZrN coatings, nitrides of titanium and zirconium were deposited in
accordance with the position of the holder relative to a certain cathode. After the deposition of one TiN
layer the process stopped, the substrate holder was rotated 180◦ and the deposition of the next ZrN
layer started. Therefore, repetition of this process many times allowed obtaining multilayer TiN/ZrN
coatings. The pressure of the nitrogen in a chamber (PN ), the bias voltage applied to the substrate (Ub )
and the deposition time (t) were the key parameters that influenced properties and structure of the
vacuum-arc coatings [121,122].
Transmission electron microscopy (TEM) images of cross sections of the TiN/ZrN multilayer
coatings (bilayer thickness of about 40 nm) fabricated at −150 and −200 V demonstrate a good planarity
of the layers that do not intersect and are characterized by homogeneity without droplet inclusions
Coatings
2018,
9, x and between them (Figure 7) [123]. Figure 8 shows XRD pattern and selected
10 ofarea
29
inside
the
layers
electron diffraction (SAED) image of TiN/ZrN sample with Λ = 39 nm deposited at Ub = −200 V.
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electron
(SAED)ofimage
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cubic
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with
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cubic
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They are highly structured with crystallite sizes of about 10–20 nm [99,118,123]. TiN/MoN coatings
structure. They are highly structured with crystallite sizes of about 10–20 nm [99,118,123]. TiN/MoN
had high hardness value about 34.5 GPa. Multilayer architecture resulted in the enhanced hardness
coatings had high hardness value about 34.5 GPa. Multilayer architecture resulted in the enhanced
compared to the single-layer TiN and ZrN coatings that demonstrated 28 ± 0.5 and 22.7 ± 1.7 GPa,
hardness compared to the single‐layer TiN and ZrN coatings that demonstrated 28 ± 0.5 and 22.7 ±
respectively [123,124]. According to the results of the tribological tests, TiN/ZrN coatings did not
1.7 GPa, respectively [123,124]. According to the results of the tribological tests, TiN/ZrN coatings
crack, chip or deform under the load. Specific wear rate of the sample and the counterbody (Al2 O3
did not crack, chip or deform under the
wear rate of the
sample and the counterbody
3 ·Nload.
−1 ·mSpecific
−1 and (1.9–2.2)
ball) were about (1.3–1.5) × 10−2 mm
× 10−3 mm3 ·N−1 ·m−1 , respectively.
(Al2O3 ball) were about (1.3–1.5) × 10−2 mm3∙N−1∙m−1 and (1.9–2.2) × 10−3 mm3∙N−1∙m−1, respectively. The
The friction coefficient was found to be approximately 1.2 [99,123]. Hence, TiN/ZrN multilayer systems
friction coefficient was found to be approximately 1.2 [99,123]. Hence, TiN/ZrN multilayer systems
demonstrate high hardness and resistance to wear, which indicates they can be successfully applied as
demonstrate high hardness and resistance to wear, which indicates they can be successfully applied
protective coatings.
as protective coatings.
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Figure 9. SEM images of CrN/MoN coatings with bilayer thickness of (a) 1.18 μm and (b) 44 nm.
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Figure
11.155
Cross sectional SEM images of the TiN/MoN coatings: (a) general view and (b) 50000×

