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The influence of technological parameters of obtaining on the possibilities of structural engineering and me-
chanical properties of multi-layer compositions of the layers of nitrides of high entropy alloy Ti-Zr-Nb-Ta-Hf and of
transition metal (Group 1V) nitrides has been analysed. It is shown that with the bias potential Ub lesser than -150 V
was applied to the substrate during deposition, a two-phase state with the preferred orientation of the crystallites can
be reached in multilayer coatings with the thickness of the layers of 50 nm. This leads to high hardness (up to
44 GPa) and to high adhesion strength (critical load up to 125 N) as well as to low wear (with a counterbody Al ,05,
and with steel Ac100Cr6). High-temperature annealing (700 °C) of such coatings leads to enhanced texture as a
result of atomic ordering, which is accompanied by increasing of hardness up to 59 GPa. The supply of bias poten-
tial exceeding 150 V, followed by a substantial mixing at the interphase boundary results in disorientation and im-
proves dispersion of the crystallites, reduces hardness and wear resistance. High temperature annealing of such

structures leads to reduction of their mechanical properties.

INTRODUCTION

The last decade is characterized by intensive appli-
cation of coatings for adjustment of composition, struc-
ture, and properties of the surfaces of various products
[1 - 9]. The data on relationship between structure and
functional properties has become of particular im-
portance with the development of nanotechnologies.
Managing the structure on a nanoscale reveals com-
pletely new possibilities of fundamental improvement of
different functional characteristics of materials and
products in many cases [10-12]. To increase the ther-
mal stability of nanomaterials, the concept of multicom-
ponent high entropy alloys (HEA) was proposed rela-
tively recently. According to this concept, which was
proved experimentally on a row of compositions
[13-16], high entropy of mixing can stabilize formation
of a disordered hard solution phase and prevent for-
mation of intermetallic phases during crystallization
process. High entropy alloys formed in this way can
possess increased strength in combination with good
plasticity, oxidation resistance and corrosion [17-18].

Nitrides of high entropy alloys have even higher
hardness [17, 19]. But at the same time fragility increas-
es to significant extent and strength of material is, thus,
lost. To improve functional properties in this case, a
transition to the multilayer compositions with altering
layers of nitrides different by composition is effective
[1, 20-22]. Nitrides of high entropy alloy Ti-Zr-Nb-Ta-
Hf and transition metals of group VI (W or Mo) have
been used in this paper s layers.

Using the nitrides of high entropy alloys as layers
creates prerequisites for the thermal stability of the
obtained material, which is conditioned byt he process
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of elemental and structural ordering in high entropy
multielement alloys at elevated temperatures [23].

The selection of the elements of group VI (W and
Mo) as the basis for the second type of nitride layers is
caused by the fact that in state of equilibrium mono-
nitrides of these metals are characterized by the for-
mation of phases with non-cubic crystal lattice, which
must create an additional barrier to the motion of dislo-
cations at the interphase boundary with HEA nitrides
having a cubic lattice and thus reinforcing the material.

EXPERIMENTAL PART

The five-element Ti-Zr-Nb-Ta-Hf cathodes were re-
ceived by vacuum-arc melting method. To reach a nec-
essary homogeneity of the cathodes they were re-molt
for 5-7 times [19]. The deposition of the coatings was
carried out with the use of the vacuum-arc installation
“Bulat-6” [24]. The deposition was carried out from two
cathodes (1 — alloy Ti-Zr-Nb-Ta-Hf, 2 — W or Mo),
diametrically opposed to the substrate holder during
continuous rotation of the holder, which provides the
thickness of each layer of about 50 nm. Steel discs and
plates (12X18N9T steel) with the diameter of 45 mm
and thickness of 4 mm have been used as a substrate.
The annealing of the coatings was carried out during 1
hour in the vacuum furnace VHT 8/22-GR (Nabertherm
GmbH) under the pressure of P = 5x10° Torr and the
temperature of 700°C. In order to study the surface of
the multi-component coatings, their elemental composi-
tion and distribution of elements on the surface SEM
with energy-dispersive spectrometer JSSM-6010 LA was
used, (JEOL). Measurements of the phase composition
of the coatings were carried out using X-ray diffractom-
eter DRON-3M and DRON-4 in the radiation of Cu-K,



with the use of graphite monochromator in the second-
ary beam. Registration of scattering was carried out in a
discrete shooting mode, with a scanning step, changing
in the range A(29) = 0.01...0.05 depending on the width
and intensity of the diffraction lines [25].

