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Abstract—A comparative analysis of the structural features and tribological properties of multilayer coatings
based on refractory metal compounds has been conducted in this review. Features of formation of the elec-
tronic structure of the synthesized coatings have been discussed, and the effect of methods and conditions of
deposition on changes in the physicomechanical characteristics of nanocrystalline structures based on tran-
sition metal nitrides has been shown. Dependences of antifriction properties, corrosion resistance, and ther-
mal stability on the modulation period (A) and the number of bilayers in the studied multilayer coatings have
been determined. A decrease in the modulation period of individual layers in a coating positively affects the
oxidation resistance of the coating, while an increase in the number of interfaces between the layers slows
down the diffusion of oxygen atoms deep into the coating and, thereby, increases the protective properties of
the multilayer system as a whole. The effect of the droplet component in cathodic-arc coatings on corrosion
development mechanisms in corrosive media has been shown. A class of multifunctional multilayer coatings
with an adaptive friction mechanism, which is characterized by a change in the properties and structure
during tribological tests, has been discussed separately.
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INTRODUCTION

Titanium nitride coatings prepared by physical
vapor deposition (PVD) on high-speed steel were
shown proven to exhibit fairly high wear resistance as
far back as the 1980s. However, at present, these coat-
ings no longer provide high performance in the pro-
tection of cutting tools operating under extreme con-
ditions. Nanocomposite coatings exhibiting superhigh
hardness (=45 GPa) and oxidation resistance at tem-
peratures of about 1000°C have been synthesized.
However, these coatings are characterized by a rela-
tively high coefficient of friction at high temperatures,
a feature that hinders their practical application. Over
the past decade, the scientific community has tried
various ways to improve and modify protective coat-
ings. A common goal of all the studies is the formation
of a universal multifunctional material with reproduc-
ible physicomechanical and tribological characteris-
tics. The formation of multilayer systems of multiply
repeating bilayers of transition metal nitrides in order
to impart a wide range of properties to the resulting

coating is an approach to further improving nitride
coatings.

Another way to improve the characteristics of func-
tional coatings is the formation of a kinetically and
thermodynamically stable solid solution comprising at
least five elements in the coating. This class of metallic
compounds is commonly referred to as “high-entropy
alloys” (HEAs). The combination of HEA layers and
layers of other refractory elements into bilayers is also
of particular scientific interest.

This brief review summarizes results of studies of
the structural features and phase composition of mul-
tilayer nanocomposite coatings and their effect on the
physicomechanical and tribological properties of the
coatings. Coatings based on an extended group of
period 3—6 refractory metals prepared by magnetron
sputtering and vacuum-arc deposition are discussed.
The dependences of the hardness, as well as of the
wear and friction resistance, on the structure, thick-
ness, and number of bilayers in multilayer nanocom-
posite systems are analyzed. Analysis of the literature
shows that the wear resistance of many multilayer
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nitride coatings (TiAIN/VN [1], TiN/CrN [2],
TiN/Nb [3]) is higher than that of the commonly used
single-layer TiN coatings. This review is focused on
the morphology and tribological properties of multi-
layer nitride coatings.

SUMMARY OF METHODS
OF PREPARATION OF MULTILAYER
NANOCOMPOSITE SYSTEMS
AND THEIR STRUCTURAL FEATURES

The authors of many studies focusing on surface-
structure engineering and generation of vacuum con-
densates [4—7] have indicated the key role played by
methods and conditions for coating preparation. Mul-
tilayer coatings can be prepared by a variety of cur-
rently available methods, such as thermal evaporation,
laser ablation, vacuum-arc deposition, ion-beam
sputtering, and magnetron sputtering. Magnetron
sputtering and vacuum-arc deposition are the most
commonly used PVD methods for the formation of
multilayer nitride coatings. These methods make it
possible to control the structural state of each of the
layers separately via selecting the layer thickness, the
type of the material constituting the layer, and the
number of layers in the period and, thereby, provide
the formation of structures with unique tribological
properties.

Magnetron sputtering has the following advan-
tages:

—high degree of chemical purity of the resulting
coatings;

—deposition of coatings on substrates with a large
area and a fairly complex geometric shape;

—conditions excluding the substrate heating; and

—significantly higher adhesion strength of the
coating to the substrate and between the layers than
the adhesion strength of similar coatings prepared by
thermal vacuum deposition at comparable deposition
rates.

A high plasma concentration in the immediate
vicinity of the sputtered target owing to the presence of
a magnetic field is a distinctive feature of magnetron-
sputtering systems. Therefore, in magnetron-sputter-
ing systems, larger negative biases and, consequently,
higher sputtering efficiency can be achieved [8].

Features of formation of the structure of deposited
coatings will be discussed using the example of a mul-
tilayer polycrystalline TiN/TaN coating [9] formed by
the magnetron-sputtering method. The purity of the
sputtered targets was 99.9% in either case (Ti and Ta).
A Ti layer with a thickness of about 20 nm was depos-
ited onto the substrate surface as a transition layer.
After that, the coating was formed by alternating depo-
sition of TiN and TaN. The /,n//tin modulation ratio
was fixed at 3 : 1. According to X-ray diffraction anal-
ysis, the results of which are shown in Fig. 1, single-
layer TiN coatings have a cubic structure with a lattice
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constant of 0.424 nm and a (200) preferred orienta-
tion, while single-layer TaN coatings are characterized
by the presence of a cubic phase with a lattice constant
of 0.434 nm, a small amount of a hexagonal phase,
and the (111) preferred orientation. According to X-
ray diffraction patterns of the multilayer TiN/TaN sys-
tem with different modulation periods, the strongest
reflections correspond to the (111), (200), and (311)
orientations; this finding confirms the formation of
the so-called “superlattice.” With an increase in the
modulation period to A = 11.3 nm, the intensity of the
peak corresponding to the (111) orientation signifi-
cantly increases, while the preferred orientation
becomes more pronounced. Along with the change in
the modulation period to A = 11.3, a hexagonal phase
of TaN, ¢ is formed in the coatings. Nordin and Eric-
son observed a similar phenomenon while studying
the features of formation of multilayer TiN/TaN,
coatings by PVD methods [10].

The use of reactive magnetron sputtering for the
preparation of multilayer nitride coatings using the
example of Ta/TaN systems was shown in [11], the
authors of which studied the tribotechnical character-
istics of Ta/TaN coatings formed both by reactive
magnetron sputtering and by this method combined
with ion implantation. The structure and properties of
the deposited coatings were compared with those of a
single-layer TaN coating. Figure 2 shows the results of
scanning electron microscopy for a multilayer Ta/TaN
coating deposited without (Fig. 2b) and with (Fig. 2a)
the use of ion implantation. The light and dark layers
correspond to Ta and TaN, respectively. Figure 2
clearly shows the alternate structure of Ta and TaN
with three modulation periods. Although the total
time of preparation of the multilayer Ta and TaN coat-
ings was the same, it was found that the thickness of
the sample deposited with the use of ion implantation
was lower than the thickness of the coating formed
entirely by reactive magnetron deposition. The thick-
ness of the samples was 958.5 nm and 1.167 um,
respectively. This fact can be attributed to fairly high
ion energies, which make the sputtering of Ta and TaN
layers predominate over the magnetron deposition
process.

