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Layers based on titanium nitride doped with molybdenum and silicon were used to create a multilayer
composite. In this case, the mismatch between the lattice periods of (TiMo)N and (TiSi)N layers was about 1%. It
was found that in the (TiMo)N/(TiSi)N multilayer composite, such a mismatch of the periods in the constituent
layers does not change the single-phase state of the composite even at relatively large layer thicknesses (about
350 nm). The creation of a (TiMo)N/(TiSi)N composite with a nanometer layer thickness allows one to reduce the
magnitude of macrostresses (a large value of which is characteristic of single-layer (TiMo)N coatings) and change
the substructural characteristics in a wide range of values. It has been established that the use of multi-element
(TiMo)N and (TiSi)N layers in a multilayer coating design allows one to achieve a high-hard state with high
adhesive strength and good tribological characteristics. The highest properties (hardness — 34.8 GPa and adhesive
strength — 166.09 N) were achieved in coatings obtained at U, = -200 V and a layer thickness of 80 nm, which are

characterized by compression macrostresses of 7.85 GPa and microstrains — 0.75%.

PACS: 81.07.Bc, 61.05.sp, 68.55.jm, 61.82.Rx
INTRODUCTION

Recently, nitrides, carbides and oxides of transition
metals are actively used in industry because of their
high physical and mechanical properties. The most
studied and common among them is titanium nitride. It
has high hardness, wear resistance, corrosion resistance.
However, at temperatures above 500 °C, significant
disadvantages of titanium nitride are low — strength and
oxidation stability [1].

To increase these characteristics, the concept of
multi-element alloying is being developed. Al, Mo, Zr,
Si, and others are used as alloying elements [2, 3]. It
was established that the addition of Al increases the heat
resistance, and Si increases the ability of the coating to
resist abrasive wear [4]. Moreover, the TiSiN coating is
characterized by high hardness (> 40 GPa), resistance to
oxidation (850 °C) and thermal stability (up to 1100 °C)
[5]. An increase in the number of alloying elements, for
example, by the combined addition of Al and Si to TiN,
CrN and ZrN with the formation of multicomponent
AITICrN, AICrSiN, AITiSiN, and ZrAlISiN, leads to a
significant increase in thermal stability and mechanical
characteristics compared to TiN, CrN, ZrN, TiAIN, and
CrAIN [6-8]. In recent years, there has been a tendency
to increase the number of constituent elements by more
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than 4 and the formation of nitrides of highly entropic
alloys based on titanium nitride [9]. An important
characteristic of such materials is lattice distortion [10],
which manifests itself at the substructural level in an
increase in microdeformation.

However, the highest properties were achieved when
creating multilayer composites consisting of various
nitride layers [11]. To increase the mechanical
properties of TiN-based coatings, the addition of
intermediate nanosized layers (the creation of multilayer
nanocomposites) [12—-14] with transition metal nitrides
Cr, Zr, Mo, Nb showed high efficiency. To create such
nanocomposite systems, the magnetron [15, 16] and
vacuum-arc [17, 18] production methods are mainly
used. The advantage of the vacuum-arc method is a high
degree of plasma ionization [19], which allows one to
obtain highly hard coatings with a thickness of more
than 10 pm [20, 21].

Nanoscale multilayer coatings showed improved
mechanical strength, hardness and wear resistance
compared to single-layer coatings due to their structural
state and a large number of interfaces between
nanolayers.

It was found that the state of the interface between
the layers and the thickness of the layers themselves can
affect the microstructure and mechanical properties of



multilayer coatings. For example, blocking of
dislocations by layer interfaces can lead to a significant
increase in strength [22-24].

It was shown in [25] that for the AITICrN/TiSiN
composite, the coherent growth of two types of
materials, AITIiCrN and TiSiN, with different lattice
constants, caused an alternating stress field, which
improved the mechanical properties.

The aim of this work was to study the influence of
the most effective technological parameters of the
structural engineering of nanocomposites (displacement
potential and layer thickness) on the structure,
substructure, stress-strain state, and physicomechanical
characteristics of (TiMo)N/(TiSi)N coatings.

