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The effect of negative bias potential (U, = -40, -110, and -200 V) during the deposition of multi-element coat-
ings on their composition, structure and mechanical properties was studied. It was established that during the transi-
tion from a multi-element alloy to a nitride, a single-phase state possible to form on its basis (based on the fcc metal
lattice, structural type NacCl). In this case, the composition (FeCoNiCuAICrV)N of coatings with increasing Uy, is
depleted by the element with the lowest enthalpy of formation of nitride (Cu). In (AICrTiNbSi)N and
(AICrTiZrNbV)N coatings, the content of low-mass elements (Si and Al) decreases with increasing U, In
(TizrHfVNDb)N coatings of strong nitride-forming elements with increasing Uy, to 200 V, the composition practically
does not change. The structure of such coatings is characterized by the presence of a texture with the [111] axis. The
presence of weak nitride-forming elements in (FeCoNiCuAICrV)N coatings leads to the formation of texture [110]
for large U, = 110...200 V. In such coatings, the hardness does not exceed 35 GPa. It is shown that to achieve high
hardness at high Uy, it is necessary to increase the content in the high-entropy alloy of elements with high nitride-
forming ability. In this case, in (TiZrHfVNb)N coatings (made of strong nitride-forming elements with a large mass)

at U, = 200 V, the hardness exceeds 45 GPa.
PACS: 64.75.St, 81.07.Bc, 62.25.-g, 61.05.cp, 61.82.Rx

INTRODUCTION

The traditional approach to creating new materials is
to select one element as a basic element. To obtain the
desired combination of mechanical and/or other opera-
tional properties, the base material is alloyed with addi-
tional elements [1, 2]. As basic elements, Fe, Cu, Al, Ni,
Mg, etc. are used. However, in recent years, thanks to
the use of the structural engineering method (structural
design), it has been possible to develop new mecha-
nisms for the formation of composite materials [3-5],
expand the possibilities of managing the structural state
in non-equilibrium conditions [6] and stabilize metasta-
ble phase-structural states [7].

Based on structural engineering, the highest mechan-
ical properties were achieved for coatings obtained by
vacuum-plasma methods [8-10]. This is determined by
a significant expansion of the possibilities of controlling
the structural state in non-equilibrium conditions typical
of modern methods for obtaining materials from plasma
flows [11, 12]. In vacuum-plasma methods for obtaining
materials, super fast thermalization of atoms occurs
[13]. This limits the diffusion mobility of atoms and
leads to the formation of a disordered solid solution
[14]. To a large extent, high mechanical properties are
achieved in multi-element coatings as a result of de-
composition of supersaturated solid solutions (spinodal
type) [15] and ordering [16].

In recent years, structural engineering has been ac-
tively used to produce new multicomponent (high-
entropy) alloys containing (as a base material) five or
more elements in equal (equiatomic) proportions
[17, 18]. Such alloys form disordered solid solutions

[19]. Due to this, various mechanisms of their hardening
can be used: solid-solution, dispersion, deformation, etc.
[20].

Compared with traditional materials, high-entropy
alloys (HEA) have significantly higher functional pro-
perties. These properties include: high temperature sta-
bility [21], high strength [22], high plasticity and frac-
ture toughness [23, 24].

Note that high configurational entropy, caused by
mixing five or more elements, contributes to the for-
mation of a disordered solid solution. Unlike traditional
alloys, HEA are formed with fairly simple crystal struc-
tures (for example, body-centered cubic (BCC), face-
centered cubic (FCC) or hexagonal close-packed (HCP)
[25, 26]), and not from several intermetallic compounds
with complex microstructures.

Another effect characterizing HEA is a strong lattice
distortion caused by a large difference in the atoms size
in a unit cell. Lattice distortion is commonly used to
explain the observed hardening of a multicomponent
phase compared to binary or ternary systems. To quanti-
fy the lattice distortion, the & parameter is commonly
used. It represents the average deviation of the metal
radii of the elements from the average radius [27]:

K 2
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where ¢; is the atomic percentage of the i-th element; r;
and r are the radius of the atom and the average atomic
radius.
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There is also growing interest in composite materials
based on HEA alloys with added p-elements such as C,
O or N. This leads to the formation of high-entropy car-
bides (HEC) [28-30], high-entropy oxides (HEOSs)
[31, 32] and high-entropy nitrides (HENSs) [33]. For the
latter class (HENSs), a large number of interesting pro-
perties have been identified, such as high hardness
[34, 35], thermal stability and radiation resistance [36],
high wear resistance [37], and corrosion resistance
[38, 39].

