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Complex studies have been carried out on the effect of nitrogen pressure and the negative bias potential on the
structure and properties of vacuum-arc nitride coatings based on the high-entropy alloy TiZrHfNbTa. It is defined
that the change in pressure during deposition (in the range 0.01...4 mTorr) mainly affects the nitrogen atoms content
in the coating. The feed of a negative bias potential to the substrate (U, = -50...-250 V) makes it possible to control
the content of the metallic component using the effect of selective sputtering of atoms in the formation of coatings.
Determined, that as the pressure increases the structural state associated with the predominant growth orientation
(axial texture) of the crystallites changes. The texture changes in the sequence [311] — [311] + [111] — [111] with
increasing pressure for a six-element (TiZrHfVNbTa)N nitride and the texture state changes in the sequence
[110] — [110] + [111] — [111] for a five-element (TiZrHfNbTa)N nitride. It is shown that the presence of a bi-
textured state in the coating makes it possible to achieve an ultrahard state with a hardness exceeding 50 GPa.

PACS: 81.07.Bc, 61.05.cp, 68.55.jm, 61.82.Rx

INTRODUCTION

Structural engineering has become a basic method
for achieving the necessary functional properties of
materials [1,2]. Through the use of structural
engineering, it was possible to create new materials
[3,4] or stabilize [5] metastable structural states.
Separate direction of structural engineering is the
creation of artificial materials (i. e., materials that are
not identified in nature and are created by specially
developed algorithms) based on multilayer [6] or multi-
element composites [7]. For example, when creating
multilayer composites, the algorithm determines the
thickness of the layers, as well as the required elemental
and phase composition. Such artificial materials have
uniquely high functional characteristics [8]. A
particularly large increase in the functional
characteristics was observed in materials with a
nanostructured state, when the formation was carried
out under strongly nonequilibrium conditions [9]. Such
materials include ion-plasma condensates [10]. Among
methods for the formation of such materials, the greatest
degree of ionization can be achieved by using the
vacuum-arc method [11]. This made it possible to
obtain high-density coatings with high hardness and
wear resistance [12]. The highest mechanical properties
were achieved for multilayer composites based on
transition metal nitrides [13, 14].

In recent years, special attention has been paid to
coatings based on multi-element (high-entropic) alloys
[15]. This is due to the fact that high-entropy alloys
have a unique ordering property in the metal lattice at
high temperatures [16]. The ordering is due to the fact
that in the high-entropic alloys, as a result of the
intensive mixing effect, the contribution of the entropy
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factor increases, which stabilizes the formation of a
solid solution with a simple crystal structure.

As is well known, using Boltzmann’s conjecture on
the relationship between entropy and system complexity
[17], the configuration change in entropy, AScnf, When
forming a solid solution of n elements with equiatomous
content, can be calculated by the following formula:

AS,; =—RlIn (1) =RIn(n),
n

where R is the ideal gas constant, and n is the number of
mixing elements. At n=5, ASc=1.61R, which
approaches the fusion entropy size of most
intermetallides (in the range of values R...2R). This
indicates that only a solid solution of the same type,
namely a solid solution based on face-centered cubic
(fcc), body-centered cubic (bcc), or fcc + bece crystalline
lattices, is formed mostly in high entropy alloys
[18, 19].

In addition, large lattice distortions caused by the
replacement of several metal elements with different
atomic dimensions lead to a decrease in the diffusion
rate of atoms increasing the effect of the formation and
stabilization of the solid solution, and also contribute,
due to large distortions, to a decrease in the crystallite
growth rate, thereby causing the formation of a
nanoscale and even an amorphous structure. As a result
of high entropy of mixing of such alloys and
deformation of the lattice, solid-solution phases with a
simple face-centered cubic (fcc) or body-centered (bcc)
structure, rather than double or triple intermetallic
compounds, are formed.

Transition metals (Ti, Zr, Hf, Nb, Ta) with a high
heat of nitride formation were used in this paper as base
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elements of high-entropy alloys to obtain coatings with
high hardness, low friction coefficient, good adhesion to
the substrate. The aim of the paper is to determine the
efficiency of using the vacuum-arc deposition method to
obtain materials with high mechanical properties from
composites  containing  strong nitride-forming
components. The nitrogen atmosphere pressure and the
bias potential were varied during deposition.