magnification. Reprinted with permission from [127] 2015 Springer.
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Nanoscale multilayer structure endow coatings with high mechanical properties. The hardness
values of CrN/MoN coatings reached 39 GPa at small bias voltage of −20 V and the individual layer
thickness less that 60 nm (Figure 14). However, some samples of this series showed even higher
hardness, 42.3 GPa. It may be caused by the reduction in the grain size, the increase in the number of
interphases and the amplification of the Hall-Petch effect that prevents the movement of dislocations.
Further increase in the substrate bias voltage and the layer thickness resulted in decrease of the
hardness. Nevertheless, coatings deposited at Ub = −300 V showed a reverse trend—the higher layer
thickness the higher hardness.
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Nanoscale multilayer structure endow coatings with high mechanical properties. The hardness
values of CrN/MoN coatings reached 39 GPa at small bias voltage of −20 V and the individual layer
thickness less that 60 nm (Figure 14). However, some samples of this series showed even higher
hardness, 42.3 GPa. It may be caused by the reduction in the grain size, the increase in the number of
interphases and the amplification of the Hall‐Petch effect that prevents the movement of dislocations.
Further increase in the substrate bias voltage and the layer thickness resulted in decrease of the
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Moreover, CrN/MoN samples with bilayer thickness of about 44 nm deposited at Ub = −20 V
showed the lowest wear during tribological tests. The friction coefficient was approximately 0.44.
Specific wear rate of the coating and the counterbody were 5.92 × 10−7 and 0.89 × 10−7 mm3 ·N−1 ·m−1 ,
respectively. The wear process was characterized by the transfer of the coating material from the
surface to the corundum counterbody, the uniform abrasion and the symmetrical profile of the wear
track [100,132–134]. Increase in the substrate bias voltage led to decrease in the wear resistance that can
be seen in the Figure 15d. Figure 15a–c demonstrates profilograms of the wear tracks of the CrN/MoN
coatings with different bilayer thickness deposited at Ub = −20 V. The lowest wear was observed
in the films with the smallest bilayer thickness that as described above had the highest hardness.
(b)
(c) boundaries
Thus, multilayer(a)
architecture contributed to the improvement
of properties. Interlayer
changed their direction of propagation of the generated microcracks and localized deformations near
the surface [100,135].
The microstructure investigation of the different series of TiN/MoN coatings with bilayer
thickness of 25, 50 and 100 nm revealed two peaks that correspond to TiN (111) at 36.5◦ , TiN (200)
and γ-Mo2 N (200) phases at 42.5 degrees [101,136] (Figure 16). Even though during vacuum-arc
evaporation two modifications of molybdenum nitride are expected to be formed (fcc γ-Mo2 N
and tetragonal β-Mo2 N), only cubic structure was developed. At the initial stage of deposition,
small difference in the lattice parameters of TiN and γ-Mo2 N as well as the sequence of atoms in
TiN basal lattice contributed to the growth of cubic type of molybdenum nitride [127]. XRD-sin2 ψ
method used to determine the residual stress in titanium nitride layers showed they are compressed in
(200) and (311) planes; the level of stress was measured to be from −6 to −5 GPa. It is common for
arc-evaporated coatings due to the intensive ion bombardment of the surface during the deposition
process [101,137].

(d)
Figure 15. Results of tribological investigation of CrN/MoN multilayer coatings: (a–c) profilograms
of the wear tracks during tribological test with Al2O3 counterbody for samples with bilayer thickness
of 0.6 μm, 0.25 μm and 44 nm, respectively; (d) dependence of the average friction coefficient on the
bias voltage applied to the substrate. Reprinted with permission from [100] 2018 Elsevier.

The microstructure investigation of the different series of TiN/MoN coatings with bilayer
thickness of 25, 50 and 100 nm revealed two peaks that correspond to TiN (111) at 36.5°, TiN (200)
and γ‐Mo2N (200) phases at 42.5 degrees [101,136] (Figure 16). Even though during vacuum‐arc