Unlike HEA, most HENSs publications are related to
coating materials. This is due to the simplicity of the
synthesis of nitrides in the form of coatings deposited in
a nitrogen atmosphere. Among the methods of obtaining
the most frequently used method is high-frequency
magnetron sputtering in a mixed medium of Ar and N,,
with such a parameter as Ry = No/(Ar + N,) [40]. It has
been shown that metals that form stable binary nitrides
tend to form HENSs [41].

At the same time, an important factor that signifi-
cantly affects the efficiency of nitride formation is the
energy of the particles during the formation of nitrides.
However, during magnetron sputtering, the degree of
ionization is not large. This leads to a low efficiency of
influence on the energy characteristics of atoms of such
an important parameter as the bias potential of U,. The
use of the vacuum-arc method makes it possible to
achieve a high degree of ionization and thereby effec-
tively use Uy, to change the energy of the particles.

Therefore, the aim was to compare the effect of U,
for vacuum-arc coatings obtained on the basis of differ-
ent systems of HEA:

— from elements with relatively low affinity for ni-
trogen (FeCoNiCuAlCrV);

— when partial replacement of elements with low en-

thalpy of nitrides formation AH‘Z)98 on elements with a

greater enthalpy of formation of nitrides AICITiZrNbV
(with replacement Fe, Co, Ni, Cu on Ti, Zr, Nb), and
AICrTiNbSi system (by introducing Si with higher af-
finity to the nitrogen);

— consisting of elements with a high affinity for ni-
trogen (TiZrHfVND).

SAMPLES AND RESEARCH METHODS

The coatings were deposited by the vacuum-arc
method on the modernized installation “Bulat-6".

Previously manufactured a cathode of the required
composition by vacuum-arc remelting of a multicompo-
nent mixture of powders of pure metals. Metals with a
purity of at least 99.9% were used as the starting com-
ponents.

After ten times remelting, the HEA crystallized at a
rate of 20 K/s.

Several types of ingots-billets were prepared based
on: AICrVFeCoNiCu, AICITiNbSI, AICrTiZrNbV, and
TiZrNbVHf. From these ingots-billets in the future after
mechanical processing cathodes were made (typical
view shown in Fig. 1).

Fig. 1. General view of the cathode before evaporation

Samples of the size (15x15x2.5 mm) of 12X18H9T
steel (R, = 0.09 um) were chosen as substrates for the
deposition of coatings. In the process of deposition, a
constant negative bias potential U, = -40, -110, and
-200 V was is supplied to the substrate. The coatings
were deposited at a pressure Py = 5:10° Torr. The depo-
sition time was about 1 hour, which made it possible to
obtain coatings with a thickness of 7...8 um.

The study of the morphology of the cross section of
multi-element coatings was carried out on a JEOL
JSM840 scanning electron microscope. The elemental
composition of the coatings was studied by analyzing
the spectra of the characteristic X-ray radiation genera-
ted by the electron beam in a scanning electron micro-
scope.

The phase-structural state was studied on a
DRON-4 diffractometer in Cu-K, radiation. For mono-
chromatization a graphite monochromator was used,
which was installed in the secondary beam (in front of
the detector) [42]. Measurement was carried out in the
angular range of 20 = 20...80°. All diffraction peaks
from the planes with the highest reticular density of
atoms fall into this angular range. Scan step 6 = 0.02°.
Microindentation was carried out on the installation
“Micron-gamma” [43] with a load up to F = 0.5 N using
a Berkovich diamond pyramid with a sharpening angle
of 65°, with automatically performed loading and un-
loading for 30 s.

RESEARCH RESULTS

In multi-element coatings, the composition may vary
significantly with varying process parameters. In this
work, Uy, used as a technological parameter affecting on
the composition.

First, we consider the effect of U, on the composi-
tion of coatings, which consist of elements with the
lowest enthalpy of formation of nitrides (based on
AICrVFeCoNiCu).

In the initial state, the cathode for evaporation had
the elemental composition: Fe — 15, Co — 15, Ni — 13,
Cu - 20, Al - 8, Cr — 19, V — 10 at.%. The elemental
composition of the deposited coatings are shown in
Tabl. 1.