SAMPLES AND RESEARCH METHODS

The coatings were deposited by the vacuum-arc
method using upgraded “Bulat-6" unit [11]. A cathode
of the required composition was pre-fabricated by
vacuum-arc remelting of a multicomponent mixture of
pure metal powders. As initial components, metals with
a purity of not less than 99.9% were used. A non-
consumable tungsten cathode was used for remelting.
The crystallized ingot was removed from the
crystallizer, turned over and placed again in a
crystallizer. The melt was melted again and the
procedure was repeated 7 times to obtain the most
homogeneous structure (The technology is developed at
the Institute of Problems of Material Sciences NAS of
Ukraine). The ingot in the form of a cylinder (diameter
~45 mm, height ~30 mm) was extracted from the
crystallizer and soldered to a titanium cathode using
solder. Thus, target cathodes based on the
Ti+Zr+Nb+Hf+V+Ta system were fabricated (also five-
element Ti+Zr+Nb+Hf+Ta target cathodes were
fabricated), which were used to prepare nitride coatings.
The average composition of the six-element cathode
(at.%): Ti—18, Zr—18, Nb—18, Hf-15 V-12,
Ta-19. The composition of the five-element cathode
(at.%): Ti—27, Zr —19, Nb — 20, Hf — 14, Ta—20. The
reactive gas was nitrogen. The deposition parameters
are given in Table.

Samples with size (15x15x2.5 mm) made of
12X18HIT steel (R, = 0.09 um) were chosen as the base
for the coatings deposition. The application time was
1.5 hours, coatings thickness was ~ 8.0 pm.

The morphology of the cross section of multi-period
structures was studied with a scanning electron
microscope JEOL JSM840. For electron-microscopic
studies, coatings were deposited on copper substrates
0.2 mm thick. The study of the coatings elemental
composition was carried out by analyzing the spectra of
characteristic X-ray radiation generated by an electron
beam in a scanning electron microscope.

The phase-structure state was studied on a DRON-
3M diffractometer in Cu-K,-radiation. A graphite
monochromator was used to monochromatize the
detected radiation and was installed in a secondary
beam (in front of the detector). The study of the phase
composition, structure (texture, substructure) was
carried out using traditional X-ray diffractometry
techniques by analyzing the position, intensity, and
shape of the diffraction reflection profiles. The
substructural characteristics (medium microdeformation
<g> and crystallite size, L) were determined by the two-
order approximation of reflections from planes {111}.

Coatings hardness was measured by the
microindentation method. Microindentation was carried
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out at the Micron-gamma unit [20-22] with a load up to
F=0.5 N using a Berkovich diamond pyramid with
cutting angle of 65°, with automatic loading and
unloading for 30 s.

Physico-technological parameters of coatings deposition

Se- . Lo | 1 P,
Rja()l Coatings A A Uy, V Torr
1 | (TiZrHfVNbTa)N | 90 | 0.4 | 150 | 2-10*
2 | (TiZrHfVNbTa)N | 90 | 0.4 | 150 | 5-10™
3 | (TizrHfVNbTa)N | 90 | 0.4 | 150 | 7-10™
4 | (TiZrHfVNbTa)N | 90 | 04 | 150 | 2-10°
5 | (TiZrHfVNbTa)N | 90 | 0.4 | 150 | 4:10°
6 | (TiZrHfNbTa)N | 110 | © 50 | 1-10°
7 | (TizrHfNbTa)N | 110 | 05 | 150 | 2:10™
8 | (TizrHfNbTa)N | 110 | 05 | 150 | 7-10™
9 | (TizZrHfNbTa)N | 110 | 05 | 150 | 1-10°
10 | (TizZrHfNbTa)N | 110 | 05 | 150 | 4:107°
11 | (TizZrHfNbTa)N | 110 | 05 | 50 | 4:10°
12 | (TizZrHfNbTa)N | 110 | 05 | 100 | 4-10°
13 | (TizZrHfNbTa)N | 110 | 05 | 200 | 4-10°
14 | (TizZrHfNbTa)N | 110 | 05 | 250 | 4-10°

RESULTS AND DISCUSSION

Fig. 1 shows that as the pressure of the nitrogen
atmosphere increases, the content of the drop phase in
the nitrides coatings of high-entropy alloys decreases. It
should be noted that as it was stated earlier [23], the
drop phase mainly consists of a metal alloy (in this case
a high-entropy alloy TiZrHfNbTa with a bcc crystal
lattice) with a predominant content of low-melting
metallic constituents. It can be seen that at a low
pressure of 2.5-10™ Torr (see Fig. 1,a), the drop phase is
largely present both in the bulk and on the surface of the
coating, and the size of the droplets varies in a wide
range: from a micron fraction to several units micron.
The increase in pressure leads to a qualitative change in
the content of the drop phase. Fig. 1,b shows that the
presence of a drop phase in the coating volume is not
observed in coatings obtained at a pressure of
1.5:10% Torr, and individual droplets of a small
(submicron) size are detected on the surface.