Figure 14. Dependence of the hardness on the layer thickness for CrN/MoN coatings deposited at
15 of 27
different bias voltage. Reprinted with permission from [100] 2018 Elsevier.
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evaporation two modifications of molybdenum nitride are expected to be formed (fcc γ‐Mo2N and
tetragonal β‐Mo2N), only cubic structure was developed. At the initial stage of deposition, small
difference in the lattice parameters of TiN and γ‐Mo2N as well as the sequence of atoms in TiN basal
lattice contributed to the growth of cubic type of molybdenum nitride [127]. XRD‐sin2ψ method used
to determine the residual stress in titanium nitride layers showed they are compressed in (200) and
(311) planes; the level of stress was measured to be from −6 to −5 GPa. It is common for arc‐evaporated
coatings due to the intensive ion bombardment of the surface during the deposition process [101,137].
TiN/MoN coatings demonstrated enhanced hardness up to 30 GPa at the optimal bilayer
thickness of about 25 nm, which is approximately 25% higher than the hardness of the corresponding
single‐layer coatings. An increase and a reduction in the modulation period led to the decrease in its
value to approximately 26 GPa [125]. Results of the tribological tests showed that the friction
coefficient for TiN/MoN was in the range of 0.09–0.12. Moreover, the highest critical load (L3), at
which the destruction of coatings begins, attained the value of about 64.8 N. The lowest specific wear
rates of the coating and the Al2O3 counterbody(d)
were measured to be 2.33 × 10−2 and 0.15 × 10−2
mm3∙N−1∙m−1, respectively. Such high results were observed for structures with the thinnest bilayers,
Figure
15. However,
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[101,138].
The microstructure investigation of the different series of TiN/MoN coatings with bilayer
thickness of 25, 50 and 100 nm revealed two peaks that correspond to TiN (111) at 36.5°, TiN (200)
and γ‐Mo2N (200) phases at 42.5 degrees [101,136] (Figure 16). Even though during vacuum‐arc

Figure 16. XRD pattern of the TiN/MoN coatings with different modulation period deposited at
Figure 16. XRD pattern of the TiN/MoN coatings with different modulation period deposited at Ub =
Ub = −40 V: (1) 25 nm; (2) 50 nm; (3) 100 nm. Reprinted with permission from [101] 2015 Elsevier.
−40 V: (1) 25 nm; (2) 50 nm; (3) 100 nm. Reprinted with permission from [101] 2015 Elsevier.