Table 1
The elemental composition (FeCoNiCuAICrV)N
coatings (at.%) taking into account the nitrogen content

Up, V| Ti Cr | Al | Nb | Si N

-40 | 210|129 |106 | 7.5 | 2.7 | 453
-110 | 23.1 135|103 | 7.2 | 19| 44.0
-200 [ 30.1 134 | 98 | 75 | 13| 379

From Tabl. 1 it can be seen that the supply of U,
leads to a selective change in composition. To the great-
est extent the content of Cu decreases. Also significant-
ly decreases the content of N. The relative content of the
remaining elements slightly increases.

In coatings obtained on the basis of the
AICrTiZrNbV alloy (in which, instead of Cu, Fe, Co,
Ni, introduce elements Ti, Zr, Nb with strongly bond
with nitrogen), a change in U, also leads to a change in
the elemental composition. The results of the elemental
analysis are given in Tabl. 2.

It can be seen that with this combination of d-
elements in a HEA, the critical element by which occurs
of depleted the alloy is Al. The observed relative de-
crease in the aluminum content is apparently determined
by its selective spraying of heavy atoms from the
growth surface. As U, increases, the N content in the
coating also decreases. However, this decrease is less
significant compared to (FeCoNiCuAlICrV)N coatings.

Elemental composition (AICrTiZrNbV)N coatings obtained at different bias potential Tavle2
UV | Fe | Co | Ni Cu | Al | Cr \% N
-40 | 108103 | 88 | 128 |58 | 134 | 7.2 | 30.8
-110 | 123 | 123|106 | 7.6 |55|13.9| 86 |29.0
-200 | 140 |13.0|126| 6.8 |6.3|158 | 9.0 | 215
Table 4

Tabl. 3 shows the resulting data on the influence of
U, on the composition of coatings based on the
AICrTiNbSi high-entropy alloy. As the main difference
of the elemental composition from the previous series
can be considered the addition of a strong nitride-
forming element — Si. However, with increasing Uy,
occurs a decrease in the content of Si. This gives reason
to believe that the main reason for this effect is the sput-
tering of light atoms (as the predominant factor in the
formation of the composition of coatings in the deposi-
tion process) in comparison with nitride-forming.

Table 3
The elemental composition (AICrTiNbSi)N coatings of
3 series obtained at different bias potential

lﬂj’ TilzZ | Al v |No|c | N
40 | 118 | 100 | 64 | 91 | 121 | 103 | 403
110 | 124 | 116 | 43 | 92 | 147 | 1.7 | 36.1
200 | 113 | 154 | 2.8 | 11.0 | 18.7 | 163 | 24.6

To the greatest extent of all strong nitride-forming
elements have been used in coatings on based
TiZrNbVHf. Tabl. 4 shows the results of elemental
analysis for different deposition conditions. It can be
seen that in this case (when a large specific content of
heavy metal atoms in the alloy) during coating deposi-
tion, occurs the relative content of atoms V decreases
(i. e. the element with the lowest relative heat of for-
mation of nitrides). At the same time, the nitrogen con-
tent in coatings for the whole range of values
Uy, = -40...-200 V remains relatively large (close to stoi-
chiometric for mononitride).

Elemental composition (at.%) of coatings based
on HEA TiZrNbVHf

U, V Ti Zr Hf | Nb | V N
-50 19.8 83 | 101 |64 | 51| 503
-100 21.2 79 | 98 | 61|49 | 498
-200 182 | 119 | 105 | 6.9 | 3.2 | 48.3

Thus, in the case of a large difference in the masses
of the metal atoms that make up the HEA, with an in-
crease in the particle energy (with an increase in Uy),
occurs a predominant sputtering of light metal atoms.
For compositions of heavy metal atoms, occurs predom-
inant depletion of coatings with atoms having the lowest
bond energy with nitrogen.

To establish the laws of the influence of U, on the
morphology of growth of coatings, studies of the cross
section during the fracture of the “coating on copper
foil” system were conducted.

It is known that the main drawback of nitride coat-
ings obtained by the vacuum-arc method is the for-
mation of atoms not reacting with nitrogen in the form
of a droplet phase. As can be seen from Fig. 2, with an
increase in U, in HEA, occurs decrease both the average
number and the size of droplet formations.