X-ray diffraction patterns of the single-layer TaN
coating and the multilayer Ta/TaN coating are shown
in Fig. 3. The diffraction pattern exhibits, in addition
to the diffraction reflections of the substrate (marked
in the figure as Fe), the basic plane reflections of the
cubic lattice of Ta and the hexagonal lattice of TaN.
The (110) reflection of the Ta phase exhibited at angles
of 37.5° is present in the sample of the multilayer coat-
ing. In the single-layer coating, the (110) peak is sig-
nificantly weaker because of the TaN(110) plane
reflection. The hexagonal TaN(001), TaN(110), and
TaN(300) reflections are shown as 32, 35, and 62,
respectively. The multilayer Ta/TaN sample exhibits a
more pronounced TaN(300) peak, a fact that is
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Fig. 1. Pertiens-ef X-ray diffraction spectra of the single-layer TiN and TaN coatings and the multilayer TiN/TaN coating: (a)

TiN, (b) TaN, (c) A=5.8 nm, and (d) A = 11.3 nm [9].

attributed to higher ion energies in the case of reactive
magnetron sputtering combined with ion implanta-
tion.

The authors of [12—14] describe results of studies
of the mechanical properties and thermal stability of
Ta-based coatings, which suggest that multilayer coat-
ings based on this element can be potentially used as
functional coatings with improved physicomechanical
characteristics. Ta-based nitride coatings formed by
PVD show a variety of complex compounds, particu-
larly bcc o-Ta(N), hexagonal y-TaN, hexagonal e-
TaN, Ta,N, WC structure 0-TaN, cubic NaCl 5-TaN,
hexagonal TasNy, tetragonal Ta,Ns, and orthorhom-
bic Ta;N; phase [15, 16].

Taking into account the increased scientific inter-
est in multilayer nitride coatings based on Ta, the
results of [17] are of particular interest. Using magne-
tron sputtering, the authors of [ 17] formed a number of
nitride coatings with different phase compositions: a-
TaN, c-TaN, and a multilayer TaN coating. The coat-
ings were deposited using the Ar gas as a plasma source
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and reactive N,. The operating pressure was main-
tained at a level of 6 X 10~! Pa in a total gas flow of 20
cm?/min. The Ar/N, flow ratio was controlled to pro-
vide the proportion of 18/2 and 12/8 to prepare TaN
coatings with different compositions and microstruc-
tures. The multilayer TaN coating was obtained by
sequential deposition of c-TaN (Ar/N, = 18/2) and a-
TaN layers (Ar/N, = 12/8) to form a 20-nm-thick
bilayer. The total coating thickness was about 1 um. To
gain a deeper insight in the structure and phase com-
position of the deposited coatings, TEM analysis of a-
TaN, c-TaN, and the multilayer TaN coating was con-
ducted. Figures 4a and 4d show that the single-layer c-
TaN coating is the entire crystalline fcc 8-TaN phase
with the (111), (200), (220), and (311) preferred orien-
tations. The micrograph (Fig. 4a) clearly shows that c-
TaN has a columnar structure, unlike a-TaN, which
has an amorphous microstructure with partial inclu-
sions of crystalline TaN (Figs. 4b, 4¢). During the
deposition of a multilayer a-TaN/c-TaN structure, the
2018
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Fig. 2. SEM image of the multilayer Ta/TaN coating: (a)
with and (b) without ion implantation [11].

space formed in the a-TaN layers is insufficient for the
formation of a long range of the crystalline TaN phase.

The dominant effect of the heterostructure config-
uration of the coating and the thickness of the result-
ing bilayer on the microstructure and tribological
properties will be considered using the example of a
CrN/ZrN coating [18]. The multilayer CrN/ZrN
coating was deposited by DC magnetron sputtering; in
addition, reference samples of single-layered nitride
coatings CrN and ZrN were prepared. The base pres-
sure was maintained at a level of 5.0 X 10~* Pa, and the
total working pressure of Ar + N, was 1.5 x 10! Pa.
The periodic structure of the multilayer CrN/ZrN
coating was formed by alternating sputtering of Cr and
Zr targets for 60 min. In this case, the absence of a
transition (adhesive) layer between the coating and the
substrate is noteworthy. CrN was deposited as the first
layer adjacent to the substrate and the last surface
layer.

According to Fig. 5, the single-layer CrN coating is
characterized by a Bl-type structure with the most
pronounced diffraction reflection (200), medium-
intensity reflection (111), and weak diffraction reflec-
tion (220). The intensity of the ZrN peaks indicates
the (111) preferred plane orientation and a weak (222)
reflection. The multilayered CrN/ZrN coating has a
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Fig. 3. Pertiens-of X-ray diffraction spectra of the single-
layer TaN coating and the multilayer Ta/TaN coating.

critical level of internal stresses, as evidenced by

intense reflections corresponding to the (I111) pre-
ferred orientation, which tends to minimize the inter-
nal stresses [19]. A decrease in the bilayer thickness
leads to a constant shift of the CrN reflections toward
low angles. The ZrN(111) diffraction peak does not
change with a decrease in the bilayer thickness to 35.0
nm. After that, it is shifted toward a higher diffraction
angle. At a bilayer thickness of 11.7 nm, the coating is
a combination of CrN and ZrN layers with the (111)
reflection. These results apparently indicate the for-
mation of a superlattice structure [20].

The authors of [21] prepared a multilayer
MoN/CrN coating by vacuum cathodic-arc evapora-
tion. One of the main differences of this method from
magnetron sputtering is the higher energy of the sput-
tered particles. It was a high-priority task for these
authors to study the effect of negative bias potential —
U,, which is responsible for the energy of the deposited
particles, and the pressure of the nitrogen atmosphere
in the working chamber, which determines the nitro-
gen content in the coating, on the structural-phase
states in the layers of the deposited coatings and their
mechanical properties.