TiN/MoN coatings demonstrated enhanced hardness up to 30 GPa at the optimal bilayer thickness
Thus,
all which
multilayer
TiN/MoN,25%
TiN/ZrN
and the
CrN/MoN
coatings,
due to intense
ion
of about
25 nm,
is approximately
higher than
hardness of
the corresponding
single-layer
bombardment during deposition process, had a two‐phase structure and consisted of the
corresponding nitrides with NaCl‐type lattice with the preferential [111] orientation and the grain
size of about 5–30 nm. Structure and deposition conditions had a significant impact on mechanical
and tribological properties. The best results were observed when the bilayer thickness was in a range
of 40–60 nm. The loss of barrier properties due to the intensification of mixing processes of high‐
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coatings. An increase and a reduction in the modulation period led to the decrease in its value to
approximately 26 GPa [125]. Results of the tribological tests showed that the friction coefficient
for TiN/MoN was in the range of 0.09–0.12. Moreover, the highest critical load (L3 ), at which the
destruction of coatings begins, attained the value of about 64.8 N. The lowest specific wear rates of the
coating and the Al2 O3 counterbody were measured to be 2.33 × 10−2 and 0.15 × 10−2 mm3 ·N−1 ·m−1 ,
respectively. Such high results were observed for structures with the thinnest bilayers, at Λ = 25 nm.
However, increase in the modulation period caused a decrease of these parameters. It may be explained
by the fact that at small bilayer thickness, nanograins are surrounded by single nitride that prevents
shift of the grain boundaries and, therefore, strengthens the nanocomposite [101,138].
Thus, all multilayer TiN/MoN, TiN/ZrN and CrN/MoN coatings, due to intense ion
bombardment during deposition process, had a two-phase structure and consisted of the corresponding
nitrides with NaCl-type lattice with the preferential [111] orientation and the grain size of about
5–30 nm. Structure and deposition conditions had a significant impact on mechanical and tribological
properties. The best results were observed when the bilayer thickness was in a range of 40–60 nm.
The loss of barrier properties due to the intensification of mixing processes of high-energy particles
near interfaces could be the main reason of the hardness reduction at Λ < 40 nm. CrN/MoN coatings
with Λ = 44 nm exhibited the highest hardness of about 38–42 GPa, which indicated a superhard state,
the lowest friction coefficient and specific wear rate. However, applying higher substrate bias voltage
and changing the optimal bilayer thickness decreased hardness.
The relationship between mechanical and tribological properties of CrN/TiN multilayer
Coatings 2018, 9, x
of 29
superlattice coatings were comprehensively studied in Ref. [98]. Generally, coatings with17higher
values of H/E* (parameter that is related to the plasticity of material) and H3 /E*2 (resistance
values of H/E* (parameter that is related to the plasticity of material) and H3/E*2 (resistance to plastic
to plastic deformation) demonstrate enhanced critical loads, wear-resistance and elastic contact
deformation) demonstrate enhanced critical loads, wear‐resistance and elastic contact during “ball‐
during “ball-on-disc” sliding tests [139–141]. The CrN/TiN films with optimal bilayer thickness
on‐disc” sliding tests [139–141]. The CrN/TiN films with optimal bilayer thickness of 6.3 nm were
of 6.3 nm were characterized by fcc crystalline structure with a strong [111] texture, fine grain size
characterized by fcc crystalline structure with a strong [111] texture, fine grain size of about 30 nm
of about 30 nm and the best mechanical and tribological properties (Figure 17). They possessed
and the best mechanical and tribological properties (Figure
17). They possessed the highest hardness
the highest hardness of about 36 GPa, H/E* and H3 /E*2 ratios (Figure 17b). Enhanced hardness
of about 36 GPa, H/E* and H3/E*2 ratios (Figure 17b). Enhanced hardness and toughness, dense
and toughness, dense microstructure and optimal bilayer thickness resulted in the low wear as
microstructure and optimal bilayer thickness resulted in the low wear as coefficient
of friction was
coefficient of friction was 0.27 and specific wear rate was reduced to 0.5 × 10−6 mm3 ·N−1 m−1
0.27 and specific wear rate was reduced to 0.5 × 10−6 mm3∙N−1 m−1 (Figure 14a) [98,119,142,143].
(Figure 14a) [98,119,142,143]. Predominant wear mechanism in CrN/TiN coatings with Λ = 6.3 nm was
Predominant wear mechanism in CrN/TiN coatings with Λ = 6.3 nm was a mild abrasive wear [98].
a mild abrasive wear [98]. Hence, the correlation between microstructure, mechanical and tribological
Hence, the correlation between microstructure, mechanical and tribological properties can be clearly
properties can be clearly seen.
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Besides mechanical and wear properties, corrosion behaviour is another important characteristic
of the film material that determines its service life expectancy. Therefore, studying the corrosion
resistance of coatings can provide us with essential information on the possibility of their working
under severe oxidizing conditions [144]. For example, corrosion behaviour was investigated in detail
on the multilayer CrN/ZrN nanostructured coatings with 1, 8, 15 and 30 bilayers deposited on steel
substrates by the radio frequency magnetron sputtering [145]. Changing the number of bilayers