To research the phase composition and structural
state of the coatings, an X-ray diffraction analysis
method was used. Common to all types of coatings is
the formation of a single-phase state solid solution
based on the FCC metal lattice (structural type NaCl).

Fig. 3 shows the XRD patterns of (AICrVFeCo-
NiCu)N coatings obtained at pressure Py = 5-10° Torr
and U, = -40 V (see Fig. 3, spectrum 1) and U, = -200 V
(see Fig. 3, spectrum 2).



An analysis of the diffraction spectra shows that at
the smallest U, = -40 V a polycrystalline structure is
formed with a preferential orientation of a part of crys-
tallites with the [111] axis perpendicular to the growth
surface (texture of the axial type with low perfection).
With an increase in U, to -200 V, a change in the type
of texture is observed. In this case, the axis of the pre-

dominant growth of crystallites becomes [110]
(see Fig. 3, spectrum 2).
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Fig. 3. XRD patterns of the (AICrVFeCoNiCu)N
coatings obtained at Py = 5-10°Torr:
Uy, =-40 (1), -200 V (2)

Important structural characteristics of the coatings
are the average crystallite size. In coatings of this series,
the average crystallite size is about 11 nm.

XRD patterns of (AICITiZrNbV)N high-entropy al-
loy coatings are shown in Fig. 4. It is seen that in this
case, the change in U, to a lesser extent affects the
change in the preferential orientation of growth. At
U,=-40V, the coatings are practically non-textured
(see Fig. 4, spectrum 1). At U, = -110 V, texture for-
mation with the [100] axis is visible (see Fig. 4, spec-
trum 2). However, with a larger Uy, this type of texture
does not appear. With an increase in U, to -200 V, tex-
ture formation with (a low perfection) [110] axis is seen
(see Fig. 4, spectrum 3).
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Fig. 4. XRD patterns of the (AICrTiZrNbV)N coatings
obtained at Py= 5-10"Torr:
Up =-40 (1); -110 (2); -200 V (3)

The average crystallite size for coatings obtained at
U, = -40...-110 V was about 5 nm, which is significant-
ly less than the typical crystallite size for (AICrVFeCo-
NiCu)N coatings. In coatings obtained at U, =-200 V,

—

lpm

d 20kV x4000
Fig. 2. Morphology of the side surface (TiZrHfVNb)N
coatings deposited at U, = -40 (a) and -200 V (b) and

(TiZrAIVNbCr)N coatings deposited
at U, =-110 (c) and -200 V (d)



the average crystallite size increased strongly and was
about 10.5 nm. The latter effect, apparently, is a conse-
quence of the action of defects annealing in the process
of ion bombardment and the relaxation processes asso-
ciated with it.

It should be noted that for similar types of coatings,
but produced under conditions of low plasma ionization
(magnetron sputtering), results were obtained in [44]. In
this case, it was shown that as U, changes from 0 to
-150 V, the structural state of the coatings changes from
texture with the [100] axis to texture with the [111] axis.
At the same time, the compressive macrostresses in-
crease from -0.9 to -6.6 GPa. Also, at highest Uy, the
highest hardness was 36.9 GPa and the adhesive
strength was 60.7 N.

For multi-element nitride (AICrTiNbSIi)N diffraction
spectra are shown in Fig. 5. As can be seen from the
diffraction spectra, the main phase is a nitride of a solid
solution with an FCC type crystal lattice. As the bias
potential increases from -40 to -200 V (spectra 1 and 3,
respectively), the preferential orientation of growing
crystallites changes from the [111] texture axis to [100],
which is typical when the material is depleted on the
interstitial element (N) [12].
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Fig. 5. XRD patterns of the (AICrTiNbSi)N coatings:
Up =-40 (1), -110 (2), -200 V (3)

The lattice period decreases from 0.371 to 0.363 nm
with an increase in the bias potential. The crystallite size
in the direction perpendicular to the surface plane in-
creases from 3.5 to 8.1 nm with an Uy, increase.

XRD patterns of the (TiZrHfVNb)N coatings are
shown in Fig. 5. It can be seen that the [111] texture of
low perfection is formed at the lowest potential of -50 V
(Fig. 6, spectrum 1).