The working (nitrogen) atmosphere pressure
during deposition was Py = 7 x 10™#—3 x 10~ Torr.
During deposition, a constant negative potential of U,
=-20, —70, —150, and —300 V was applied to the sub-
strates. Figure 6 shows data of analysis of the elemental
composition of the coatings as a function of pressure
Py in the chamber and applied negative potential —U,,.
It is evident that the content of nitrogen, as a light
interstitial element, largely depends on the Py value
during deposition (Fig. 6a). The effect of —Uj is less
2018
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Fig. 4. TEM image of the (a) c-TaN, (b) a-TaN, and (c) Ta/TaN coatings; electron diffraction in individual regions of the (d) c-

TaN, (e) a-TaN, and (f) Ta/TaN coatings [17].

pronounced (Fig. 6b), this being evident as a relative
decrease in the atomic nitrogen concentration at large
values of bias potential —U, (owing to selective sec-
ondary sputtering from the growth surface). Note that
the strengthening of the bond between the deposited
metal and atmospheric nitrogen at high pressure Py
leads to stabilization in the coating composition to sig-
nificantly larger — U, values (Fig. 6b, curve 2). A con-
siderable difficulty in the coating deposition by vac-
uum-arc evaporation lies in the fact that, if the cath-
ode spot stays at an evaporation point for too long, it
will emit a large number of macroparticles or droplets.
These macroinclusions degrade the characteristics of
the coatings because they have poor adhesion to the
substrate and can emerge through the coating if their
size exceeds the coating thickness. Note that another
approach to decreasing the droplet component in the

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

coating is the use of pulsed beams for evaporation [22,
23].

The authors of [24] used the method of vacuum-
arc deposition to prepare TiN/ZrN coatings. The
resulting biphasic multilayer TiN/ZrN system had a
nanometer-range thicknesses and a fairly high planar-
ity. During the experiment, these authors deposited
three sets of coating samples with different thicknesses
of the bilayer period. The total pressure in the deposi-
tion chamber was Py = 3 x 1073 Torr at a bias potential
of —150 V. In the first set of samples, the thickness of
one bilayer (A) of the TiN/ZrN coatings was about 40
nm at a total coating thickness of about 13 um. In the
second set of samples, the thickness of the TiN/ZrN
bilayer period was increased to A = 70 nm at a total
coating thickness of # = 14 um. The third set of
TiN/ZrN multilayer coatings was deposited with a
Vol. 54
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Fig. 5. Pertiens—of X-ray diffraction spectra for the CrN
and ZrN monolayers and the multilayer CrN/ZrN coating
[18].

bilayer-period thickness of A = 250 nm and a total
coating thickness of 4 = 14 um.

Figure 7 shows a fragment of the X-ray diffraction
pattern of samples of these multilayer coatings. It is
evident that the coating consists of TiN and ZrN
phases with a cubic crystal lattice (NaCl structural
type) without any preferred orientation (texture). The
intensity of the reflection corresponding to the TiN
layer slightly increases with increasing bilayer thick-
ness, as evidenced by a change in the ratio of intensi-
ties of the TiN and ZrN phase reflections (Figs. 7a,
7b). The lattice period in the layers varies with an
increase in the deposition time and the total period of
the multilayer system. The nitrides formed during
deposition have a preferred orientation of the crystal-
lites with the (111) axis perpendicular to the growth
plane of the coating. Hence, the preferred orientation
of the TiN and ZrN crystallites with the (111) axis is
formed at the initial stage of growth under the action
of compressive stresses. In addition, the high packing
density of the layers hinders the diffusion of oxygen
deep into the coating during thermal exposure. There-
fore, the formation of oxides during annealing occurs
only in the near-surface layer of the coating (up to 5

wm).
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Py of (curve 1) 7 x 10~*and (curve 2) 3 x 1073 Torr [21].

The wunsatisfactory performance properties of
binary nitride coatings (TiN, TaN, VN, etc.) have led
to the necessity of doping binary compounds with
additional elements, such as Al, Cr, Si, and B, in order
to improve the strength and tribological characteris-
tics. Previous studies have shown that the thermal sta-
bility of a multicomponent TiAIN coating can be
increased by incorporating Cr into it to form chro-
mium nitrides, which exhibit excellent corrosion and
wear resistance [25, 26]. A change in the Cr concen-
tration and the thickness of the CrN layers in a multi-
layer nanocomposite TiAlCrN coating affects the
microstructure and mechanical properties of the coat-
ing [27, 28].

The authors of [29] prepared TiAIN/CrN
cathodic-arc coatings with a thickness of alternating
layers of 8 and 17 nm. X-ray diffraction spectra of the
multilayer TiAIN/CrN coatings (A = 8 and 17 nm) are
shown in Fig. 8. According to X-ray diffraction analy-
sis, TiAIN/CrN has a B1-NaCl crystal structure with
the (111) preferred orientation. The positions of the
reflections are the averaged position of the reflections
of the TiAIN and CrN phases. The (200) diffraction
reflection is asymmetric owing to the presence of
TiAIN and CrN phases (inset in Fig. 8). It was found
2018
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Fig. 7. Pertiens-of X-ray diffraction spectra of the multi-
layer TiN/ZrN coating at different thicknesses of the
bilayer period (A): A = (a) 70 and (b) 250 nm [24].

that CrN has a higher intensity in the averaged (200)
plane reflection in the multilayer TiAIN/CrN coating
with an alternating-layer thickness of 8 nm. This find-
ing suggests that the CrN layers will affect the devel-

opment of the (200) texture in multilayer TiAIN/CrN
systems deposited with different thicknesses of alter-
nating layers. In addition, a change in the width of the
layers will lead to a competitive growth of the CrN and
TiAIN phases in the multilayer TiAIN/CrN coating.

Micrographs of the cross section of the
TiAIN/CrN cathodic-arc coatings (A = 8 and 17 nm)
are shown in Fig. 9. The coatings have a dense colum-
nar structure. However, the occurrence of ion-
induced processes leads to the accumulation of point
defects and small dislocation loops, which causes a
continuous renucleation of new grains during growth
and, as a consequence, a violation of the columnar
structure of the coating. The micrographs of the
TiAIN/CrN cross sections show the difference
between the TiAIN and CrN layers. The CrN layers
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Fig. 8. Pertiens-of X-ray diffraction spectra of the multi-
layer TiAIN/CrN coatings with the thickness of alternating
layers of A =7 and 18 nm.

have a brighter contrast because they reflect a larger
number of electrons. For both types of TiAIN/CrN
systems with A = 8 and 17 nm, CrN was deposited as a
transition layer between the substrate and the coating.
The most pronounced layered structure is observed
for the TiAIN/CrN coatings with the larger layer
thickness (A = 17 nm); the TiAIN/CrN layer inter-
faces at A = 8 nm have fuzzy contours owing to the
occurrence of interlayer diffusion.

The multilayered architecture of functional coat-
ings makes it possible to affect the crystallite size and
thereby change their mechanical characteristics. Crys-
tallite sizes and lattice deformations for TiAIN/CrN
were calculated in accordance with the Williamson—
Hall plot. Compared with single-layer TiAIN and CrN
coatings, the crystallite size in the multilayer coating
decreased by 11 nm to a value of 31 and 38 nm for
TiAIN/CrN with A = 17 and 8 nm, respectively. The
decrease in the grain size is attributed to the formation
of interfaces between the layers [30]. The grain sizes in
the multilayer coating with the smaller layer thickness
should have a proportionally smaller grain size. The
increase in the crystallite size of TiAIN/CrN with A =
8 nm is most probably attributed to the diffusion of
atoms between the layers during cathodic-arc deposi-
tion.

