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The article presents the results of research on the creation of heat-resistant coatings on niobium samples that
provide protection against oxidation in air at temperatures T = 1973 K. Heat-resistant coatings on niobium, obtained
by processing in sodium chloride vapors in powders of the composition of [(20-25)Si+(20-24)ZrSi,+(20-
24)HfB,+(30-35)MoSi,] wt.% at a temperature T =1300 °C for 6 h and subsequent borosilicification, were
approbated. Such heat-resistant coatings provide protection against oxidation in the air for 4...6 h. Complex coating
obtained by applying a layer of 20HfB,+20Mo0Si,+20ZrSi,+16TiB,+8.5Ni+8.5Zr+3B+4Si wt.% slip on the surface
of the niobium sample and subsequent processing in the [(20-25)Si+(20-24)ZrSi,+(20-24)HfB,+(30-35)MoSi,]
wt.% powder composition at T =1300°C for 6 h. The final stage of heat-resistant coating formation was
borosilicification. Such a coating provides protection against the influence of an oxidizing environment for 6...10 h.
Another method of creating a protective layer was the preliminary vanadium of the surface of the niobium sample
followed by complex chemical and thermal treatment. This coating protects against oxidation for 10...12 h.

INTRODUCTION

Refractory metals and alloys are widely used in the
creation of rocket and space technology. This is
explained by the operating conditions of these devices.
But in addition to the influence of both high and low
temperatures, there is also the presence of aggressive
environments. The materials used in the manufacture of
various parts require protection from the effects of
oxidizing environments. Heat-resistant coatings are used
for this. Niobium or alloys based on it are used in the
manufacture of products operating at elevated
temperatures. This is explained by the increased
strength characteristics of such materials, in contrast to
such metals as tungsten and molybdenum. To protect
them from oxidation, one of the most widely used
materials are heat-resistant compounds, such as
molybdenum and tungsten silicides. The influence of
oxidizing media on molybdenum silicide at elevated
temperatures leads to the formation of volatile
molybdenum oxide and silicon dioxide. The last
compound protects the product from oxidation. When
manufacturing components from niobium or its alloys,
in order to create a protective layer on their surface, it is
necessary to form a coating using a two-stage
technology. The formation of a protective coating on
niobium products is carried out by applying a layer of
molybdenum to it, followed by silicification. A layer of
molybdenum on the surface of the product can be
created by ion bombardment condensation (IBC).
Silicification of molybdenum is carried out by the
method of active vacuum diffusion silicon saturation of
the product surface. This method makes it possible to
form a uniform protective layer on products that have a
complex shape, cavities and small-diameter holes [1, 2].
This technique is used in the formation of a heat-
resistant coating on the combustion chambers of
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uncooled low-thrust jet engines. This part has an
asymmetric hourglass shape. In the case when the part
has a hole or a long cavity with a small diameter (less
than 5 mm), it is practically impossible to ensure the
application of a uniform continuous layer of
molybdenum over the entire surface of such a product.
This leads to the impossibility of creating a guaranteed
heat-resistant layer on the surface of such a niobium
product. Therefore, the formation of a heat-resistant
coating on such products is possible only by the method
of vacuum activated diffusion saturation. As it was
established, this method allows forming a protective
coating even on products with an opening of 0.8 mm
[3]. In the case of direct silicification of niobium, a layer
of its silicides is formed. Niobium silicides when
interacting with an oxidizing environment at elevated
temperatures do not provide protection against it. This is
explained by the fact that when oxidizing environments
act at elevated temperatures on niobium silicide, high-
temperature powdered niobium oxide is formed. This
compound prevents the creation of a continuous heat-
resistant layer on niobium, which prevents the
penetration of oxygen into the product. To circumvent
this obstacle, we plan to pre-saturate the niobium
surface with several refractory metals and then perform
vacuum activated diffusion silicification. This approach
will create a surface layer consisting of several silicides
of refractory metals. In this case, niobium silicide will
be only one of the components of the composition of the
surface layer.