Investigation of the coatings for determining adhe-
sive and cohesive strength, resistance to scraping and
finding out a mechanism of destruction was carried out
with Revetest scratch-tester (CSM  Instruments).
Scratches were made on the surface of the coating with
a help of "Rockwell C* spherical indenter with a round-
ing radius of 200 um at continuously increasing load. At
the same time the power of acoustic emission, friction
coefficient and penetrating depth, as well as the magni-
tude of normal load (Fy) have been measured. To re-
ceive positive results three scratches were made on a
surface of each coated sample. The tests were conduct-
ed under the following conditions: the load on indenter
was increasing from 0.9 to 70 N, sliding sped was
1 mm/min, the length of a scratch — 10 mm, loading
speed — 6.91 N/min, frequency of discreteness of a
signal 60 Hz, acoustic emission — 9 dB. Measurements
of hardness and elasticity modulus of the coatings by
means of nanoindentation were performed on the
equipment Hysitron Tribolndenter 950 with a diamond
Berkovich pyramid (Ti-0039, apex angle 142.3°, radius
of the top rounding 100 nm) calibrated by quartz. Max-
imum load during the measurements was selected in a
way to prevent influence of a substrate on the measured
quantities. The tribological tests were performed in the
atmosphere of air by the scheme “ball — disc”. As a
friction machine «Tribometer» by CSM Instruments has
been used. Samples were the discs from steel 45
(HRC =55) over the polished surface of which the
coatings were deposited (R, is less than 0.08 pm). The
balls of 6.0 mm diameter made of sintered certified
materials Al,O; and Ac100Cr6 steel were used as coun-
terbodies. The load during the tests was 3.0 N, sliding
speed — 10 cm/s. The tests conform to international
standards ASTM G99-959, DIN50324, and 1SO 20808.
Structure of wear grooves of the coating and wear spots
on the balls were studied with use of optical microscope
Olympus GX 51 and raster electron microscope FEI
Nova NanoSEM 450. Quantitative evaluation of wear
resistance of samples and counterbodies was conducted
by the wear factor W, the methodology of its calculation
is presented in paper [26].

RESULTS AND DISCUSSION

The research of morphology of growth of the multi-
layer coatings showed their sufficiently large homoge-
neity and planarity in all the used modes for both types
of (TiZrNbTaHf+Mo)N and (TiZrNbTaHf+W)N sys-
tems. The drop inhomogenity was revealed on the sur-
face, which did not lead to a significant change in pla-
narity and average thickness (less than 0.5%, see the
data on thickness in Fig. 1).

The analysis of element composition (EDX method)
has shown that the increase of negative bias potential
(Up) led to depletion of the coating by light atoms. The
main reason of this is selective spraying of light atoms
during the spraying from the surface of growth [18, 19].
To the largest extent it affects nitrogen atoms, the con-

tent of which in the coating with the increase of Uy, in
the studied rage decreases more than 1.5 times (Fig. 2).
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Fig. 1. REM-pictures of the side surface of the
“coating — substrate ” of the multilayer coatings:

a —(TiZrNbTaHf)N/WN (Py =4x10° Torr, U, of -90V),
b — (TiZrNbTaHf)N/MoN (Py =4x107 Torr, U, of -50V),
¢ — (TiZrNbTaHf)N/MoN (in (Py on the =1.5x10° Torr,
Up) = =-50V)

It is worth noting, that at the same time saturation of
the coatings (TiZrNbTaHf)N/WN with nitrogen is larger
in comparison with (TiZrNbTaHf)N/MoN by modulus.
Also, the spray character (secondary selective spraying)
is, apparently, a basis of change of metal components of
layers.
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Fig. 2. Dependence of nitrogen atoms contents in the
coating on the value of (-Uy).
1 — (TiZrNbTaHf)N/WN (Py =4-107 Torr),
2 — (TiZrNbTaHf)N/MoN (Py = 4-107 Torr),
3 —(TiZrNbTaHf)N/MoN (Py =1.5-10"Torr).