Depending on the energy conditions of deposition,
the coatings can be in amorphous and nanocrystalline
states and in a nanocrystalline state with a predomi-
nantly oriented (columnar) structure. Nitride coatings
based on an extended group of refractory metals
exhibit a tendency to forming two preferred growth
directions, namely, with the (111) or (200) plane. The
Vol. 54
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Fig. 9. SEM image of the cross section of multilayer TiAIN/CrN coatings with a thickness of alternating layers of A = (a) 18 and

(b) 7 nm.

(111) plane is a plane of the densest packing for the
NaCl structure, while the (200) plane is the most open
direction for channeling [31]. A significant difference
in the formation of the growth texture is observed in
the Ta-based single-layer and multilayer systems dis-
cussed in this review. During the synthesis of TaN and
Ta/TaN coatings, preferred growth of the (001), (110),
(300), and (311) planes is observed.

Quite recently, the notion of multicomponent
HEASs has been proposed to increase the thermal sta-
bility of nanomaterials. According to this thesis, which
has been proven by experiments for various HEAs
[32—35], a high entropy of mixing can stabilize the
formation of a disordered solid-solution phase and
prevent the formation of intermetallic phases during
crystallization. HEAs formed in this way can simulta-
neously exhibit high strength and a fairly high ductil-
ity. HEA nitrides exhibit even better mechanical and
tribological properties [36—40]. However, these mate-
rials are characterized by a significantly higher fragility
and lower strength. In this case, the functional proper-
ties can be effectively improved via switching to multi-
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layer composites with alternating layers of nitrides
with different compositions [41—43].

The authors of [44] deposited layers of nitrides of
Ti—Zr—Nb—Ta—Hf HEAs and group VI transition
metals (W or Mo). Multilayer (TiZrNbTaHf + W)N
and (TiZrNbTaHf + Mo)N coatings were prepared by
vacuum-arc deposition while varying the negative bias
potential across the substrate U, from —90 to —280 V.

Studies of the morphology of growth of the multi-
layer coatings showed a fairly high homogeneity and
planarity of the deposited layers in all the used modes
for both types of systems (TiZrNbTaHf + Mo)N and
(TiZrNbTaHf + W)N. The partial presence of inho-
mogeneities in the form of droplet fractions on the sur-
face did not lead to a significant violation of the pla-
narity and average thickness of the deposited coatings.

The bias potential and the working nitrogen-atmo-
sphere pressure had a decisive effect on the phase
composition and structural state of the coatings. Fig-
ure 10 shows portions of the X-ray diffraction spectra
of coatings deposited under different technological
conditions. Analysis of the diffraction spectra shows
that all deposition modes are characterized by the for-
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Fig. 10. Pemens-eﬁx ray diffraction spectra of the (lerNbTaHf)N/MoN coating at (a) Py = 1.5 x 10~ Torr U,=-50V; (b)
Py= 4 x 1073 Torr, U, =—-50V; and (c) Py =4 X 1073 Torr, U, =—200V, and (d) the (TiZrNbTaHf)N/WN coating at Py = 4

x 1072 Torr, Uy = —90 V [44].

mation of phases with a cubic (fcc) crystal lattice in all
layers of the multilayer coatings. In HEA-based layers,
it is an unordered solid solution of (TiZrNbIlaHf)N
with a crystal lattice of the NaCl structural type [45];
in the layers of the Mo—N system, it is the y-Mo,N
phase; and, in the layers of the W—N system, it is B-
W,N (PDF 25-1257). The similarity of structural
states in the layers based on HEAs and nitrides of
group VI transition metals (close ratio of the formed
preferred orientations of crystallites in the layers) sug-
gests that there is a relationship between the structure
of the layers and their growth.

These spectra also show that an increase in the
working nitrogen-atmosphere pressure leads to an
increase in the degree of texturing, as evidenced by a
relative increase in the intensity of the reflections.
Thus, at relatively low U, values in the (TiZ-
rNbTaHf)N/MoN coatings, this texture has the (311)
axis (Figs. 10a, 10b). The application of a high nega-
tive bias potential of U, = —200 V leads to an increase
in the degree of “chaotization” of the structure (the
texture characteristic of low U, values does not appear
at high U, values) and to an increase in the degree of
dispersion of crystalline entities in the coating layers,
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which is most pronounced for the y-Mo, N layers (Fig.
10d).

The preferred direction of growth of multicompo-
nent and highly entropic nitride coatings is deter-
mined by the complex mechanism of interaction of
“kinetic” effects associated with the growth process
[31].

TRIBOLOGICAL PROPERTIES OF
MULTILAYER COATINGS BASED ON
REFRACTORY METALS

Many reports describing the results of tribological
tests of single- and multilayer coatings based on
refractory metal nitrides have been published [46—49].
The keen interest in functional coatings of this kind is
mostly due to the extensive range of their potential
application. In the aerospace, automotive, and mili-
tary industries, the requirements for parts, assemblies,
and entire mechanisms operating under dry friction
conditions, at high temperatures, and under the action
of an aggressive environment are being constantly
tightened. Multilayer nitride systems have been effec-
tively used in the manufacture of driveline compo-
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Table 1. Mechanical and tribological characteristics of Ta-based coatings [11]

Hardness, GPa Coef.fic.ient Volumé
of friction of worn material, pm?
Substrate (Cr12MoV) 4.44 0.6 48.9
TaN 9.02 0.2-0.4 29.6
Ta/TaN 12.93 0.1-0.25 14.3
Ta/TaN* 10.92 0.1-0.25 19.4

* The coating was deposited with the use of ion implantation.

nents, cutting tools, helicopter gearboxes and blades,
compressor blades of engines with a high thrust-to-
power ratio, and other mechanisms operating under
high load conditions. In this context, it is necessary to
increase the servicing period and the level of reliability
and improve the tribotechnical characteristics of the
used coatings.