The decrease in the content of the drop phase with
increasing U, can be explained by the fact that the
droplet component, like any other cluster of atoms
placed in the plasma, acquires a negative (floating)
potential and is repelled by a surface on which a
negative potential (in this case, the substrate surface) is
fed.
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Fig. 1. Morphology of the coatings cross section and coatings surface obtained at pressures 2.5-10 Torr ()
and 1.5-10° Torr (b)

To Energy-dispersive elemental analysis was carried
out on the cross sections of the coatings. This made it
possible to avoid errors while determining the elemental
composition due to the inhomogeneous distribution of
elements on the surface (droplets and other
inhomogeneities). A typical EDX spectrum is shown in
Fig. 2 and the distribution maps of the elements in
Fig. 3.
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Fig. 2. Energy dispersion spectra of coatings obtained
at pressures 2.5-10™ Torr ()
and 1.5-10° Torr (b)

Fig. 3. Maps of the
elements distribution on the
coating surface obtained at
a pressure of 1.5-10 Torr

Fig. 3 shows that a uniform distribution of all
elements constituting the high-entropic alloy nitride is
observed on the coatings surface obtained at the
nitrogen atmosphere pressure of 1.5-10° Torr.
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In this case, a microelement analysis of the nitrogen
content in the coatings (Fig. 4) showed that the increase
in the nitrogen content is especially seen at pressures
0.4..20 mTorr. It is tobe noted thatthe atomic
concentration of nitrogen in the coating, taking into
account the mass composition of the metallic
component, is in the range 37...52 at.%. Thus, according
to the absolute value at the maximum pressure of
5.7 mTorr, the atomic nitrogen content exceeds the
content of the metallic component making such coatings

superstoichiometric ~ considering the nitrogen
component.
50 A/A |
s /
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Z
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Fig. 4. Dependence of nitrogen content in coatings on
the nitrogen atmosphere pressure for a six-component
system (U, = -150 V)

When the displacement potential is changed, the
nitrogen content changes less significantly from
4984 at% and U,=-50V to 4577at% and
U, =-250 V.
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Fig. 5. Dependences of the metallic elements content
in coatings obtained: a — at different pressures
(Up =-150 V) and b — at different bias potentials
(Pn =2 mTorr)
The influence of the nitrogen atmosphere pressure
during deposition has a lesser effect on the ratio change

112

of the metallic elements in the coating (Fig. 5,a). With
increasing pressure, a small redistribution of elements
takes place. As a result of the redistribution in the
coating, the content of strong nitride-forming elements
increases (mostly Ti, less Ta) and the relative content of
relatively weak (with the lowest gain of free energy
during the formation of nitride) of nitride-forming
elements (V, Nb) decreases. Note that for large P the
content of Hf decreases. The reason for this, apparently,
is the large scattering of the most heavy atoms of
hafnium by their own atoms because of the most
effective energy loss for particles of equal masses.

The feeding of a negative bias potential affects
mostly the change in the elemental composition (see
Fig. 5,b). At a pressure of 2 mTorr, an increase in the
displacement potential leads to a decrease in the content
of the lightest metallic element (Ti) and an increase in
the heavy metal content (Ta and Hf). This clearly
indicates that selective secondary sputtering of atoms is
the determining factor in the formation of the elemental
coating composition. This allows makes it possible to
control the content of the metallic component using the
effect of selective sputtering of atoms in the formation
of coatings. Thus, the content of the lightest element of
titanium decreases almost 2-fold with an increase in U,
from 50 to 250 V.

The revealed patterns in the elemental composition
indicate that the secondary ballistic sputtering from the
growth surface is the determining effect of the metal
atoms considering feeding U, [24]. The content of
lightnitrogen gas atoms decreases with increasing Uy,
Also, the content in the titanium atoms coating with a
strong Ti-N bond decreases (the negative formation
heat is 336 kJ/mol [25]). The results obtained make it
possible to assert that the formation process of stable
nitrides is carried out directly in the near-surface growth
layers. In this case, the sputtering process is decisive in
the formation of the composition.