Coatings 2019, 9, 155

17 of 27

Besides mechanical and wear properties, corrosion behaviour is another important characteristic
of the film material that determines its service life expectancy. Therefore, studying the corrosion
resistance of coatings can provide us with essential information on the possibility of their working
under severe oxidizing conditions [144]. For example, corrosion behaviour was investigated in detail
on the multilayer CrN/ZrN nanostructured coatings with 1, 8, 15 and 30 bilayers deposited on steel
substrates by the radio frequency magnetron sputtering [145]. Changing the number of bilayers
allowed to determine their impact on the rate of corrosion. Surface roughness and, as expected,
friction coefficient showed almost linear descending dependence with increasing the number of
bilayers. Thus, CrN/ZrN coatings with 30 bilayers demonstrated the highest coefficient of friction
of about 0.33 and were expected to have the lowest corrosion rate. Electrochemical analysis in 3.5%
NaCl solution was performed to obtain the Tafel polarization curves that bear information about the
corrosion resistance (Figure 18) [146,147]. Results of electrochemical analysis indicated an abrupt
improvement in the corrosion behaviour with increase in the number of bilayers. Uncoated stainless
steel substrate had corrosion rate of 0.316 mm·year−1 , deposition of one bilayer of alternating CrN and
ZrN single-layers enhanced it parameter to 5.611 × 10−2 mm·year−1 and 30 bilayers demonstrated the
best corrosion behaviour—2.048 × 10−4 mm·year−1 [145].
Recently, some works have reported high characteristics of the multilayer structures consisting of
transition metal nitrides and silicon carbide, which is also widely demanded in different branches of
industry [148–151]. For example, the TiN/SiC multilayer coatings were comprehensively studied in
Ref. [152]. They were deposited by DC magnetron sputtering at Ub = −50 V and varied temperatures
of the substrate (Ts ) over the range 25–350 ◦ C in order to investigate possible changes in structure and
properties of the samples. Grazing incident X-ray diffraction (GIXRD) analysis of the TiN/SiC samples
showed
structure
transformations depending on the substrate temperature (Figure 19). When
s
Coatings 2018,
9, x
18 ofT29
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Figure 18. Cathodic and anodic Tafel polarization curves for CrN/ZrN multilayer coatings with
18 of 27
different number of bilayers (1, 8, 15, 30) [147].
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In order to complement the results of research, authors implemented the first-principles molecular
In order to complement the results of research, authors implemented the first‐principles
dynamics computation of TiN(001)/SiC heterostructure using Quantum ESPRESSO–integrated
molecular dynamics computation of TiN(001)/SiC heterostructure using Quantum ESPRESSO–
suite of computer codes [152,153]. They investigated the structure of the TiN(001)/SiC interface.
integrated suite of computer codes [152,153]. They investigated the structure of the TiN(001)/SiC
Four heterostructures were simulated. The first two were B1 heterostructure equilibrated at 300 K and
interface. Four heterostructures were simulated. The first two were B1 heterostructure equilibrated
then relaxed and B3, equilibrated at 1200 K, slowly cooled to 300 K and relaxed. Then crystallized SiC
at 300 K and then relaxed and B3, equilibrated at 1200 K, slowly cooled to 300 K and relaxed. Then
was replaced by amorphous silicon carbide (a-SiC) by heating the sample to up 4500 K, its equilibration,
crystallized SiC was replaced by amorphous silicon carbide (a‐SiC) by heating the sample to up 4500
cooling to 300 K and subsequent relaxation. Thus, another two interphases had TiN(001)/a-SiC
K, its equilibration, cooling to 300 K and subsequent relaxation. Thus, another two interphases had
structure: A0 that was equilibrated at 300 K and relaxed and A1 equilibrated at 1200 K, slowly cooled
TiN(001)/a‐SiC structure: A0 that was equilibrated at 300 K and relaxed and A1 equilibrated at 1200 K,
to 300 K and relaxed. These heterostructures generated at different temperatures were investigated
slowly cooled to 300 K and relaxed. These heterostructures generated at different temperatures were
for better understanding the ways to improve the strength of TiN/SiC films. Atomic configurations
investigated for better understanding the ways to improve the strength of TiN/SiC films. Atomic
at the initial state and after failure as a result of elongation are depicted in Figure 21. The rock salt
configurations at the initial state and after failure as a result of elongation are depicted in Figure 21.
B1 and the amorphous
after heating
underwent transformation
into B3 andtransformation
A1
The rockA0
saltheterostructures
B1 and the amorphous
A0 heterostructures
after heating underwent
into

B3 and A1 ones with cubic 3C‐SiC‐like interfaces, respectively [152,154]. Taking into account the
stress‐tensile strain relations from Figure 22, there was concluded that the weakest interphase was
A0 (ideal tensile strength, σT, was 8 GPa) and the most stable one—three‐layer 3C‐SiC (σT = 17 GPa
and 11 GPa). Hence, experimental and theoretical data correlate with each other. Elevated
temperatures resulted in the formation of the 3C‐SiC‐like interphases in the TiN/SiC film, which were