Properties of multilayer coatings are determined by
their structure and element composition; which is a
key parameter that affects the tribological properties is
the modulation period of layers in a multilayer system.
Below, the most interesting and striking—according to
our reckoning—results of many tribological and tribo-
technical tests of multilayer coatings are discussed.
Results of comparative tribological tests of a multi-
layer TiN/TaN coating and a single-layer TiN coating
are reported in [9]. The measurement of the coeffi-
cient of friction can be conventionally divided into two
stages: an initial (lapping) stage and a stable stage. The
lowest coefficient of friction is observed at the begin-
ning of measurements; after that, the coefficient grad-
ually increases to some stable values. The establish-
ment of a stable stage for the friction values took lon-
ger time for the multilayer TiN/TaN coating, a finding
that is apparently attributed to the fact that the hard-
ness of this coating is higher than that of the single-
layer TiN coating. The coefficient of friction of the
TiN/TaN coatings was 0.7—1.0 as opposed to 0.5 for
the single-layer TiN coating. At the same time, an
inverse relationship between a decrease in the volume
of the worn material and an increase in the coefficient
of friction is observed.

To determine the wear mechanisms of the multi-
layer TiN/TaN system, the authors analyzed the mor-
phology of coating samples with different modulation
periods (Fig. 11). It should be noted that the wear track
mostly consists of grooves; the wear-track width
decreases with increasing hardness of the multilayer
coating. During the tribological tests, a small amount
of the material is transferred from the wear-track
grooves, as evidenced by Figs. 11a and 11b and the
respective energy-dispersive X-ray spectroscopy
(EDX) analysis. The formation of cleavages and the
transfer of the material to the wear track surface can be
associated with high compressive stresses within the
coating. Poor adhesion to the substrate caused by high
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compressive stresses is characteristic of TiN/TaN
coatings with a modulation period of about 10 nm,
which has also been mentioned by other authors [3].
As the modulation period increases, the pattern of
wear of the track surface becomes smoother (Figs. 11c,
11d). Thus, despite the fact that the coefficient of fric-
tion of the single-layer TiN coating is lower than that
of the multilayer TiN/TaN coating, the wear resis-
tance of the latter is significantly higher.

Particular attention should be paid to [11], in which
tribological and industrial tribotechnical tests of Ta-
based nitride coatings are described. Table 1 shows
results of mechanical and tribological tests for three
types of Ta-based coatings. The multilayer Ta/TaN
coating has the highest hardness, the lowest coeffi-
cient of friction, and the best wear resistance of the
three test samples. It can be assumed that the relatively
low hardness of the multilayer Ta/TaN coating pre-
pared with the use of ion implantation is a natural
result of the intense ion bombardment of the surface
because implantation with heavy ions leads to the dis-
integration (crushing) of the nanograins and the for-
mation of a disordered polycrystalline structure with-
out any preferred orientation [50, 51].

For tribotechnical tests, the authors of [11] covered
the parts of a fuel-injection pump with a multilayer
Ta/TaN system. It was deposited with and without ion
implantation. The aim of this experiment was to
extend the lifetime of the aircraft-engine parts. Figure
12a shows a fuel-injection pump part with a multilayer
Ta/TaN coating after 1500 h of operation. A partial
delamination of the functional coating is observed in
contrast to the part shown in Fig. 12b. Owing to the
multilayer Ta/TaN system formed with the use of ion
implantation, the failure-free operation time of the
pump part increased by five times. In this context, it
can be assumed that the alternation of ion implanta-
tion and deposition makes it possible to remove resid-
ual stresses and increase the ductility of the material,
which in turn improves the adhesion of the coating to
the material of the part.

The effect of modulation period of bilayers A on
the tribological characteristics of a multilayer
CrN/ZrN coating was studied in [18]. For tribological
tests, two samples of a multilayer CrN/ZrN coating (A
= 66.7 and 11.7 nm) were prepared. As in the case of
Vol. 54
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Fig. 11. Optical micrographs and the corresponding 3D images of the wear tracks of the multilayer TiN/TaN coating with differ-

ent modulation periods: (a, b) 2.8 and (c, d) 8.5 nm [9].

other multilayer systems, the measurement of the
coefficient of friction can be conventionally divided
into two stages: an initial (lapping) stage and a station-
ary mode. An abrupt increase in the coefficient of fric-
tion at the initial stage can be caused by the action of
oxide layers formed on the coating surface and a
change in the contact stresses. The coefficient of fric-
tion and the volume of the worn material increase with
decreasing modulation period A. For the multilayer
CrN/ZrN system with A = 66.7, the coefficient of fric-
tion was 0.32 and the volume of the worn material was
1 x 1077 mm?/m, while for CrN/ZrN with A = 11.7,
the coefficient of friction and wear volume increased
to 0.54 and 5.5 x 1077 mm3/m, respectively. For a
more detailed analysis of the morphology of the coat-
ings, the authors constructed a 3D model of the sam-
ple surface after tribological tests (Figs. 13c, 13d).

Figure 13a clearly shows a valley (formation of a
groove) in the middle of the wear track. According to
Fig. 13c, there is a large amount of the accumulated
(transferred) material around the wear track. EDX
analysis revealed that the accumulated material con-
tain W from the surface of the counterbody. The high
temperature resulting from dry friction led to the
pressing of the counterbody particles into the coating
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surface and the formation of oxides; it is this process
that affected the coefficient of friction.

Figure 13b shows a broader wear track and a uni-
form cohesive pattern of wear of the material. The
authors of [18] assert that the strong wear suggests that
this coating is a more effective barrier preventing cut-
ting-tool degradation caused by plastic deformation or
the formation of microcracks.

Fig. 12. Photographs of fuel-pump parts: (a) the multilayer
Ta/TaN coating and (b) the multilayer Ta/TaN coating
deposited with the use of ion implantation [11].
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Fig. 13. Micrographs of the surface and 3D images of the
multilayer CrN/ZrN coating after the tribological test: A =
(a, c) 66.7 and (b, d) 11.7 nm [18].
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Fig. 14. Graphical representation of the results of calcula-
tion of the H/E* and b /E*“ ratios as a function of modu-
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Fig. 15. Results of measurements of the coefficient of fric-
tion and wear rate of the multilayer CrN/TiN coating as a
function of modulation period A [52].

The effect of structural features and mechanical
characteristics on the tribological properties of a mul-
tilayer CrN/TiN system was studied in [52]. In accor-
dance with the theory of wear of materials, hardness is
considered one of the indirect parameters of increase
in wear resistance [53]. However, despite high hard-
ness, a number of functional coatings are character-
ized by low plastic strains and proneness to severe sur-
face cracking [54]. In this context, the authors of [54]
analyzed the elastic and plastic strains (H/E* and
H3/E*?) and their effect on the tribological properties,
wear mechanism, and adhesion strength of a multi-
layer CrN/TiN coating.

Figure 14 shows results of calculations of H/E* and
H3/E*? for a set of multilayer CrN/TiN coatings with
a modulation period of A=5.7—10.2 nm. At A=5.7—
10.2 nm, the H/E* and H?/E*? ratios increased from
0.089 to 0.094 and from 0.222 to 0.316 and then
decreased to 0.082 and 0.195, respectively. An increase
in the H/E* and H?/FE*? ratios is achieved owing to a
decrease in the modulation period of the bilayer to A
=6.3nm.