The purpose of this work is to create a heat-resistant
coating on niobium only by the method of vacuum
activated diffusion saturation. This coating should
provide protection of this metal against the influence of
oxidizing environments at elevated temperatures.
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MATERIALS AND METHODS

The method of diffusion vacuum activated saturation
was used as the main method of forming a protective
coating. Sodium chloride NaCl was used to accelerate
the process of saturation with the activator. The process
of chemical and thermal treatment was carried out in a
graphite container. Semiconductor purity silicon powder
was used as a saturating medium during vacuum
diffusion silicification. Slurry was used when forming a
heat-resistant coating on samples. It was prepared by
mixing a mixture of powders in a liquid binder. Tsapon
varnish KO-85 was used as such a substance. Slurry was
applied to the surface of the sample by spreading.

The process of forming a protective coating was
carried out on niobium samples. These samples were
100 mm long and 2 mm in diameter. This form of
samples allows to test them for heat resistance in air.
Such a sample was fixed on a special stand. The sample
was heated by direct passage of an electric current, the
temperature of which was determined by a pyrometer
with an accuracy of £100 °C. The heat resistance of the
sample was measured by the duration of its operation
until burnout. In addition, flat niobium samples were
used. These samples were used as witnesses and to
measure the surface composition after chemical and

heat treatment. The surface composition of the flat
sample was determined using X-ray fluorescence
analysis (XFA). The metallographic method was used to
determine the structure of the protective layer. During
the research, one more approach was used — the method
of calculating thermodynamically possible chemical
reactions. This method makes it possible to understand
the mechanism of the formation of the surface layer and
the influence of the parameters of the saturation process
on it.

RESULTS AND DISCUSSION

Complex silicide coatings of the Cr-Ti-Si, Al-Si-Cr,
Mo-Si-B type are usually used to protect niobium and
tantalum. At the same time, coatings are used, the
composition of which includes Mo, Ti, Cr, Ni, Al, Si, B.
According to many authors, preliminary boronization of
the surface of refractory metals before forming a heat-
resistant coating on them helps to increase its resource.
It is not possible to determine the optimal composition
of the heat-resistant layer by calculation, so it is
necessary to use the empirical method of selecting the
appropriate elements. The final stage of processing all
samples is borosilication in a powder with a
composition of 97Si+3B wt.% in the presence of NaCl
steam at a temperature of T = 1300 °C for 6 h.

Table 1
Results of comparative tests of niobium samples with protective coatings on heat resistance at T=1973 K in air
Composition of the . Processing in a mixture in - Heat
No surface before The composition of the NaCl(g) vapor and its Composition of th? resistance,
. the slurry surface after processing
processing, wt.% mode h
Silicification in Si powder .
0, —
1 100%Nb At T=1300 °C, 6 h NbSi, 0.4
Processing in powder (79.7-8.3)Nb+
Egzoozig)))zsrgu . (15.4-18.4)Si+
2 100%Nb - (20-24)H ﬂ32 i (1.3-1.5)Zr+ 4.6
2 0 (0.26-0.29)Hf+
(30-35)MoSi,] wt.% 0.1Mo wt.% and B
at T=1300°C, 6 h ' '
Processing in powder (53.4-60)Nb+
20HfB,+20MoSi,+ | [(20-25)Si+ (4.1-4.9)Si+
20ZrSi,+16TiB,+ (20-24)ZrSi,+ (32.9-38.4)Hf+
0,
3 100%Nb 8.5Ni+8.5Zr+3B+ | (20-24)HfB+ (0.9-1.2)Zr+ 6...10
4Si wt.% (30-35)MoSi, ] wt.% 2.1Mo wt.% and B
at T=1300°C, 6 h
Annealing of samples with
43.1Nb+56.9V | 20HfB,+20MoSi,+ | Slurry in the  mixture
4 |after  applying | 20ZrSi,+16TiBy+ 20HfB,+20MO0Sip+20ZrSi; | 45 3Np+27.9V+9.2Zr+ 10. 12
vanadium V at | 8.5Ni+8.5Zr+3B+ +16T'52:8’5N'+8,5Zf+3'3 8.8Si+7.5Mo+L1.2Ni wt.%
T=1270°C, 7h | 4Siwt% +HSiwt%
at T=1300 °C, 6 h
The samples were
chromium-plated in
80Mo+11.7Re+6.3 | sodium chloride vapor at
0, —
S 100%Nb | giioAl wt% T=1150°C, 6h, then the 6
samples  were boro-
silicated at 1280 °C, 7 h
50M0+20.5Cr+21N [The samples were boro-
0, —_
6 100%Nb i+5.5B+3A wt% _ilicated at 1280 °C, 7 h 8
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The process of activated vacuum diffusion saturation
is carried out in a graphite container in powder filling at
reduced pressure in the presence of sodium chloride
vapor. The container with sodium chloride is maintained
at temperature 790...810 °C. At this temperature, the
saturated vapor pressure of sodium chloride is
1...10° Pa. Therefore, we will consider the chemical-
thermal processes taking place in the reaction container
in this pressure range. Earlier, we established that
sodium chloride vapor does not dissociate at this
pressure up to a temperature of 1600 K. The interaction
of sodium chloride vapor with the saturating
components occurs by means of chemical action.
During silicification, this interaction leads to the
formation of silicon chlorides [4]. Depending on the
conditions of silicification, the ratio of partial pressures
of silicon chlorides can change. At a pressure in the
range of tens of pascals and a temperature of the main
components of the gas saturation medium are the lower
silicon chlorides SiCl, SiCl,. These components form
silicides, when interacting with niobium and other
metals or alloys. In point 1 (Table 1), the result on the
heat resistance of silicified niobium is given. This
treatment of niobium leads to the formation of a layer of
niobium disilicide NbSi, on its surface.