At a higher negative bias potential of -100 V, the
tendency to form coatings with the [111] texture re-
mains (see Fig. 6, spectrum 2). In this case, the degree
of perfection of the texture (compared with U, = -50 V)
is much higher, which is manifested in the almost com-
plete absence of diffraction peaks in the spectrum from
other planes.

The highest degree of texturing corresponds to the
coatings obtained at the highest U, = -200 V (see Fig. 6,
spectrum 3).
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Fig. 6. XRD patterns of the (TiZrHfVNb)N coatings:
Up = -50 (1), -100 (2), -200 V (3)

The crystallite size with increasing U, varied from
8.5 nm (-50 V) to 11.7 nm (-200 V).

The final stage of structural engineering is the estab-
lishment of patterns of influence of structural states on
functional (physico-mechanical) properties. The most
expressive and versatile is the study of physico-
mechanical properties by measuring hardness.

Fig. 7 shows the comparative dependences of H(Uy)
for all the coatings studied in the work. It can be seen
that the obtained dependences H(Uy) can be divided into
3 characteristic types of curves.

The first type can be attributed to the form of a curve
for nitride HEA coatings from elements having a rela-
tively low nitride-forming ability (FeCoNiCuAlCrV).
For this type of H(U,) dependence, the highest hardness
is achieved at the lowest Uy, (see Fig. 7, dependence 1).
With an increase in U, occurs a sharp decrease in the
hardness of coatings of this type.

The second type includes coatings in which metal
elements are present with both high and relatively low
heat of formation of nitrides. This type of H(U,) de-
pendence is  characteristic of the  systems
(AICITiZrNbV)N (see Fig. 7, dependence 2) and
(AICrTiNbSI)N (see Fig. 7, dependence 3). In this case,
the highest hardness is achieved with average values of
Up.
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Fig. 7. Dependence of hardness (H) of the magnitude of

the bias potential (Up) for vacuum-arc coatings based
on nitrides of HEA:

1 — (FeCoNiCuAICrV)N; 2 — (AICrTiZrNbV)N;
3 — (AICrTiNbSI)N; 4 — (HfTaTiZrNbV)N;
5 — (HfTiZrNbV)N



The type of curve for a HENs coatings consisting of
elements with the highest nitride-forming ability can be
attributed to the third type. This type includes
(HfTiZrNbV)N coatings (see Fig. 7, dependence 5), as
well as described previously in [45] the high-entropy
coatings (HfTaTiZrNbV)N (see Fig. 7, dependence 4).
It is seen that this type of coating is characterized by a
continuous increase in hardness with increasing Uy in
the range of 40...200 V. In absolute values, the hard-
ness for this type of coating is greatest.

DISCUSSION OF THE RESULTS

During the formation of coatings in a nitrogen at-
mosphere, the most important thermodynamic charac-

teristic is the enthalpy of formation of nitride AHggs.

For multi-element coatings, this thermodynamic param-
eter is determined by the contribution of each of the

elements. Values AH(Z’98 for nitrides of elements used

in this work are given in Tabl. 5.

The enthalpy of formation of nitrides for the elements included in the basis of high-entropy alloys Tanles
Nitride SizNy4 HfN ZrN AIN TiN VN TaN
AH 298 , k/mol 748 369.44 | 365.51 | 320.29 | 336.62 | 251.21 | 247.02
Nitride NbN CrN MoN FeN NiN CoN Cu;sN
AH (2)98 , kJ/mol | 237.81 | 118.07 | 69.50 3.77 -0.84 -8.37 -74.53

Based on the data in Tabl. 5, the elemental composi-
tion of HEA with the highest properties may have lower
functional characteristics during the formation of ni-
trides. An example of this is the AICrVFeCoNiCu alloy
studied in this work.

When analyzing the elemental composition, it
should be noted that for coatings based on AICrVFe-
CoNiCu (containing d-elements with the lowest heat of
formation of nitrides) with increasing bias potential in
the coating, the content of Fe, Co, Ni, V atoms is in-
creased. Content of the Cu (to the greatest extent), Cr,
and Al decreases. Thus, during the deposition of coat-
ings in a nitrogen atmosphere, the relative content of
nitride-forming elements increases. At the same time,
the relative content of copper atoms (having a low bond
energy with nitrogen) is greatly reduced. Thus, the most
significant factor in the formation of the elemental com-
position is the bond strength between the metallic atoms
and the nitrogen atoms (in the formation of nitride).
This fact indicates that elements with different masses,
but high binding energy with nitrogen are retained in the
coating. At the same time, elements with a high mass
but low enthalpy of formation of nitrides are removed
from the coating. This can only happen when spraying
near the growth surface, when the bound metal-nitrogen
complexes have a low sputtering coefficient.