In (TiZrNbTaHf)N/WN coatings in the layers with
WN with the increase of U, from -90 to -280 V the
content of heavy W (with respect to the content of metal
elements in TiZrNbTaHf layer) increases from 33 to
53%.

For the coatings (TiZrNbTaHf)N/MoN the ratio be-
tween the atomic contents of Mo and metal of the se-
cond layer (TiZrNbTaHf) with the increase of Uy is
practically not observed, remaining at a level of
41...42 at.% by its magnitude (Fig. 3,a, ¢ shows typical
energy-dispersive spectra of the coatings and calculated
atomic composition).

Annealing practically does not change the ratio of
metal components and leads to a substantial change in
content of nitrogen atoms of nitrogen and impurity
oxygen atoms in the coating.

If at a low bias potential the content by nitrogen at-
oms is decreased by the absolute value by a value of
about 2% (see Fig. 3,a,b) than in the case of large Ub =
-200 V the decrease is more significant and is 5% (see
Fig. 3,c,d ). This can be linked with the additional for-
mation of paths of light diffusion during the formationof
solid solution of HEA atoms Mo(W) a border area as a
result of radiation stimulated mixing.

The effect of bias potential and the pressure of work-
ing nitrogen atmosphere also greatly impacted on phase
composition and structural state of the coatings.

Areas of X-ray diffraction spectra of the coatings,
obtained under different technological conditions are
shown in Fig. 4.

For comparison the spectra of the coating before the
annealing and after the high temperature vacuum an-
nealing are shown in one figure for comparison.

The analysis of the obtained diffraction spectra
shows that for all deposition modes the formation of
phases with cubic (fcc) lattice occurs in both layers of
multilayer coatings.

In the layers of high entropy alloy it's a disordered
solid solution (TiZrNbTaHf)N with the crystal lattice of
NaCl type [19], in the layers of the system Mo-N it is
v-Mo2N, but in the layers of W-N it is B-W2N (PDF 25-
1257). The similarity of structural states in the layers
based on high entropy alloy and nitrides of VI Group
transition metals (close relation of preferred orientation
of crystallites layers) indicates the relationship between
structure of layers and thier growth.
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Fig. 3. Energy dispersion spectra and element contents
calculated by it in the coatings (TiZrNbTaHf)N/MoN
(Pn =4107 Torr) obtained at -Uy: a —-100 V (before

the annealing); b —-100 V after the annealing;
¢ —-200 V before the annealing;
d —-200 V after the annealing)
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Fig. 4. Areas of X-ray diffraction spectra of the coatings
(TiZrNbTaHf)N/MoN: a —Py =1. 5-107 Torr,
-Up,=50V; b =Py =4-10"Torr, -U, =50 V;
¢ —Py =410 Torr, U, = -200 V and
d — (TiZrNbTaHf)N/WN, Py =4-10" Torr, -U, =90 V.
1 —after the annealing, 2 —before the annealing
at 700 °C

From the recieved spectra it can also be seen that in
the coatings received during the deposition at low -Us,
the postcondensation annealing does not lead to a signif-
icant change of the type of diffraction spectra (let's
compare 1 and 2 on the Fig. 4,a,b,c,d). During the in-
crease of pressure of the working nitrogen atmosphere
the increase of texturating rate occurs (relative increase
of intensity of reflexes). Thus, under relatively low
values of -Us in the coatings of (TiZrNbTaHf)N/MoN
such a texture has an axis [311] (see Fig. 4,a,b).