It should be noted that the revealed patterns of
elemental composition control with selective sputtering
in the deposition process broadens the possibilities of
structural engineering by feeding Uy,

The XRD method was used to study the phase
composition and structure. Fig. 6 shows the XRD
spectra of coatings obtained at different pressures of the
working atmosphere (nitrogen gas).
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Fig. 6. XRD-spectra nitride coatings of a six-element
alloy (TiZrHfVNbTa)N, obtained at U, = -150 V and at
pressure Py, mTorr: 1 —0.25;2-0.5; 3-0.7;

4-20;5-45
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It can be seen that a texture [311] is formed at low
pressure, which is sufficiently resistant to radiation
defect formation [26]. This texture is maintained up to a
relatively high pressure of 2 mTorr. At higher pressures,
a bi-texture state with a basic growth texture [111] (see
Fig. 6, spectrum 5) is formed. However, the degree of
perfection of such a texture is not large, which can be
associated with the disorienting effect of atoms of
different sizes in the lattice sites of the metal
components.

The appearance of the plane having preferential
orientation of the crystallites (200) at a relatively low
nitrogen atmosphere pressure (see curves 1-3, Fig. 6)
indicate a mobility increase in the deposited particles
[14] as a result of relatively low energy loss to collisions
under reduced pressure.

An alloy on the basis of a simple bcc lattice (Fig. 7,
spectrum 1) is formed in nitrile coatings based on a five-
element alloy (the absence in the vanadium composition
in contrast to the coatings, the spectra for which are
shown in Fig. 6) at the lowest pressure of 1.5-10® Torr.
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Fig. 7. XRD-spectra nitride coatings of a five-element
alloy (TiZrHfNbTa)N, obtained at U, = -150 V
and at pressure Py, mTorr:
1-0.01;2-0.25;3-0.7;4-15;5-4

Nitride is formed on the basis of the fcc metal
sublattice (structural type NaCl) with increasing
pressure. However, in contrast to the previous series, a
texture with an axis [110] (see spectrum 2, Fig. 7) is
formed in this series of coatings. The difference in the
axis of the formed texture (from the series in Fig. 6) can
be related to the increasing influence of the radiation
factor due to the higher specific content of heavy
elements. When the pressure (2.5...7)-10* Torr is
relatively low, then a range of particles without energy
loss for collisions is small. This leads to high-energy
bombardment and the formation of a radiation-
stimulated texture with an axis [110]. Such a texture has
a smaller reticular density in the plane of the surface
(for example, in comparison with [111]).

At a pressure of more than 1 mTorr, as for the series
in Fig. 6, the predominant orientation of crystallite
growth with the axis [111] is observed.

The influence of the bias potential also affects the
structural state. Fig. 8 shows the diffraction spectra of
coatings obtained with different U, (-50 to -250 V). It
can be seen that in all cases a single-phase state is
formed. Almost untextured state is formed at U, = -50 V
(see Fig. 8, spectrum 1). A noticeable intensification of

ISSN 1562-6016. BAHT. 2018. Ne5(117)

the diffraction peaks intensity from the plane {111}
systems appears at U, = -100 V (see Fig. 8, spectrum 2),
which determines the preferential orientation of the
crystallites with the axis [111] perpendicular to the
growth surface. With an increase in U, to -200 V (see
Fig. 8, spectrum 3) and -250 V (see Fig. 8, spectrum 4),
the relative intensity of the {111} peaks increases,
indicating an increase in texture perfection [111]. In this
case, the position of the peaks shifts toward smaller
angles (as shown in Fig. 8 by an arrow) and at 620 the
imaging scheme corresponds to the increase in the
macrostresses of compression in the coating [2].
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Fig. 8. XRD-spectra of coatings deposited at Uy, V:
1-50; 2-100; 3-200; 4 — 250

The most important mechanical characteristics for
most application ranges of coatings is their hardness.
The results of microhardness measurements,
generalized in Fig. 9 depending on pressure, show that
coatings obtained at the pressure range 0.7..2 mTorr
have the greatest hardness.
60 ; ; : :

0 T T
0 1 2 3 4

P, mTorr
Fig. 9. Dependence of coatings microhardness
on the pressure value during their deposition:

1 —for coating based on a six-element
(TiZrHfVNbTa)N high-entropy alloy; 2 — for coating
based on a five-element (TiZrHfNbTa)N high-entropy

alloy

The structural state of such coatings is characterized
by the presence of a bi-texture state ([311] + [111] for
the first series and [110] + [111] for the second series).
As can be seen, the appearance of the texture [110]
results in a relatively lower hardness due to the
radiation-stimulated effect.