Results of tribological tests of a set of multilayer
CrN/TiN coatings are shown in Fig. 15. The depen-
dence of the coefficient of friction and the volume of
the worn material on modulation period A was studied
by the ball-on-disc method. It should be noted that
coatings with high H/E* and H?/E*? values and the
optimum period A (A = 6.3 nm) have the densest
structure and the highest impact strength [14, 17, 55—
58]. An increase in A led to a decrease in the density
and number of interfaces and to an increase in the
grain size, which correlates with a decrease in the
H/E* and H?/E*? ratios. An abrupt increase in the
coefficients of friction at A = 9.5—10.2 nm is caused by
the formation of oxides in the near-surface area of the
coatings, while the subsequent increase in the wear
intensity is attributed to the continuous delamination
of the coating. Vigorous delamination of the coating
layers and deterioration of adhesion to the substrate
resulted from the presence of high residual stresses,
which arose from an increase in the power applied to
the Cr target, an increase in A, and an increase in the
total coating thickness.

Mechanical and Tribological Properties of Multilayer
Coatings with an Adaptive Friction Mechanism

In the context of this review, it is important to dis-
cuss the class of functional coatings with an adaptive
friction mechanism [59—62, 101]. A specific feature of
adaptive coatings is the ability to change their proper-
ties—primarily, the coefficient of friction—depending
on the operating conditions. The mechanical and tri-
bological properties of adaptive coatings will be ana-
lyzed using the example of a multilayer CrTiAIMoN
system [63]. It is known that nanocomposite CrTiAIN
coatings exhibit a fairly low wear rate, a high oxidation
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Fig. 16. Results of measurements of the coefficient of fric-
tion by the ball-on-disc method [63].

resistance, and a fairly high temperature stability;
therefore, CrTiAIN can be effectively used, for exam-
ple, for dry cutting [64]. According to the literature, at
high temperatures, MoN can form oxygen-deficient
phases (Magnéli phases) and has a low coefficient of
friction [65, 66]. However, a binary MoN coating is
not suitable for practical applications because it is
highly oxidizable. A combination of CrTiAIN and
MoN into a multilayer CrTiAIMoN system provides
the formation of an adaptive functional coating with
improved mechanical and tribological characteristics.

Figure 16 shows results of measurements of the
coefficient of friction for the CrTiAIN and
CrTiAlMoN coatings. According to expectations, the
multilayer CrTiAIMoN system exhibits a significantly
lower coefficient of friction (0.43) than that of
CrTiAIN (0.78). This substantial decrease in the coef-
ficients of friction is apparently due to the fact that Cr,
Ti, and Al have different effects on the formation of
molybdenum oxide and the occurrence of the lubrica-
tion effect during friction. A considerable effect of Al
on the formation of an oxide film and a significant
decrease in the coefficients of friction of molybde-
num-containing coatings were confirmed in [67].

Optical micrographs of the wear tracks of CrTiAIN
and CrTiAlIMoN are shown in Fig. 17. It is evident
from the micrographs that the width of the wear track
of CrTiAlIMoN is much smaller than the correspond-
ing parameter of CrTiAIN; in this case, there is hardly
any accumulation of the worn material along the edges
of the wear track. Visual inspection of the worn (trans-
ferred) material (Figs. 17a, 17b) suggests that the coat-
ing underwent abrasive wear during a ball-on-disc
test. EDX studies of the wear products of the two coat-
ings showed the presence of the W element only in the
spectrum of CrTiAIN, a finding that suggests that a
significant amount of the material was transferred
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100 pm
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Fig. 17. Optical micrographs of the coating surface after
tribological tests by the ball-on-disc method: (a) CrTiAIN
and (b) CrTiAIMoN [63].

from the counterbody (WC—Co) to the coating sur-
face. A similar effect of the transfer of the counterbody
material is described in [18]. Elemental analysis of the
CrTiAIMoN coatings revealed almost complete
absence of oxygen on the surface of the wear track and
the presence of molybdenum oxide in the worn mate-
rial. Hence, the incorporation of Mo into the compo-
sition of nitride coatings based on refractory and tran-
sition metals contributes to a decrease in the coeffi-
cient of friction during the formation of an oxide
(lubricating) film.

The authors of [68] developed an adaptive
CrN/VN coating as a product for tribotechnical pur-
poses. During the experiment, sets of multilayer
CrN/VN systems with a variable modulation period
(A =7, 13, and 27 nm) were deposited to study the
effect of the multilayer structure on the hardness and
tribological characteristics of the deposited coatings.
Results of tribological tests for multilayer CrN/VN
and single-layer CrN and VN coatings are shown in
Fig. 18. The coefficients of friction of the multilayer
coatings are lower than the coefficients of the single-
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Fig. 18. Results of measurements of the coefficient of fric-
tion for the CrN and ZrN monolayers and the multilayer
CrN/VN coating [68].

layer (reference) samples; this finding suggests that the
use of a multilayer system is more advantageous. The
measurement of the coefficient of friction for
CrN/VN can be divided into three stages. Stable val-
ues of the coefficient of friction correspond to the sec-
ond stage of measurements, because, at the initial
stage, an increase in the studied parameter is the result
of changes in the contact stresses and the effect of sur-
face roughness. Thus, the coefficient of friction of the
CrN/VN coatings was 0.21 at A =27 nm and 0.23 at A
= 7 and 13 nm. According to Lu et al. [69], during a
ball-on-disc test, H,O will react with the worn mate-
rial to form metal oxides. The presence of vanadium
oxides, particularly V,0; and V,0s, in the worn mate-
rial is confirmed by analysis of the V 2p; , XPS spectra
(Fig. 19). A decrease in the coefficient of friction of
the multilayer CrN/VN coating is caused by the reac-
tion of VN with water and, as a consequence, the for-
mation of vanadium oxide, which plays the role of a
lubricant [70]. An increase in the coefficients of fric-
tion at the third stage is attributed to the effect of an
SUS 420 substrate, severe wear, and a decrease in the
coating thickness.

THERMAL STABILITY AND CORROSION
RESISTANCE OF MULTILAYER NITRIDE
COATINGS

Materials that preserve their original structure and
properties under the effect of high temperatures are
conventionally referred to as “thermally stable (heat-
resistant) materials” [71—76]. In the context of this
review, the studied temperature range is up to 1100°C.
An exposure to heat leads to phase transformations in
the bulk of the material, such as the formation of
oxides of the surface contacting with the air (owing to
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Fig. 19. V 2p; /2 XPS spectra of the wear products of the
CrN/VN coating with a modulation period of A = 13 nm
[71].

the diffusion of oxygen atoms) and diffusionless
recrystallization processes. The growing demand for
the industrial use of protective multilayer coatings
capable of operating under the action of high tempera-
ture loads causes an urgent need for new studies in this
field.