SAMPLES AND RESEARCH METHODS

The coatings were deposited in the Bulat-6 vacuum-
arc installation for 1.5 h at a working atmosphere
pressure of Py =4-10°Torr. During the deposition
process, a different negative bias potential (U,) was
supplied, which was -70, -110, and -200V. The
multilayer coatings were deposited from two sources of
evaporation, one of which was TiSi (Si—7 wt.%) the
second is TiMo (Mo —30 wt.%) in constant rotation
mode (rotation speed 8 rpm) and in discrete mode (with
a stop near each source from 10 to 160 s). Modes of
obtaining coatings are given in Table 1, and the
operation diagram of the installation during the
deposition of (TiMo)N/(TiSi)N composites is shown in
Fig. 1. The total thickness of the coatings was about
11 um. The thickness of a single-layer coating of series
2 is about 9.3 um, and that of series 4 is about 12 pm.
With a total coating deposition time of about 90 min,
this corresponds to a deposition rate of about 0.1
(TiSi)N and 0.13 pm/min (TiMo)N.

Table 1
Technological modes of deposition of coatings
Series Operating mode
: Py, Up,
No Coating T of the substrate
orr \Y
holder
1 . -70
> | (TSN 200 mode
3 . -70 constant
4 (TiMo)N 200 | rotation of the
5 -70 substrates
6 -110
7
103 10 s interval
8 410 530 layers
9 (TiSi)N/ 40 s interval
(TiMo)N 134 layers
-200 -
10 80 s interval
68 layers
160 s interval
11 34 layers

The phase-structural state was investigated using X-
ray diffractometry techniques. X-ray diffraction spectra
were obtained on a DRON-4 setup in Cu-K, radiation,
using 0-20 scanning in the range of angles 30...90°, with
a scanning step of 0.1 deg and a holding time of 10 s.

To monochromatize the detected radiation, we used a
graphite monochromator installed in the secondary
beam (in front of the detector) [26]. Complex profiles
were divided into components using the “NewProfile”
software package. To determine the phase composition
of the coatings, we used the data of powder diffraction
files (JCPDS) published by the International Center for
Diffraction Data (ICDD) [27].  Substructural
characteristics were determined by the approximation
method [28].

Fig. 1. The scheme of the installation during the
deposition of (TiMo)N/(TiSi)N multilayer composites:
1 —vacuum chamber; 2 — metal screen; 3 — nitrogen
leak; 4 — sprayed samples; 5 — TiMo evaporator;
6 — TiSi evaporator; 7 — arc sources;
8 is a source of supply of potential to the substrate;
9 — rotary mechanism

Surface morphology was studied using a Ziess
AXIO Vert metallographic optical microscope Al.

Hardness was measured on a DM-8 microhardness
tester (Affri, Italy) using a Vickers diamond pyramid as
an indenter at a load of 50 g, exposure time 10 s. For
each sample, 10 measurements were performed.

Revetest scratch tester (CSM Instruments) was used
to determine the adhesion-cohesive strength, scratch
resistance, and also to determine the fracture
mechanism. Scratches were applied to the surface of the
coatings under a continuously increasing load (from 0.9
to 190 N) at a loading speed of 15.76 N/min using a
Rockwell C diamond spherical indenter with a radius of
curvature of 200 um. To obtain reliable results, three
scratches 12 mm long were applied to the surface of
each coated sample. At the same time, acoustic emission
power, coefficient and friction force, indenter
penetration depth, and normal load (FN) were
simultaneously recorded.

RESULTS AND DISCUSSION

Figs. 2 and 3 show the surface morphology of
single-layer (TiSi)N (see Fig.2,a,b), (TiMo)N (see
Fig. 2,c,d) coatings and multilayer = composite
(TiSi)N/(TiMo)N coatings.

From Figs. 2, 3 it is seen that with an increase in the
bias potential, the number and size of the droplet phase
decreases. Moreover, in a single-layer coating (TiSi)N,
the amount of the drop phase is less than for (TiMo)N.



In (TiMo)N/(TiSi)N multilayer composites, the amount
of the droplet phase decreases with increasing Uy,

As can be seen from the Cross-section of the images
(Fig. 4), there are small inhomogeneities in the volume
of (TiMo)N/(TiSi)N composites, however, the planarity
of the layers is still quite good. The layers themselves
have clearly defined boundaries, which indicates that
even the supply of the highest U, = -200 V does not lead
to significant mixing of the layers.

- -
c d
Fig. 2. Surface morphology of the single-layer

(TiSI)N (a, b) and (TiMO)N (c, d):
a,c—U,=-70V; b, d — U, = -200 V

a b

c

Fig. 3. Surface morphology of multilayer
(TiSi)N/(TiMo)N coatings: a — U, =-70 V,
b-U,=-110V;c-U,=-200V

It can be seen that with a short deposition time of the
layer with a large potential U, = -200 V (series 7 and 8),
the coating contains the smallest amount of Si. With an
increase in the layer thickness of more than 80 nm
(series 9-11), the Si content becomes about 1.7 at.%.
Mo content in coatings varies. It should be noted that
the content of elements in thick layers is close to that for
small Uy, (series 5).