Point 2 (see Table 1) shows the result of vacuum
activated chemical-thermal treatment of a sample of
niobium in  powder [(20-24)Si+(20-24)ZrSi,+(20-
24)HfB,+(30-36)MoSi,] wt.% in  sodium chloride
vapor. The presence of sodium chloride vapor in the
powder of the above composition leads to the formation

of a multicomponent saturating gas medium. The
interaction of the activator vapor with silicon can be
described by chemical reactions 1-3 (Table 2). This
mechanism was previously established using mass
spectrometry methods. The degree of transformation a
is the proportion of the starting substances that have
reacted according to the reaction equation. The result of
this interaction will be silicon chlorides SiCl, SiCl, and
SiCl;. The next component of the powder saturation
mixture is silicon disilicide ZrSi,. The effect of sodium
chloride vapor on silicon disilicide powder ZrSi, can be
described by reactions 4-15 (see Table 2). The results of
this interaction are zirconium chlorides ZrCl, ZrCl,,
ZrCls, ZrCl, and silicon chlorides SiCl, SiCl,, SiCls, and
SiCl,. There is a compound HfB, in the powder filling
and under the influence of NaCl vapors, boron chlorides
and hafnium chlorides HfCl,, HfCl;, HfCl, are formed
(reactions 16-19). The compound MoSis, is also present
in the powder saturation mixture. According to reaction
20 (see Table 2), the formation of dichlorides of silicon
SiCl, and molybdenum MoCl, is possible under the
influence of sodium chloride NaCl vapors on MoSi,. All
these gaseous compounds are present in the reaction
space during activated niobium vacuum saturation. The
effect of all these gaseous compounds on the surface of
niobium leads to the formation of a diffusion layer
containing silicon, zirconium, hafnium and partly
molybdenum and boron. The latter element cannot be
detected by XFA, and its presence was recorded by
X-ray structural analysis.

Table 2

The degree of transformation e for chemical reactions is occurring in the process of formation of protective coatings
on niobium in the reaction space at a temperature of 1573 K

The degree of transformation o at
No The equation of a chemical reaction , pressure P, Pa
10 1