Applying a large negative potential Ub = -200 V
leads to an increase in the degree of “chaotization” of
the structure (the structure inherent to small Us is not
manifested for high Us), as well as to increase of disper-
sion of crystalline formations in the layers of the coat-
ings, which is manifested the most for the layers
v-Mo,N for which with the increase of Us the average
size of crystallites decreases from 54 to 37 nm. For the
coatings (TiZrNbTaHf)N/WN the formation of texture
with the axis [111] (see Fig.,4,d) occurs at relatively low
Ub =-90 V, which is typical for the preferred minimiza-
tion of deformation in the process of growth [12], the
degree of perfection of which increases (spectrum 2 in
Fig. 4,d) during the annealing. At the same time, reduc-
tion of the period of a lattice is observed in the annealed
coatings in both layers: in (TiZrNbTaHf) N from 0.443
to 0.439 nm, and in B-W,N layers from 0.425 to
0.421 nm.

In the coatings (TiZrNbTaHf)N/MoN annealing
leads to a significant change of the lattice parameter
almost exclusively in the nitride layers of high entropy
alloy. The layers of Mo-N system are characterized by
the slight change of the grating period remaining at a
range of 0.418...0.419 nm in the coatings obtained at
low Pn=1510%Torr and at the level of
0.425...0.424 nm at Py = 4-10° Torr. An exception is
the coating obtained with a large U = -200 V, for which
even at Py = 4-10° Torr grating period does not exceed
0.420 nm. One more characteristic feature of this type
of the coatings is formation of nitride phases of high
entropy alloy with a smaller period. So, if the main
nitride phase in the layers has a period of
0.44...0.47 nm, in the case of high values of applied
U, = -200 V the formation of a new fine crystalline
phase occurs. It is manifested on the diffraction spectra
before the annealing in the asymmetry of reflexes (see
specter 1 in Fig. 4,c), which in case of annealed coatings
is found in the form of independent reflections from
lattice planes of the phase with a period of
0.434...0.435 nm (see specter 2 in Fig 4,c).

Presumably this effect may be associated with the
formation of mixed solid solution phase based on the
high entropy nitride of the type (MoTiZrNbTaHf)N
(including Mo atoms from the second layer as a com-
pound element) on a disordered interphase border. For-
mation of such a layer may lead to a decrease of func-
tional properties of the coating, and in particular — me-
chanical properties.

The most universal mechanical characteristics taking
in account their sufficient ease of definition and good
reproducibility are microindentation data and scratch
testing.



The coatings of the greatest firmness according to
the microidentation data are the coatings deposited at a
relatively low potential bias. For the coatings
(TiZrNbTaHf)N/WN the hardness reaches 44 GPa, and
for (TiZrNbTaHf)N/MoN — 41 GPa.

When increasing Ub, the hardness slightly falls
down to 39 GPa, apparently due to the radiation-
stimulated mixing. The pressure reduction also leads to
a decrease in hardness.

In the case of the coatings obtained at low -Uy, post-
condensation annealing leads to increase of hardness of
such coatings as a result of ordering at high tempera-
tures in high entropy nitride layers [19]. To the greatest
extent it affects the coatings (TiZrNbTaHf)N/WN, ob-
tained at U, = -90 V, where the hardness increases from
44 to 59GPa. In the <case of coatings
(TiZrNbTaHf)N/MoN the largest increase in hardness is
observed at U, = -50 V: from 40.5 GPa before the an-
nealing to 48.5 GPa after the annealing.

For the coatings obtained at high U, = -200...-280 V
the annealing is followed by a slight not only leads to
increased hardness, but also accompanied by a slight
drop of hardness from 39...40 GPa before the annealing
to 38...37 GPa after the annealing.

The results of scratch tests also show that the great-
est pressure prior to the failure is inherent to the coat-
ings obtained at low values of Ub and for the coatings
(TiZrNbTaHf)N/WN reaches the values Lc5 = 117.9 N
(Fig. 5,a) and for the coatings (TiZrNbTaHf)N/MoN —
Lc5 =124.9 N (Fig. 5,b).

The annealing at 700°C of the coatings of system
(TiZrNbTaHf)N/MoN obtained at Py =3-10"Torr,
U, = -150 V, for which the initial hardness was relative-
ly high (35 GPa), which then increased to 41.5 GPa
after the annealing led to enhanced wear resistance for
all values Lc (see Table 1), and the wear is inherent to
abrasion, which is manifested by the absence of large
amplitude peaks (which are inherent to brittle failure) on
the curve of dependence of acoustic emission on pres-
sure (see Fig. 6,a).