The elemental composition was determined by X-
ray fluorescence analysis [29]. The resulting data in
at.% are shown in Table 2.

T
oy v

Fig. 4. “Cross-section” SEM images of coatings
obtained at U, = -200 V and a layer deposition time

of 40 (a) and 80 s (b)
Table 2
The elemental composition of the studied coatings
Series Content, at.%

No Ti Mo Si

1 97.106 — 2.894
2 97.827 — 2.173
3 86.391 13.609 -

4 87.446 12.554 —

5 94.133 4.124 1.743
6 94.345 4.219 1.436
7 95.259 3.862 0.879
8 93.924 5.627 0.449
9 91.130 7.075 1.795
10 93.295 4.946 1.759
11 93.046 5.365 1.589

To determine the phase-structural state in the work,
the X-ray diffraction method was used.

Fig. 5 shows the X-ray diffraction spectra of single-
layer coatings — (TiSi)N (see Fig. 5,a) and (TiMo)N (see
Fig. 5,b), obtained at different negative bias potentials.

It can be seen from the X-ray diffraction spectra (see
Fig. 5) that for (TiSi)N and (TiMo)N coatings, a single-
phase state is formed based on TiN (JCPDS 38-1420)
with an fcc crystal lattice (structural type B1 — NaCl).
The supply of a large bias potential U, = -200 V leads to
a significant increase in the relative intensity of
diffraction peaks from the {111} planes. This indicates
an increase in the degree of perfection of the texture
with the [111] axis perpendicular to the surface plane.

For (TiMo)N coatings, with an increase in Uy, a shift
of diffraction peaks towards smaller angles is observed.
Such a change is characteristic of the formation of
compressive stresses in the coating [30]. Comparison of
the spectra in Fig. 5, shows that, apparently, such
stresses initiate heavy molybdenum atoms. This
conclusion follows from the fact that for TiSiN (where
the decisive influence is exerted by titanium atoms with
the largest atomic mass), the displacement is much



smaller. The calculation of the lattice period from the
position of the diffraction maxima (for the 6-20
shooting scheme) led to the values: for TiMoN -
0.4309 nm (at U, = -70 V) and 0.4325 nm (at U, =
-200 V); for TiSiN coatings, 0.4268 nm (at U, = -70 V)
and 0.4282 nm (at U, = -200 V).
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Fig. 5. XRD patterns of (TiSi)N (a) and (TiMo)N (b)
coatings: 1 - Uy, =-70V; 2 - U, =-200 V

To determine the stress — strain state in coatings with
a strong texture, the method of crystalline groups was
used [31, 32]. In the case of a texture with the [111]
axis, the (333), (331), (420), and (511) planes were used
as the base planes for studies. Filming was carried out at
appropriate crystallographic angles. Typical “a-sin“y”
plots are shown in Fig. 6.
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Fig. 6. “a-siny” graphs of TiSiN coatings
(1 —series 1); TiMoN (3 — series 2) and nanocomposite

(TiSI)N/(TiMO)N (2 — series 7)

Fig. 6 shows that the lattice periods a L (sin?y = 0)
and a.y (siny ~ 0.4) for (TiMo)N coatings are bigger

than for (TiSi)N. In this case, the slope of the “a-sin“y
plot for (TiSi)N is less than for (TiMo)N. The “a-sin“y"
plot for the (TiSi)N/(TiMo)N composite occupies an
intermediate position (see Fig. 6, dependence 2).

The voltage graphs determined on the basis of the
“a-sin"y” data are compressive. Their value was
-4.7 GPa for a single-layer coating (TiSi)N (series 2)
and for a single-layer (TiMo)N coating -7.8 GPa (series
3) and -9.2 GPa (series 4). The lattice parameters are the
smallest for (TiSi)N coating and the largest for (TiMo)N
coating.