The change in elemental composition for HENs
based on AICrTiNbSi and AICrTiZrNbV showed that
the use in the first alloy of a strong nitride-forming, but
light element (Si) is not an obstacle to reducing its con-
tent in the coating with increasing U, (see Tabl. 3).
There is also a depletion of the lightest element (Al)
during the deposition of nitride coatings based on the
HEA AICrTiZrNbV (see Tabl. 2).

In coatings based on the heaviest elements
(HfTiZrNbV) with an increase in Uy, depletion of the
lightest elements (Ti and V) occurs. However, to the
greatest extent depletion is V occurs which has a rela-
tively low nitride formation enthalpy compared to Ti.
Thus, in this case, 2 critical mechanisms of depletion
are manifested: the smallest mass and relatively

0
low AH 298"

There is also a characteristic decrease in the relative
content of nitrogen atoms in the coating with a decrease

in the specific component of the elements with a rela-
tively large AHgg8 formation of nitride.

The composition of coatings affects the change in
the structural state. For coatings consisting of elements
with a relatively small (first series based on AICrVFe-
CoNiCu), when applying U, = -200 V, occurs formed a
texture with the [110] axis (see Fig. 3, spectrum 2). The
formation of such a texture is stimulated by ion bom-
bardment processes and is facilitated by the low content
of nitrogen atoms in the coating (providing covalent
polar bonds). For coatings based on the HEA
AICrTiZrNbV, similar effect is less pronounced (see
Fig. 4). Apparently this determines greater hardness of
(AICrTiZrNbV)N coatings compared with hardness of
(AICrVFeCoNiCu)N coatings at U, =-200 V.

The use of Si as a component leads to a strong dis-
persion of crystallites (up to 3.5 nm) with a silicon con-
tent of 1.9...2.7 at.%. When the silicon content decreas-
es to 1.3 at.%, occurs the average crystallite size in-
creases and the hardness of the coatings decreases.

For coatings consisting of elements with relatively

large AH(Z)98 (with a nitrogen composition close to stoi-

chiometric), a texture with an [111] axis perpendicular
to the growth surface is formed in the entire range of Uy
used (see Fig. 6). In this case, the arrangement of the
(111) planes with the highest reticular density parallel to
the growth surface provides the minimum energy of the
deformation factor (£, ~ E¢%). The kinetic factor is also
minimized due to the highest growth rate in the [111] di-
rection (by alternating layers of metal and nitrogen atoms
with form a multilayer system with an angstromy period in
the direction of the [111] axis).

When analyzing the results on the hardness of coat-
ings, it should be noted that despite the fact that the
coatings obtained on the basis of an alloy of seven ele-
ments (FeCoNiCuAlICrV systems) represent a single-
phase state, the hardness of such a coating does not ex-
ceed 38 GPa (see Fig. 7). Thus, an analysis of the me-
chanical properties of coatings from the multicompo-
nent FeCoNiCuAlICrV alloy (in which the number of
nitride-forming elements with a strong bond is less than
that with a weak bond) showed that such compositions
can have high functional properties only at low energy



of bombarding particles (which is accompanied by sput-
tering of the of the coating during its formation) during
deposition. In this paper, this is manifested at the lowest
Up=-40 V.

From the comparative data in Fig. 7 it can be seen
that for coatings based on (FeCoNiCuAlCrV), the high-
est hardness was obtained at U, = -40 V. In this case, a
polycrystalline practically non-textured structure is
formed, which is characterized by obstruction of sliding
along the planes of the crystallites (in this case, the ma-
terial properties become close to the elastic limit). In
this case, the level of the maximum achievable hardness
is approximately the same for all types of coatings.

At a higher bias potential (U, = -110 V), occurs a
relative increase in the hardness of coatings consisting
of a stronger nitride-forming elements. And with the
largest U, = -200 V, the highest hardness is achieved in
(HfTiZrNbV)N coatings consisting of the strongest ni-
tride-forming elements.

Thus, only in multi-element coatings consisting of
elements with a high nitride-forming ability (greater
gain in free energy during the formation of nitride), an
increase in the energy of the particles (due to an in-
crease in Uyp) can significantly increase the hardness.