Slightly larger by its magnitude hardness (48.5 GPa)
of the composite coating (TiZrNbTaHf)N/MoN ob-
tained at Py = 4-10° Torr and U, = -50 V after the an-
nealing increases the critical values of LC1, LC2 and
LC3 (Table 1), but at the same time the values of LC4
and LC5 are decreased, i.e. critical stresses responsible
for the formation of multiple cracks and wear of materi-
al of the coating takes place.

The effect of formation of multiple cracks and brittle
fracture of high hardness coating is observed even better
for a steel-based substrate with a higher plasticity for
the system  (TiZrNbTaHf)N/WN, obtained at
Py = 4-10° Torr, Uy = -90 V, the hardness of which is
increased as a result of annealing up to 59 GPa. In this
case the increase of value of the critical load LC1 (Ta-
ble 1) takes place only, a slight relative decrease of LC2
and LC3 and a strong decrease of LC4 and LCS5. It is
significant that in this area, strong peaks typical to the
formation of marcoareas with brittle failure appear on
the dependence of the acoustic emission signal on the
load (see Fig. 6,b).

Thus, the achievement of ultrahigh hardness in a
case of relatively ductile substrate may not lead to an
increase in adhesive strength due to the brittle fracture
of the coating during the wear in the border areas to the
ductile base material.

To determine the tribological characteristics the test-
ing scheme “ball-disc” was used in this paper, for
which the balls with diameter of 6.0 mm made of sin-
tered certified materials — Al,O5; and steel Ac100Cr6
were used.

Visually, friction tracks (Fig. 7) are characterized by
the absence of barbs, chips, and radial cracks, which
indicates the high quality of the coating and its adhesive
strength.

The average width of the friction track in a case of
the counterbody made of Al,O; has a value of
654.88 mcm (see Fig. 7,b), and in the case of steel coun-
terbody the track has different thickness and is charac-
terized by a non-uniform wear pattern.

The reason for this heterogeneous nature is sticking
of relatively soft and ductile metal of the counterbody to
the coating, which increases the actual impact area, and
further friction occurs in a pair of worn-out metal and
the metal of counterbody.

Lowering of the fixed friction coefficient and in-
crease of wear of a steel ball is also linked with this
(Table 2).

Table 1
The critical load L for composite multilayer coatings,
before and after one-hour annealing at 700 °C

- Le N

Coating | -Uy, ':IT::S ©
type \Y !

P |l 1| 23] 4]ls
(TizrNb - | 452|318 482|658 |731
TaHfN/ | 150
MoN 700 | 5.07 | 40.2 | 51.4 | 56.0 | 82.2
(TiZNb - | 606 | 313 | 455 | 816 12"
TaHfN/ | 50
MoN 700 | 7.33 | 428 | 584 | 63.8 | 81.7
(TiZrNb - | 495 | 320 | 474 | 650 1"
TaHfAN/ | 90
WN 700 | 831 | 31.3 | 39.7 | 41.3 | 627

During friction with a counterbody made of Al,Os
the uniform abrasive wear of the friction pair with the
removal of wear products and their accumulation at the
edges of the groove was observed (Fig. 7,a).

In this case, according to the data of [27], the
amount of transferred material depends on the strength
of adhesive bond, which depends on the electronic
structure of the counterbody based on Al,O; and multi-
layer coating, and determines the ability to form solid
solutions, intermetallic compounds with each other, and
oxides stable at high temperatures . This is related to the
high values of the coefficient of friction during the tests
with Al,O; counterbody, which include high entropy
nitride (TiZrHfVNbTa)N [28].