Figs. 7 and 8 show the sections of the diffraction
spectra of (TiSi)N/(TiMo)N composite coatings
obtained for different Uy, (see Fig. 7) and layer thickness
h (see Fig. 8).
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Fig. 7. XRD patterns of (TiSi)N/(TiMo)N coatings
obtained at different bias potentials in the constant
rotation mode: 1 -U, =-70V; 2 - U, =-110V;

3-U,=-200V
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It is seen that multilayer coatings are characterized
by the formation of the same type of crystal lattice
(similar to the TiN phase, structural type B1-NaCl) as in
single-layer coatings. In this case, up to the largest
thickness h =350 nm (see Fig. 8, spectrum 1), in the
multilayer composite (TiSi)N/(TiMo)N, there is no
separation of peaks from (TiSi)N and (TiMo)N layers,
which indicates the conservation quasi-epitaxial
coupling at the boundary with the average lattice period
[25, 33].

Fig. 9 shows graphs of the dependence of
macrostresses on the bias potential and layer thickness.
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Fig. 9. Graphs of the dependences of macrostresses (o)
on the bias potential (a) and layer thickness — h (b)
of multilayer coatings

It is seen that with an increase in U, in the layers of
the smallest thickness, the compressive stresses in the
(TiSI)N/(TiMo)N composite increase. However, in
absolute value, the stresses in the composite remain
smaller compared to single-layer (TiMo)N coatings (see
Fig. 9,a). With an increase in the thickness of the layer,
the value of compression stresses decreases (see Fig.
9,b). With a maximum layer thickness of 350 nm, this
decrease is about 20%.

Another important parameter in the analysis of
diffraction spectra is the width of the diffraction lines.
By changing the width of the diffraction lines, the
substructural characteristics of the coating material were
determined for different technological conditions for
their preparation.

The calculation of the substructural characteristics
(by the approximation method) showed that the
crystallite size in a single-layer coating (TiSi)N is in the
range 27..50 nm, with a microdeformation of
~0.44..1%, in a coating (TiMoO)N-—42..63 nm,
0.43...0.63%, respectively. Substructural characteristics
for multilayer coatings are shown in Fig. 10.

Fig. 10 shows that, with an increase in the bias
potential, the crystallite size increases from 23 to 30 nm,
which is explained by a slight heating of the surface.
With an increase in the thickness of individual layers to
90 nm, an increase in crystallite size is observed. The
crystallite size in the thinnest layers is 23...30 nm,
which exceeds the layer thickness.
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Fig. 10. Graphs of the dependences of the substructural
characteristics of (TiSi)N/(TiMo)N coatings on the bias
potential (a) and layer thickness — h (b)

The reason for this may be the formation of a
columnar microstructure [34] in epitaxially bound layers
with an increased crystallite size in the direction of the
texture axis [111].

To determine the mechanical properties of the
coatings, microhardness was measured and scratch
testing was carried out. The results of hardness
measurements are shown in Fig. 11.

Single-layer coatings of (TiMo)N have a higher
hardness in comparison with the (TiSi)N coating (see
Fig. 11,a), which may be associated with a higher
hardness of molybdenum.

In multilayer (TiSi)N/(TiMo)N coatings obtained in
the continuous rotation mode (series 5-7), the hardness
varies from 34.3 GPa (at U, = -70 V) to 23 GPa (U, =
=-200 V with increasing bias potential). However, an
increase in the layer thickness to 175 nm leads to an
increase in hardness to 35 GPa. With a further increase
in layer thickness, a decrease in hardness is observed.

Based on the data of microindentation,
(TiSi)N/(TiMo)N coatings obtained at U,=-70 V in
continuous rotation mode, as well as at U,=-200V
with a layer thickness of 80...175 nm, have the highest
hardness. Fig. 12 shows wear paths for coatings having
the highest hardness at critical loads L;...L.s. So, the
critical load corresponding to the cleavage of the
coating or its plastic abrasion to the substrate (L.s)
corresponds to 135.72 N (U, = -70 V, h = 11 nm),
166.09 N (U, =-200 V, h =80 nm), and 140.28 N (U, =
=-200 V, h =175 nm).
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Characteristic of these coatings is the magnitude of
compression macrostresses 7.3..7.7GPa  and
microstrains  0.71...0.73%. Apparently, such a
combination of the macrostressed state of the coating
and the microdeformed state of crystallites allows one to
achieve the highest strength characteristics in composite
(TiSi)N/(TiMo)N multilayer coatings.

As can be seen from Fig. 12 plastic and uniform
nature of wear allows to obtain high values of the
parameters of cohesive fracture of the coating.