Coatings 2019, 9, 155

19 of 27

ones with cubic 3C-SiC-like interfaces, respectively [152,154]. Taking into account the stress-tensile
strain relations from Figure 22, there was concluded that the weakest interphase was A0 (ideal tensile
strength, σT , was 8 GPa) and the most stable one—three-layer 3C-SiC (σT = 17 GPa and 11 GPa).
Hence, experimental and theoretical data correlate with each other. Elevated temperatures resulted
in
the formation of the 3C-SiC-like interphases in the TiN/SiC film, which were responsible for
the
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All multilayer systems, considered in the present brief review, demonstrated high mechanical
5. Conclusions
5.
Conclusions
and tribological properties. Hence, these hard coatings can withstand extreme conditions and are
In this paper, wefor
reviewed
nanostructured
multilayer
coatings
based
on binary nitrides of
perspective
wide range
of applications
in different
branches
of industry.
In this candidates
paper, we reviewed
nanostructured
multilayer
coatings
based
on binary nitrides of
transition and refractory metals deposited by magnetron sputtering and vacuum‐arc evaporation
transition and refractory metals deposited by magnetron sputtering and vacuum‐arc evaporation
(PVD techniques). It should be note that using a multilayer architecture allows to design coatings
(PVD techniques). It should be note that using a multilayer architecture allows to design coatings
with unique properties that are not inherent in the single‐layer coatings. Alternating layers of nitrides
with unique properties that are not inherent in the single‐layer coatings. Alternating layers of nitrides
with different characteristics, it is possible to obtain a universal material that could have numerous
with different characteristics, it is possible to obtain a universal material that could have numerous
various applications in engineering, manufacturing and many other industrial fields. Several factors
various applications in engineering, manufacturing and many other industrial fields. Several factors
that strongly influence their performance characteristics have been described. Tuning the substrate
that strongly influence their performance characteristics have been described. Tuning the substrate
bias voltage controls the deposition rate of the growing multilayer material that significantly affect
bias voltage controls the deposition rate of the growing multilayer material that significantly affect
the microstructure. It is crucial to deposit coatings with well‐defined multilayer structure with high
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5. Conclusions
In this paper, we reviewed nanostructured multilayer coatings based on binary nitrides of
transition and refractory metals deposited by magnetron sputtering and vacuum-arc evaporation
(PVD techniques). It should be note that using a multilayer architecture allows to design coatings
with unique properties that are not inherent in the single-layer coatings. Alternating layers of nitrides
with different characteristics, it is possible to obtain a universal material that could have numerous
various applications in engineering, manufacturing and many other industrial fields. Several factors
that strongly influence their performance characteristics have been described. Tuning the substrate
bias voltage controls the deposition rate of the growing multilayer material that significantly affect
the microstructure. It is crucial to deposit coatings with well-defined multilayer structure with high
density, small grain size and optimum bilayer thickness of the order of tens nanometres. It provides
high volume of boundary interfaces and big number of interfaces between layers that contributes to
hindering the dislocation mobility. Furthermore, heating the substrate during the deposition process
can also results in the increment of hardness, when amorphous phase transforms into nanocrystalline.
Reviewed papers demonstrated that binary multilayer coatings based on transition metals nitrides
could exhibit superhardness (hardness ≥40 GPa), high plasticity, corrosion resistance and low wear.
Therefore, combination of these properties enables them to operate for a long time in extreme working
conditions, such as oxidizing environment, high temperature and pressure.
Multilayer coatings can be further improved by the integration of new nanocrystalline,
nanocomposite or amorphous materials as constituent layers. Another way to enhance performance
characteristics of the multilayer architecture is a use of nitrides consisting of more than one metal,
for instance TiAlN/CrAlN, CrAlYN/CrN, TiHfN/CrN and so forth.
It is worth mentioned, that we did not pay attention to the problem of number of constituent
elements in the composition of individual layers within our brief review. However, multilayer coatings
based on binary nitrides of refractory or transition metals, are the basis for future investigations of
more complicated structures based on triple or even quaternary nitrides. Thus, full investigation of
more simple materials allows to predict peculiarities of structure, texture, physical-mechanical and
tribological properties of more complex coatings.
Funding: This work was supported by the Ministry of Education and Science of Ukraine within the state budget
programs entitled “Multilayer and multicomponent coatings with adaptive behaviour under friction and wear”
(registration number 0118U003579) and “Implantation of high-energy and low-energy ions into multilayer and
multicomponent coatings: microstructure and properties” (registration number 0119U100787).
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
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