It is well known that the mechanical and tribologi-
cal properties of multilayer nitride coatings largely
depend on modulation period A [77, 78]. A compara-
tive analysis of CrAIN/TiN and CrAIN/ZrN func-
tional coatings (A = 2, 7, and 9 nm, respectively)
showed a tendency to improving the mechanical and
thermal properties with decreasing modulation period
A [79]. In this context, of particular interest is [80], the
authors of which studied the mechanical and thermal
properties of a CrAIN/ZrN coating at A ~ 5 nm.

Figure 20 shows results of measurements of hard-
ness (H) for a multilayer CrAIN/ZrN coating (A = 5
nm) and a CrAIN/ZrN reference sample (A =9 nm).
The hardness of the CrAIN/ZrN coating with A = 5
nm is significantly higher than that of the reference
sample (30.7 against 27.4 GPa), a finding that is
attributed to the switching from the nonepitaxial to
local epitaxial growth of the layers with a decrease in
the modulation period to 5 nm. An improvement of
the mechanical and tribological characteristics of the
multilayer coatings with the epitaxial growth of the
layers is caused by a combination of different harden-
ing mechanisms (the Hall—Petch effect, the Koehler
model, the formation of internal stresses, the disloca-
tion migration effect, etc.) [81—84]. The elastic mod-
ulus for the CrAIN/ZrN coatings with A =5 and 9 nm
is 400.3 £ 13.1 and 395.9 £ 10.5 GPa, respectively.
Hence, at A = 5 nm, the H?3/E? value of the coating is
higher (~0.18) than that at A = 9 nm (~0.13). This
finding suggests that CrAIN/ZrN exhibits a higher
wear resistance [85].
Vol. 54
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Vacuum annealing of the multilayer CrAIN/ZrN
coatings (A = 5 and 9 nm) to 7,,, = 700°C causes a
slight decrease in hardness owing to the reduction and
internal stress relaxation processes. A further increase
in the annealing temperature to 1100°C leads to the
formation of w-AIN and a decrease in the nitrogen
content in the CrAIN layers, which in turn leads to a
continuous decrease in hardness. Thus, the effect of
high temperatures (up to 1000°C) on the CrAIN/ZrN
coating with A = 5 nm does not lead to a significant
change in hardness. The local epitaxial growth of lay-
ers in a multilayer system hinders the formation of
cleavages and cracks and thereby increases the adhe-
sion strength of the coating to the substrate. The adhe-
sion strength of the CrAIN/ZrN coatings with A = 9
and 5 nm corresponds to 74 and 86 N, respectively.

The authors of [80] assert that a decrease in the
modulation period of layers in the CrAIN/ZrN coat-
ing positively affects the oxidation resistance owing to
the effect of the CrAlIN layers on the epitaxial growth
of ZrN during deposition. In addition, the interfaces
of individual layers can slow down the diffusion of
oxygen atoms deep into the coating and thereby
improve the protective properties of the multilayer sys-
tem. It should be noted that an increase in the number
of interfaces between the layers in CrAIN/ZrN with A
= 5 nm also leads to an increase in the oxidation resis-
tance of the coating [86].

Wear-resistant binary coatings, which are conven-
tionally used for hardening parts of mechanisms oper-
ating under conditions of dry friction and high tem-
peratures, have a certain degree of porosity; therefore,
they are not corrosion-resistant. A growing need for
the development of novel solutions and improvement
of the existing approaches to increasing the corrosion
resistance of materials is observed in medicine, ship-
building, and the industry of artificial water areas [87,
88]. An effective method for the formation of nonpo-
rous wear- and corrosion-resistant coatings is the
design of nanostructured multilayer systems. Single-
layer coatings based on chromium nitride (CrN) and
aluminum-doped coatings (Cr—Al—N) have been
quite thoroughly studied because they have excellent
physicomechanical characteristics, such as hardness,
wear resistance, high thermal stability, and corrosion
resistance [89—92]. Since zirconium is commonly
used as an intermediate layer [93, 94] to increase the
corrosion resistance and mechanical and antifriction
properties of coatings, the multilayer Zr/CrN system
should be analyzed in detail.
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Fig. 20. Results of measurements of hardness H of the
CrAIN/ZrN coating (A =5, 9 nm) after thermal annealing
in a vacuum [80].

The authors of [95] analyzed the effect of the mod-
ulation ratios of layers in the Zr/CrN system on the
structure, tribological properties, and corrosion resis-
tance of the coating. Zr/CrN condensates were pre-
pared by cathodic-arc deposition. The modulation
ratios of layers for a set of Zr/CrN coatings are listed
in Table 2. The thickness of the bilayers was varied in
a range of about 160—370 nm.

To analyze the corrosion resistance of the coatings,
the authors of [95] prepared a solution simulating sea
water in accordance with ASTMD 1141-98. The elec-
trochemical behavior of the multilayer system was
studied by the potentiodynamic method at room tem-
perature. Figure 21 shows polarization curves of
Zr/CrN coatings and an uncoated 316L substrate used
as a reference sample. According to the polarization
curves, corrosion potential (£,,,) and corrosion cur-
rent-density values (i) were determined (Table 2).
Compared with the uncoated substrate, the NM1—
NM4 samples have higher E_,, values and lower i,
values, a finding that indicates a fairly high corrosion
resistance of the coatings. The current corrosion den-
sity of the multilayer coatings is inversely proportional
to an increase in the 7-,N/fz, modulation ratio; this fact
suggests that the NM4 sample (7c,n/?z. ~ 3.3 : 1) has
the best corrosion resistance of all the coatings dis-
cussed in this study.

Typically, nitride coatings based on zirconium and
other elements of the extended group of refractory

Table 2. Modulation ratio of layers and potentiodynamic characteristics of Zr/CrN coatings [95]

Sample number NMI1 NM2 NM3 NM4 Substrate
Eorr, V —0.3 —0.25 —0.25 —0.25 —0.45
feor> X1077A/cm? 1.4 0.71 0.64 0.5 20.3
Modulation ratio of layers #c;n/f7; ~0.9:1 ~1.7:1 ~2.5:1 ~3.3:1
PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES  Vol. 54 No.2 2018
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Fig. 21. Potentiodynamic polarization curves for a set of
Zr/CrN coatings and a steel substrate [95].