The high hardness of coatings based on the 6-
element alloy (compared to the 5-element alloy) which
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precipitated at a low pressure of 0.2 mTorr is
determined by the greater deformation of the crystalline
fcc lattice (distortion). This effect is based on the overall
greater discrepancy between the atomic radii for
different elements in the 6-element alloy compared with
the 5-element alloy. The deformation of the crystal
lattice (caused by such a mismatch) makes it difficult to
move dislocations and increases the strength.

The presence of monotexture [111] at a high
pressure of 4 mTorr leads from 35 to 38 GPa typical for
vacuum-plasma condensates of transition metal nitrides
(for this texture type).

This is indicated by the hardness data for coatings
obtained at a pressure of 4 mTorr (when the texture
[111] is formed), but with different displacement
potentials. With increasing Uy, (and, correspondingly, at
the structural level, an increase in the degree of texture
perfection [111]), the hardness of coatings increases:
18.7GPa (U,=-50V), 30.1GPa (U,=-100V),
32.6 GPa (U, = -200 V) up to a value of 40.2 GPa at
Up = -250V.

CONCLUSIONS

1. Vacuum-arc evaporation of high-entropy alloys in
the nitrogen atmosphere makes it possible to obtain
high-strength nitride coatings.

2. A single-phase state is formed based on the fcc
metal  sublattice  (structural type NaCl) in
(TiZrHfFVNbTa)N and (TiZrHfNbTa)N coatings.

3. The change in pressure during deposition mainly
affects the content of nitrogen atoms in coating, and the
feeding of a negative bias potential to the substrate
makes it possible to control the content of the metallic
component.

4. As the pressure increases, the structural state
associated with the predominant orientation of
crystallite growth changes. The texture changes in the
sequence [311] — [311] + [111] — [111] with
increasing pressure for a six-element (TiZrHfVNbTa)N
nitride, and the texture state changes in the sequence
[110] — [110] +[111] — [111] for a five-element
nitride (TiZrHfNbTa)N.

5. The presence of a bi-textured state in the coating
makes it possible to achieve a superhard state of a
hardness exceeding 50 GPa.
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U3MEHEHUS CTPYKTYPHOI'O COCTOSHUS 1 CBOMCTB BAKYYMHO-IYT'OBBIX
MOKPBITUIA HA OCHOBE BBICOKOSHTPOIIMMHOI'O CILJIABA TiZrHfNbTa
O BUSHUEM JABJIEHUSA A30TA U IOTEHIIUAJIA CMELIEHUA
P OCAKAEHUUN

O.B. Cobonwb, A.A. Anopees, P.I1. Muzcyuienxo, B.®@. I'opoans, B.A. Cmonbosoi, A.A. Meiinexos,
B.B. Cyooomuna, /1.B. Koemeoa, A.B. 3¢azonvckuii, A.E. Byey