Thus, the coatings obtained at a layer thickness of
80 nm and U, =-200 V have the highest hardness and
strength; for this coating in Fig. 13 shows the results of
sclerometry.

a b c
Fig. 12. Wear paths in the area of critical point loads
(LetLes):a—Up,=-70V,h=11nm; b - U, =-200V,
h=90nm;c-U,=-200V,h=176 nm

As follows from the data in Fig. 13, a fairly uniform
change in the main characteristics is observed with an
increase in the load on the indenter. Wear of the coating
occurs without the formation of avalanche chips, which
confirms, in particular, the shape of the acoustic
emission curve. The coefficient of friction as it
deteriorates varies from 0.42 to 0.50.
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Fig. 13. Sclerometry results of (TiSi)N/(TiMo)N
coatings obtained by U, = -200 V, h =80 nm

Thus, the (TiSi)N/(TiMo)N series of multilayer
coatings obtained at U, = -200 V and a layer thickness
of 80 nm has the highest hardness of 34.8 GPa and
adhesive strength of 166.09 N, which makes them
promising for industrial applications as protective and
functional elements of the surface of parts of
engineering and power engineering equipment.



CONCLUSIONS

The research results showed that alloying titanium
with molybdenum and silicon atoms and the formation
of (TiMo)N and (TiSi)N layers on their basis leads to
the formation of single-phase materials of the structural
type B1-NaCl.

The hardness of such single-layer coatings does not
exceed 30 GPa.

The creation of a multilayer composite
(TiSi)N/(TiMo)N with a nanometer layer thickness can
increase the hardness by more than 20% and at the same
time achieve a high adhesive strength L5 = 166.09 N.

From the perspective of structural engineering, the
advantages of creating (TiSi)N/(TiMo)N multilayer
composite include:

— of high structural macrostresses in the (TiMo)N
component;

— a significant increase in hardness compared to the
(TiSi)N component;

— the ability to vary widely the magnitude of
microdeformation and crystallite size.

The features of the obtained composite
(TiSi)N/(TiMo)N include the conservation of a single-
phase state to relatively (about 350 nm) large layer
thicknesses. This allows us to conclude that the
presence of a mismatch of about 1% of the periods of
(TiSi)N and (TiMo)N layers is not a critical value when
creating a single-phase multilayer composite based on
them.

Thus, the use of multielement (TiSi)N and (TiMo)N
layers in a multilayer coating design allows one to
achieve a high-strength state with high adhesive
strength and good tribological characteristics.

The highest properties (hardness — 34.8 GPa and
adhesive strength — 166.09 N) were achieved in coatings
obtained at U, = -200 V and a layer thickness of 80 nm,
which are characterized by compression macrostresses
of 7.85 GPa and microstrains — 0.75%.
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BJIMAHUE BEJIMYUHBI IOTEHIHUAJIA CMEIIEHUA U TOJIIIMAHBI CJIOEB
HA CTPYKTYPY, CYBCTPYKTYPY, HAIIPSI’)KEHHO-IE®OPMUPOBAHHOE
COCTOAHME N MEXAHNYECKHUE XAPAKTEPUCTHUKH
BAKYYMHO-JYT'OBBIX MHOT'OCJIOMHBIX (TiMo)N/(TiSi)N-IIOKPBITUI

0.B. Cobons, A.A. I[Tocmenvhuk, A.A. Meitnexos, B.B. Cyo6omuna,
B.A. Cmonooeoii, A.B. /lonomanos, /I.A. Konecnuxos, M.I'. Kosanesa, 1O.B. Cyxopykosa