LC4 L(‘.5

b

Fig. 5. View of wear tracks and the resulting critical loads for the coatings:
a —(TiZrNbTaHf)N/MoN (Py =4-10"Torr, U, = -150 V)
and b — (TizrNbTaHf)N/WN (Py =4:10" Torr, Uy = -90 V)
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Fig. 6. Changes in average values of the coefficient
of friction (spectrum 1, left scale) and in the amplitude
of acoustic emission (spectrum 2, right scale) for the
coatings: a - (TiZrNbTaHf)N/MoN (Py =4-107 Torr,
Us = -150 V) and b — (TiZrNbTaHf)N/WN
(Pn =4107 Torr, U, = -90 V)

At the same time the coatings possess good wear re-
sistance: wear value for both types of counterbodies is
within the limit (0.39...2.12)x10” mm’xN"'xmm™.
Wear of the counterbody of Al,O; is also sufficiently
small — 2.25x10°mm’xN"'xmm™ (Table 2), in contrast
with a steel counterbody Acl00Cr6 for which wear
differs by one order and has a value of
2.59x10™* mm’xN"'xmm".

Ac100Cr6

734.09um

‘. 654.88um

Fig. 7. Images of friction tracks during the tests
(by “ball — disc” scheme with a counterbody (ball)
made of Al,O3 and steel Ac100Cr6) of the multilayer
coating (TiZrNbTaHf)N/MoN (Py = 4:107 Torr,
U, = -50 V): a —with detailed friction tracks by the type
of the counterbody, b —with the determined average
sizes of friction tracks for different counterbodies

Table 2
The tribological characteristics of the multilayer
coating (TiZrNbTaHf)N/ MoN (Py = 4x10 * Torr,
Uy, = -50V) during the tests by the scheme
“ball — disc” with counterbody (ball) of Al,O3 and
steel Ac100Cr6

Type of | Coeffic | Wear factor, mm*xN"xmm™
cour;';erbo ;Gr)incttiocfn Counterbo Coated
dy samples
AlL,O; 083 | 2.25x10° 3.90x10°
Ac100Cr6 | 0.57 | 2.59x10° 2.12x10°
steel

Thus, a quite universal resistance of multilayer coat-
ings based on nitrides of high entropy alloys to various
types of counterbodies, different in hardness and tough-
ness opens good perspectives to use such coatings as
protective coatings at complex exposures in conditions
of abrasive wear [29, 30].

The study was conducted in the CCU, agreement
No0.14.594.21.0010 and wunique works identifier
RFMEFI162114X0005 (under the support of the Ministry
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CTPYKTYPA U MEXAHUYECKHUE CBOI‘/‘ICTBAX HUTPUIHBIX MHOT'OCJIOMHBIX
CUCTEM HA OCHOBE BBICOKO3HTPOIIMMHBIX CIIJTABOB U IIEPEXO/IHBIX
METAJJIOB VI I'PYIIIbI

Y.C. Hemuenko, B.M. Bepecnes, O.B. Cobons, C.B. /lumosuenko, B.A. Cmonbosoil,
B.IO. Hosukos, A.A. Meiinexos, A.A. Ilocmenvnux, M.I'. Kosanesa

[TpoananM3upoBaHO BIMSHHE TEXHOJOTUYECKHX MMAapaMETPOB MOJYyYEHUS! HAa BO3MOXHOCTH CTPYKTYPHOU HMHKe-
HEpHH M MEXaHMYECKUE CBOMCTBA MHOTOCIOMHBIX KOMIO3UIMNA U3 CJIOEB HUTPUIOB BHICOKOIHTPOIMIHBIX CILIABOB
Ti-Zr-Nb-Ta-Hf u Hutpunos nepexoanbix MeramioB VI rpymmsl. Tlokaszano, 4To npu moTeHImane cmenieHus Us
meHee -150 B, momaBaeMoM Ha MOJJIOKKY HPU OCaXKIAECHUH, B MHOTOCJIOWHBIX TIOKPBITUSX C TOJIIHHON CIIOEB OKOJIO
50 HM MOYKHO JIOCTHYb JABYX(a3HOTO COCTOSIHUSI C IPEUMYIIIECTBEHHOH OpUEHTAlMell KPUCTAIUTOB, YTO 00yciIaB-
JMBAET BBICOKYIO TBepHocTs (1o 44 I'Tla) m OZHOBpPEMEHHO BBICOKYIO AATe3HOHHYIO HPOYHOCTH (KPHTHYECKAs
Harpyska g0 125 H), a taxke uHuskuii u3Hoc (kak ¢ kouTpTenom Al,Os, Tak 1 co cranpio Acl00Cr6). BeicokoTem-
nepaTypHblid omxur (700 °C) raxux MOKPBITUI MPUBOJUT K YCUJIIEHUIO TEKCTYPHI B pe3yJIbTaTe aTOMapHOIO YHOps-
JIOUEHUS, YTO CONpPOBOXKIAeTcst poctoM TBeproctu 10 59 I'Tla. Ilogaya moTeHnuana CMELIEHUs], TPEBbILAIOLIETO
150 B, conmpoBoXxnaeTcs CyIEeCTBEHHBIM IIepeMEIINBaHNEM Ha MeK(pa3HOU TpaHUIle, YTO MPUBOAUT K Pa3OpHEHTA-
IIH ¥ TIOBBIICHHUIO JUCIEPCHOCTH KPUCTAIINTOB, YMEHBIICHUIO TBEPIOCTH U U3HOCOCTOMKOCTH. BBIcOKOTEMMIIEpa-
TYPHBII OTKUT TAKUX CTPYKTYP NIPUBOJIUT K CHUKCHHUIO MEXaHUYECKUX CBOMCTB.