metals are relatively inert to chemical attacks owing to
a higher position in the electrochemical series [96, 97].
An advantage of multilayer coatings lies in the pres-
ence of interfaces between the layers, which act as a
barrier to the diffusion of the electrolyte to the sub-
strate [98, 99]. For most multilayer systems, an
increase in the number of interfaces between the layers
leads to an increase in corrosion resistance; however,
in this case, although the NM1 coating has the largest
number of interfaces, it exhibits a relatively low corro-
sion resistance [63, 100, 101]. Since the coatings have
a certain degree of porosity and are characterized by
the presence of dispersed particles on the surface, a
contact with an aggressive aqueous medium stimulates
the local galvanic corrosion process. The spherical
shape of the particles suggests that they were appar-
ently formed from the droplet fraction of an arc dis-
charge plasma. The irregularly shaped particles are
based on solid microparticles of the cathode, which
can be emitted owing to the occurrence of thermoelas-
tic stresses in the region of the cathode spot. The dis-
persed particles can form local galvanic pairs between
one particle as an anode and another particle as a cath-
ode. The authors of [95] assert that the NM1 sample
has a high degree of surface roughness owing to the
abundant droplet fraction; it is this factor that leads to
a vigorous galvanic corrosion process. In addition, the
interfaces between the layers do not hinder the forma-
tion of micropores in the coating [98]. An increase in
the thickness of CrN layers not only provides a
decrease in the galvanic cells between the layers, but
also impedes the charge transfer and thereby improves
the corrosion resistance of the multilayer Zr/CrN
coatings. Hence, the multilayer systems with the high-
est modulation ratio (¢cn/fz, ~ 3.3 : 1) exhibit the best
corrosion resistance.

The use of nanocomposite TiAIN/ZrN coatings to
improve the corrosion resistance of spheroidal-graph-
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Fig. 22. Polarization curves for uncoated DI and the EN—
DI, TiAlZrN—DI, and TiAlZrN/EN—DI samples in a
3.5% NaCl solution.

ite cast iron was analyzed in [102]. For a number of
samples, electroless nickel (EN) plating was con-
ducted to form an intermediate layer between the sub-
strate and the coating. Nickel plating of ductile iron
(DI) is aimed at improving the protective properties of
functional coatings exposed to the action of aggressive
media and erosion. The corrosion resistance of vac-
uum condensates and the EN layer was analyzed by
the potentiodynamic method at room temperature
(25°C). Potentiodynamic polarization measurements
were conducted in a 3.5% NaCl solution. Figure 22
shows the polarization curves for corrosion potential
(E.,,;) and corrosion current density values (i.,,.). For
all the three deposited coatings, an increase in the E,,,
value was observed; this fact indicates an improvement
in their corrosion resistance compared with that of the
uncoated DI. Thus, for DI, the E_,, value was —0.959
Vsce, While, for the TiAl/Zr—DI and TiAlZr/EN
coatings, the corrosion potential was at a level of —
0.750 and —0.117 Vg, respectively.

Corrosion current density was calculated using the
Tafel equation [103]. The derived values also confirm
an improvement in the corrosion resistance of the
samples with a functional coating. According to the
results, the i, value of DI is 2.2 X 10~° A/cm?, which
is significantly larger than the value of the coated sam-
ples. The corrosion current for the multilayer
TiAlZrN—DI and TiAlZrN/EN—DI coatings is 4.3 X
10~7 and 5.4 x 10~ A/cm?, respectively.

After polarization measurements, the sample sur-
face was studied by scanning electron microscopy.
According to the micrographs in Fig. 23a, the Fe
matrix around the graphite particle was destroyed by
corrosion, an event that is characteristic of spheroidal-
graphite cast iron. After the deposition of a multilayer
TiAl/Zr—DI coating, the area of corrosion damage
became significantly smaller (Fig. 23c) owing to the
Vol. 54
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Fig. 23. SEM image of the surface after the polarization test: (a) uncoated DI and (b) the EN—DI, (c) TiAlZrN—DI, and (d)

TiAlZrN/EN—DI samples.

layered structure of the multilayer system. However,
the authors of [102] assert that the TiAlIZrN/EN—-DI
coating has the best corrosion resistance owing to the
formation of a transition layer by EN plating. Figure
23d shows shallow local corrosion traces and the
absence of microcracks. In addition, the deposition of
an EN transition layer provides an improvement of the
adhesion strength of the coating.

In the case of deposition only of a 25-um-thick
monolithic EN layer, a large number of through-
thickness microcracks are formed on the surface of the
deposited layer. Owing to these microcracks, an
aggressive medium can affect the material to be pro-
tected. According to X-ray diffraction analysis, the
EN layer has an entirely amorphous structure,
whereas TiAlZrN consists of TiAIN and ZrN crystal-
line phases. Thus, it is suggested that a duplex multi-
layer TiAlZrN/EN—DI coating may improve the cor-
rosion and erosion resistance of spheroidal-graphite
cast iron.

CONCLUSIONS

This review has summarized the results of studies of
nanostructured multilayer coatings based on an
extended group of refractory metals. Particular atten-
tion has been paid to the effect of the periodic layered
structure on the tribological properties, thermal sta-
bility, and corrosion resistance of multilayer nitride
coatings. Mechanisms of dry wear of multilayer sys-
tems with different modulation periods (A) in a tem-
perature range of 0—1100°C have been discussed. The
dependence of the resulting structure and the respec-

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

tive characteristics of the coatings on the conditions of
their deposition has been shown.

It has been found that the mechanical, tribological,
and tribotechnical characteristics of multilayer sys-
tems are significantly affected by both the deposition
conditions and the structural features of the coatings,
namely, the period and ratio of the modulation wave.
Since the studied physical process is multifactor in
nature, it is impossible to establish a common general
law governing the choice of the technological param-
eters of deposition and the optimum modulation
period (A); therefore, to achieve the desired results in
each particular case, it is necessary to optimize the
coating deposition process. In general, a decrease in
the layer thickness to nanoscale sizes causes an
improvement of the above properties owing to an
increase in the number of interfaces between the lay-
ers, which act as a barrier to the propagation of micro-
cracks arising under the action of a load during fric-
tion. Under these conditions, degradation is localized
within the individual layers, and it is this feature that
provides an improvement of the tribological charac-
teristics of the coatings and their performance charac-
teristics.

Functional coatings with an adaptive friction
mechanism and processes that occur in the contact
area have been analyzed separately. The antifriction
properties of these materials are improved owing to the
formation of molybdenum and vanadium oxides (par-
ticularly V,05 and V,0Os) respectively. An oxide film on
the surface of functional coatings plays the role of a
lubricant and thereby decreases the coefficient of fric-
Vol. 54
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tion and the volume of the worn material. Adaptive
wear-resistant coatings completely fulfill their poten-
tial under extreme tribological conditions because the
active phase of formation of a tribofilm begins after an
increase in temperature caused by the mechanical
interaction with the counterbody.

An increase in the number of interfaces between
monolayers is a necessary condition for an increase in
the thermal stability and corrosion resistance of mul-
tilayer coatings based on refractory elements because
the barrier produced by them can slow down the diffu-
sion of oxygen atoms and aggressive media deep into
the coating and thus prevent the degradation of the
coating and the material to be protected.
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