Jnst co3maHusi MHOTOCTIOHOTO KOMIIO3MTa MCIOJIB30BaHBI CJIOM HA OCHOBE HUTPHIA THUTaHA, JETMPOBAaHHOTO
MonubaeHOM U KpemHueM. [Ipu 3tomM HecootBetcTBUE nepuosoB perreTok (TiMO)N- u (TiSi)N-cioeB cocraBmio
okono 1%. YcraHoBieHo, yTo B MHOrocnoitHoM kommosute (TiMO)N/(TiSi)N Takoe HecOOTBETCTBUE MEPHUOIOB B
COCTaBJIAIONIMX CJIOSIX HE M3MEHSET OJHO(pAa3HOTO COCTOSHHS KOMIIO3UTA AaXe IIPU OTHOCHTENFHO OOJIBIINX
tonmmHaax cioeB (okono 350 um). Cosmanme (TiMO)N/(TiSi)N-koMmo3uTa ¢ HaAHOMETPOBOW TOJIIUHONW CIIOEB
M03BOJISIET YMEHBILATh BEJIIMYUHY MaKpOHANpPsDKEHHH (OOJbIlasi BEJIMUYMHA KOTOPBIX CBOWCTBEHHA OHOCIOHHBIM
(TiIMO)N-OKpBITHSIM) W B IIMPOKOM HMHTEPBAIC 3HAYCHHI W3MEHATh CYOCTPYKTYPHBIE XapaKTepPUCTHKH.
VYcranoBieHo, 4To ucronb3oBanue MHOrodneMeHTHBIX (TIMO)N- u (TiSi)N-cioeB mpu MHOTOCIOWHOM Iu3aiiHe
MOKPBITHH MO3BOJISIET JIOCTHYb BHICOKOTBEPIOIO COCTOSIHHSI C BBICOKOH a/r€3MOHHON MPOYHOCTHIO M XOPOIIUMH
TpUOOJIOrMYECKUMH XapakTepucTikamu. Hanbonee Bbicokme cpoiictBa (TBepaocts — 34,8 T'Tla u aare3nmoHHas
npouyHocTs — 166,09 H) ObutM JOCTUTHYTHI B MOKPBITHSX, MosydeHHbIX 1pu Up = -200 B u tonuune ciost 80 HM,
JUISl KOTOPBIX XapaKTepHa BeJIM4YrHa MakpoHanpspkeHuid cxarust 7,85 I'Tla u mukponedopmanuu — 0.75%.
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BILIMB BEJTMUMHU IMMOTEHIIAJY 3CYBY I TOBIIMHH IIIAPIB
HA CTPYKTYPY, CYBCTPYKTYPY, HATIPYKEHO-IE®OPMOBAHUI CTAH
I MEXAHIYHI XAPAKTEPUCTUKU BAKYYMHO-IYTOBUX
BATATOILIAPOBUX (TiMo)N/(TiSi))N-IIOKPUTTIB

O.B. Cobony, I.0. Ilocmenvhuk, A.O. Meitnexos, B.B. Cyboomina,
B.O. Cmonbosuit, A.B. /lonomanos, /1.0. Konecnixos, M.I'. Kosanvosa, FO.B. Cyxopyxosa

Jnst cTBOpeHHs1 0araTtonrapoBOr0 KOMIIO3UTY BHUKOPHUCT@HI IIAapd Ha OCHOBI HITPUAY THTaHy, JIETOBaHOTO
MoiibneHoM 1 kpemHieM. [lpu npomy HeBigmoBimHicTh mepioaiB pemiTok (TiMo)N- i (TiSi)N-mapis craHoBmia
6mm3pko 1%. Beranosneno, mo B 6aratomapoomy koMmo3uTi (TiMo)N/(TiSi)N taka HEBiAIOBIAHICTE NEPIOIB y
CKJIaJIOBHMX Iapax HE 3MIHIOE OJHO(pA3HOTO CTaHy KOMIO3WUTY HaBiTh NPU BiTHOCHO BEIWMKUX TOBIIUHAX IIApiB
(6mm3pko 350 HM). CtBopennst (TiMO)N/(TiSi)N-koMmo3uTy 3 HAaHOMETPOBOK TOBLIMHOIO IIAPiB I03BOJISE
3MEHIIUTH BEIMYNHY MaKpOHANpYyKeHb (OinblIa BemndrnHa sSKuX BilactuBa oxHomapoBuM (TiMo)N-mokputTsam) i B
IIMPOKOMY 1HTEpBalli 3HAYCHb 3MIHIOBAaTH CYOCTPYKTYypHI XapaKTEepHCTHKH. BCTaHOBIIEHO, MO BHUKOPHCTAaHHSI
6araroenementaux (TiIMO)N- i (TiSi)N-mapie mpu GaratomapoBoMy Iu3aiiHi TOKPHUTTIB JJO3BOJISIE TOCSTTH
BHCOKOTBEPJOTO CTaHy 3 BHCOKOIO aIre3iHOI0 MIIHICTIO 1 TapHUMH TPHOOJOTIYHUMH XapaKTePUCTHKaMHU.
Haii6inpm Bucoki BmactuBocTi (TBepmicte — 34,8 I'lla i aaresiiima mimmicts — 166,09 H) Oymm mocarHyTi B
MOKPUTTAX, oTpuMaHuX mpu Uy = -200 B i1 ToBmuHI mapy 80 HM, U SKUX XapaKTepHa BeTHMYNHA MAaKPOHAMPYKCHD
crucky 7,85 I'Tla i mikponedopmarii — 0,75%.