[IpoBeneHbl KOMILJIGKCHBIC KCCIICJAOBAHUS [0 BIHUSHUIO JABICHHS a30Ta W OTPHLATEIBHOrO MOTEHI[HAJA
CMEIICHHS Ha CTPYKTYPY M CBOWCTBA BAKYYMHO-IYTOBBIX HUTPHUIHBIX MOKPBITHI HA OCHOBE BBICOKOIHTPOMHUITHOTO
cmwraBa TiZrHfNbTa. Onpeneneno, uto u3MeHeHue naBieHus npu ocaxaeHuu (B uHTepBane 0,01...4 mTopp) B
OCHOBHOM BITHSIET Ha COJIEP)KAHUE aTOMOB a30Ta B IIOKPBITHH, a MM0J[a4ya OTPHLATEIBHOTO TIOTEHIHANA CMEIEHHUs Ha
nomoxky (Up.=-50...-250 B) mo3BosisieT  ynpaBisiTh  COJEp)KaHHEM METAIMYECKOH  COCTaBisiloled C
UCIOJIb30BaHUEM 3()(EKTa CEIEKTUBHOTO PACIBIIEHHsI AaTOMOB TIPH (HOPMHUPOBAHUH MTOKPBITHS. Y CTAHOBIIEHO, YTO C
YBEJIMYEHUEM JIABJIEHHS MPOUCXOAUT H3MEHEHHE CTPYKTYPHOTO COCTOSHHS, CBA3AHHOTO C NPEMMYIIECTBEHHON
OpHeHTaIeN pocTa (aKCHabHOM TEKCTYphI) KpucTaimuToB. s mectusiementHoro nurpuaa (TiZrHFVNbTa)N ¢
YBEJIMYCHHUEM JaBJICHUsI IPOUCXOIUT U3MEHEHHE TEKCTYPhI B nocienoBatensroctu [311] — [311] + [111] — [111],
a jus nstuanementHoro mutpupa (TiZrHfNDTa)N texcTypHOe cOCTOsIHME W3MEHSETCS B IOCIEI0BATEIHHOCTH
[110] — [110] + [111] — [111]. Tloka3aHOo, YTO HaNU4YUe OUTEKCTYPHOIO COCTOSIHUSI B MOKPBITUH TO3BOJISET
JIOCTUTHYTbh CBEPXTBEPAOI0 COCTOSIHUS C TBEPAOCTHIO, pesbiatomien 50 ['Tla.

3MIHU CTPYKTYPHOI'O CTAHY I BJACTUBOCTEM BAKYYMHO-JIYT'OBUX
MMOKPUTTIB HA OCHOBI BUCOKOEHTPOIIMHOI'O CILJIABY TiZrHfNbTa
I BINIMBOM TUCKY A30TY I IOTEHIIAJIY 3MIINEHHSA ITPH OCA /I KEHHI

O.B. Cobonv, A.A. Auopecs, P.I1. Mucywienko, B.®@. I'opoans, B.O. Cmonébosuii, A.O. Meiinexos,
B.B. Cy6omina, /I.B. Kosmeoa, O.B. 3¢ azonvcokuii, O.€. Byeyp

[IpoBeneHO KOMIUIEKCHI JOCIHI/DKEHHS IIOAO BIUIMBY THCKY a30Ty 1 HETaTMBHOTO IOTEHMIANy 3MIICHHS Ha
CTPYKTYpY 1 BJIaCTMBOCTI BaKyyMHO-IYTOBHX HITPHIHHMX IOKPUTTIB Ha OCHOBI BHCOKOEHTPOIIIHOIO CIUIaBy
TiZrHfNbTa. BusnaueHo, 1o 3MiHa THCKY 1pu ocakerHi (B iHTepsaii 0,01 ... 4 MTopp) B OCHOBHOMY BIIIMBAaE Ha
BMICT aTOMIB a30Ty B IOKPHTTI, a T0Jja4ya HEraTHBHOTO MOTEHIIany 3MimeHHs Ha migkiaaky (Uy = -50...-250 B)
JIO3BOJISIE YIIPABJISATH BMICTOM METAJIEBOi CKJIAJIOBOT BUKOPUCTOBYIOUH €(EKT CEJICKTHBHOTO PO3IMUIICHHS aTOMIB
npu popmyBaHHI MOKpHUTTS. BeraHoBIeHO, 1m0 31 301IBIICHHSIM THUCKY BiOyBaeThCS 3MiHA CTPYKTYPHOTO CTaHy,
MOB'SI3aHOTO 3 MEPEBAKHOIO OPIEHTAINIEI0 3pOCTaHHs (aKCiaTbHOI TEKCTYpH) KPUCTANITIB. J[JIs mIecTueIeMeHTHOTO
HiTpuny (TiZrHfVNbTa)N 31 30inpmeHHSM THCKY BigOyBaeThCs 3MiHa TEKCTYpH B  IIOCIHIJOBHOCTI
[311] — [311] + [111] — [111], a anst i’ sstuenementroro Hitpuay (TiZrHfNbTa)N TekcTypHUE cTaH 3MIHIOETBCS B
nocmigosrocti [110] — [110] + [111] — [111]. Iloka3aHo, w0 HasABHICTH OITEKCTYPHOTO CTaHy B IOKPHTTI
JI03BOJISIE TOCATTH HAaATBEPIOTO CTaHy 3 TBepicTio moHax 50 I'Tla.
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