CONCLUSIONS

1. For all types of HEA studied in the work, the
deposition in nitrogen atmosphere leads to the formation
of a single-phase state (fcc metal lattice, structural type
NacCl).

2. It has been established that the selective change
in composition during deposition is due to two main
processes: if an element with a very low enthalpy of
formation of nitride (Cu) is present in an alloy, the coat-
ing is depleted of this element, but at a sufficiently high
enthalpy of all forming elements, the relative content of
the lightest component decreases.

3. Anincrease in U, leads to a decrease in the rela-
tive content of nitrogen atoms in the coating. This is
most pronounced in HENs based on (FeCoNiCuAlICrV).
Those coatings with a high specific content of elements
having a low affinity with nitrogen.

4. When the content of nitrogen atoms is close to
stoichiometric (for mononitride), the axis of the prefer-
ential orientation of the [111] crystallites is formed. In
the (FeCoNiCuAICrV)N and (AICrTiZrNbV)N coatings
at Up = -200 V and a large deficiency in nitrogen atoms,
a texture with the [110] axis forms. The formation of the
[110] texture is determined by the minimal influences of
the factor of ion bombardment during the growth of the
coating.

5. When classifying the H(U,) dependencies, 3
characteristic types were revealed. The first type — with
the highest H value at low Uy. This type is characteristic
of (FeCoNiCUuAICrV)N coatings in which a significant
portion of the metal atoms has a small affinity with the
nitrogen atoms. The second type of dependence H(Uy)
has a curve with a maximum hardness at U, = -110 V.
This type is characteristic of (AICITiZrNbV)N and
(AICrTiNDSI)N coatings. For coatings (HfTiZrNbV)N,
consisting of strong nitride-forming elements with in-
creasing Uy, occurs continuous increase in hardness.
This is the third type of dependence H(Uy) and in this
case the greatest hardness is reached, exceeding 45 GPa.
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HCHOJb30BAHUE OTPULIATEJIBHOI'O IIOTEHITHAJIA CMEHIEHU S
JJIA CTPYKTYPHOU UHXKEHEPUH BAKYYMHO-AYI'OBbIX HUTPHIHBIX
IHHOKPBITUU HA OCHOBE BBICOKODHTPOIIMUHBIX CIIJIABOB

O.B. Cobonv, A.A. Auopees, B.®. I'opoanw, A.A. Ilocmenvnux, B.A. Cmonooeoii, A.B. 36azo1vcKuii,
A.B. [lonomanos, K.B. Kpaesckan

HccnenoBano BiusHUE OTpulatesibHOro norteHuuaina cmemenus (U, = -40, -110 u -200 B) npu ocaxnenuu
MHOT'02JIEMEHTHBIX MOKPBITHH Ha UX COCTaB, CTPYKTYpY M MEXaHHMYECKHE CBOMCTBA. Y CTAHOBIICHO, YTO IIPHU Iiepe-
X0JIe OT MHOT'O3JIEMEHTHOTI'O CIIIaBa K HUTPUAY Ha €ro OCHOBE BO3MOXKHO (hOPMHUPOBAHUE OAHO(AZHOTO COCTOSHUS
(na ocuoBe I'lIK meramnuyeckoii pemerku — crpykrypabiii Tun NaCl). TIpu stom cocraB (FeCoNiCuAICrV)N-
MOKpBITHH ¢ yBennueHuem Uy oOeHAETCS 3JEMEHTOM C HAaUMEHBIIIEH dHTaIbIHel oopa3zoBanus Hutpuaa (Cu). B
(AICrTiNDSI)N- u (AICITiZrNbV)N-mokpsiTusx ¢ yBenudernem Up yMEHbIIAETCS COACPKAHKUE SIICMEHTOB C Ma-
noit macco#t (Si u Al). B (TiZrHfVND)N-mokpbITHSIX M3 CHIIBHBIX HHUTPUA00OPA3YIOIIHX 3JIEMEHTOB C OOJBIIOH
Maccoit ipu yBenmuernnn Uy 1o 200 B cocraB mpaktndecku He u3mensiercss. CTPyKTypa TaKuX IMOKPBITHH XapakTe-
pu3yercsi HanudueM TeKcTypbl ¢ ocbio [111]. Hamuume cmabbix HuTpumooOpasyromux snementoB B (FeCo-
NiCUAICrV)N-mokpsitusix npuBoaut npu 6omnpimx Uy, =110...200 B x ¢popmuposanuto tekctypsi [110]. B Takux
MOKPBITHSX TBepaocTh He npesbimaet 35 I'Tla. [TokazaHo, 4TO A7t JOCTHIKEHHS BEICOKOI TBEPAOCTH IPH OONBIINX
U, HeoOX0aMMO yBEIMYHMBATH COJIEP)KAaHHE B BHICOKOIHTPOIMIHHOM CIUIABE JIEMEHTOB C BBICOKOW HHUTpHI000pa-
3yrotieit criocodHocTero. Ipu atom B (TIZIHFVND)N-mokpeiTHsaX (M3 CUIBHBIX HUTPHI000PA3YIONIUX HIEMEHTOB C
6oubioii maccoit) npu Uy = 200 B tBepaocts npesbiniaet 45 I'Tla.