CTPYKTYPA I MEXAHIYHI BJACTUBOCTI HITPHTHUX BAATOIHAPOBUX CUCTEM
HA OCHOBI BUCOKOEHTPOIIIMHUX CIIJIABIB I HIEPEXI/IHUX METAJIIB VI IT'PYIIN

Y.C. Hemuenko, B.M. bepecuee, O.B. Cobons, C.B. /lumosuenko, B.A. Cmonéosuii, B.IO. Hogikos,
A.A. Meiinexos, A.A. Ilocmenvnux, M.I'. Kosanvosa

[TpoananizoBaHO BILIMB TEXHOJOTIYHUX MapaMeTpiB OTPUMAaHHS Ha MOXJIMBOCTI CTPYKTYpHOI iHXeHepii Ta Me-
XaHiYHI BIACTHBOCTI 6araTomapoBUX KOMITO3HUINH 3 MapiB HITPHUIIB BUCOKOCHTpOMiliHuX cruiaBiB Ti-Zr-Nb-Ta-Hf i
HITpUAiB nepexinaux MetaniB VI rpynu. [Tokaszano, 1o npu moteHiiiaii 3mimenns Us menmre -150 B, 1o nojgaets-
s Ha MIIKJIAAKy IPH OCAPKEHHI, Y 0araTomapoBHX MOKPUTTAX 3 TOBIIMHOIO MapiB 01u3bK0 50 HM MOXKHA JTOCSATTH
IBO(a3HOTO CTaHy 3 MEPEBaKHOIO OPIEHTAIIEI0 KPUCTATITIB, 0 00YMOBIIOE BUCOKY TBepHicTh (10 44 I'Tla) i on-
HOYACHO BHCOKY aJre3iiHy MIIHICTh (KpUTHIHE HaBaHTaXeHHA 10 125 H), a Takok HU3BKMIA 3HOC (SIK 3 KOHTPTLIOM
Al,Og3, tak i 3i crauro Ac100Cr6). Bucoxoremnepatypuuii Bianan (700 °C) Takux MOKPUTTIB MPHU3BOAUTH JIO MO-
CHJICHHSI TEKCTYPH B PE3yJbTaTi aTOMapHOTO YHMOPSAKYBAaHHS, IO CYNPOBOKYETHCS 3POCTaHHAM TBEPAOCTI IO
59 I'Tla. ITonaya noTeHniany 3mimieHHs, o nepesuinye 150 B, cynpoBoIKy€eThCsl ICTOTHUM MEPEMILlyBaHHSIM Ha
Mik(azHii Mexi, 110 MPU3BOAUTH 0 PO30OpPIEHTAIlT 1 MiJBUIIEHHS JAUCIEPCHOCTI KPUCTANITIB, 3MEHIICHHS TBEp-
JIOCTi 1 3HOCOCTilKOCTI. BucokoTemnepaTypHuid BiAnall TaKUX CTPYKTYP HPU3BOJHUTH JIO 3HIKEHHS MEXaHIuHHX
BJIACTUBOCTEH.