BUKOPUCTAHHA HETATUBHOT O INIOTEHHIAJLY 3MIINEHHST JJI51 CTPYKTYPHOI
IH’)KEHEPII BAKYYMHO-AYT'OBUX HITPUIHUX TIOKPUTTIB HA OCHOBI
BUCOKOEHTPOIIIMHUX CILIABIB

O.B. Coboaw, A.O. Andpees, B.®. I'opoany, I'.O. ITocmenwvhik, B.O. Cmonébosuit, O.B. 3saz0nbcoKuil,
A.B. lonomanos, K.B. Kpacecvka

JociipkeHo BIUIMB HeraTUBHOTO noteHuiany smimeHHs (U, = -40, -110 i -200 B) npu ocamxenHi Oaratoeneme-
HTHHX TIOKPHTTIB Ha iX CKJaJ, CTPYKTYpy i MeXaHiuHi BIacTHBOCTi. BcTaHoBNEHo, mo mpu mepexoai Big Oararto-
€JIIEMEHTHOTO CIIIaBY JI0 HITPUAY Ha Horo ocHOBi MoxuBe (opMyBaHHS onHO(pa3HOTO cTaHy (Ha ocHOBi ['TIK me-
taneBoi pewitku — crpykrypuuit Tun NaCl). IIpu npomy cxian (FeCoNiCUAICIV)N-nokpuTTiB 31 30iIbLICHHAM
Up 306iIHIOETBCS €JIeMEHTOM 3 HalMeHHIo eHrambmiero yrBopenHs Hitpumy (Cu). YV (AICrTiNbSI)N- i
(AICrTiZrNbV)N-tiokpurtsix 3i 36inbmentsmM U, 3MEHIIYEThCS BMICT €leMEHTIB 3 Manoro macoro (Sii Al). V
(TiZrHfVNb)N-OKpHUTTSIX, M0 CKIAIAI0THCS 3 CHIBHUX HITPiTOYTBOPIOIOYHX CIEMEHTIB 3 BEJMKOI MAaCO0, TPH
36impmenHi Uy 1o 200 B cxitax mpakTHdHO HE 3MiHIOETHCS. CTPYyKTypa TaKUX MOKPUTTIB XapaKTepPU3y€eThCS HasIB-
HicTIO TekcTypu 3 Biccto [111]. HasBHicts cnabkux HiTpimoytBoprorounx enemeHtiB y (FeECoNiCuAlCrV)N-
HNOKPUTTAX NPpU3BOANTH NpH Beaukux U, = 110...200 B no popmysanns texcrypu [110]. ¥ Takux MoKpUTTSIX TBe-
paicts He niepepuirye 35 ['Tla. [Toka3aHo, o UIS TOCATHEHHS BUCOKOT TBepAOCTI npu Benmkux Uy HeoOXimHO 30i-
JBITYBATH BMICT y BUCOKOEGHTPOIIITHOMY CIUIaBi €JIEMEHTIB 3 BUCOKOIO HITPiZJOyTBOPIOIOYOIO 31aTHicTIo. [Ipu 1b0-
My B (TiZrHfVNb)N-TIoKpHTTAX (3 CHIIBHHX HITPiJIOyTBOPIOIOUMX €JIEMEHTIB 3 Benukoro macor) mpu U, = 200 B
TBepAicTh nepesunrye 45 I'la.
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