1 NaCl(g) +Si(s)=SiCl(g)+Na(g) 1107 1-107
2 NaCl(g) +1/2Si(s)=1/2SiCl,(g)+Na(q) 2.4-107 1-107
3 NaCl(g) +1/3Si(s)=1/3SiCls(g)+Na(q) 7-10° 2:107
4 NaCl(g)+1/5ZrSi,(s)=1/5ZrCl(g)+2/5SiCl,(g)+Na(g) 3-10° 1.6:107
5 NaCl(g)+1/4ZrSi,(s)=1/4ZrCl,(g)+1/2SiCl(g)+Na(g) 3-10° 24107
6 NaCl(g)+1/6ZrSi,(s)=1/6ZrCl,(g)+1/3SiCl,(g)+Na(g) 8107 3.5-107
7 NaCl(g)+1/8ZrSi,(s)=1/8ZrCl,(g)+1/4SiCls(g)+Na(g) 4-10° 1.3-107
8 NaCl(g)+1/5ZrSi,(s)=1/5ZrCls(g)+2/5SiCl(g)+Na(q) 9-10° 5-107
9 NaCl(g)+1/7ZrSi,(s)=1/7ZrCls(g)+2/7SiCl,(g)+Na(g) 1.5-107 5.9-107
10 NaCl(g)+1/9ZrSi,(s)=1/9ZrCl5(g)+2/9SiCls(g)+Na(g) 7-10° 2.2:107
11 NaCl(g)+1/11ZrSi,(s)=1/11ZrCl5(g)+2/11SiCl,(g)+Na(g) 4-10° 1.1-107
12 NaCl(g)+1/6ZrSi,(s)=1/6ZrCl,(g)+1/3SiCl(g)+Na(q) 1.3-107 6-107
13 NaCl(g)+1/8ZrSi,(s)=1/8ZrCl,(g)+1/4SiCl,(g)+Na(qg) 1.9-107 6.6:107
14 NaCl(g)+1/10ZrSi,(s)=1/10ZrCl,(g)+1/5SiCls(g)+Na(g) 9.1-107 2.6:107
15 NaCl(g)+1/12ZrSi,(s)=1/12ZrCl,(g)+1/6SiCl,(g)+Na(g) 5.2:107 1.3-107
16 NaCl(g)+1/4HfB,(s)=1/2BCI(g)+1/4HfCl,(g)+Na(qg) 2:10° 1.5-107
17 NaCl(g)+1/5HfB,(s)=2/5BCl(g)+1/5HfCl;(g)+Na(q) 5.4-10° 3-107
18 NaCl(g)+1/6HfB,(s)=1/3BCl(g)+1/6HfCl,(g)+Na(g) 3.2:10° 1.4-107
19 NaCl(g)+1/9HfB,(s)=2/9BCl5(g)+1/9HfCl5(g)+Na(g) 3.6:107 1.1-107
20 NaCl(g)+1/6MoSi,(s)=1/6MoCl,(g)+1/3SiCl,(g)+Na(qg) 2.3-107 1107

To accelerate the processes of diffusion saturation,
we used the introduction of a liquid phase on the surface
oa the treated niobium samples. The process of
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diffusion saturation through the liquid phase and gas
medium at reduced pressure will differ. When
considering the liquid phase containing the saturating
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element and the gaseous medium phase, the ratio of
concentrations per unit of treated surface will be
different. The concentration of the saturating element in
the liquid phase will be several orders of magnitude
higher than in the gaseous medium. But it is necessary
to take into account the mobility of atoms in these
environments. The mobility of the atoms of the
saturating element in the liquid phase is usually lower
than in the gaseous medium. But it can be assumed that,
under certain conditions, the process of diffusion
saturation through an interlayer from the liquid phase
will be better than the formation of a diffusion layer in a
vacuum. This is possible if the process of diffusion
saturation occurs through a layer of a liquid medium
that has a small thickness. In this case, rapid mass
transfer of atoms of the saturating element will take
place. When choosing the materials of the liquid layer
used in the formation of diffusion coatings, there are a
number of restrictions that must be observed. It is
desirable that this liquid medium removes the oxide
layer from the surface of the substrate and does not
dissolve it. Components of the liquid phase should not
form strong chemical compounds with saturating
elements, which can prevent their diffusion into the
substrate. Saturating elements must dissolve in the
liquid phase; otherwise there will be no mass transfer of
these substances to the treated surface. As a source of
the liquid phase, we use aluminum, copper and
eutectics, with a melting temperature lower than the
temperature of the chemical-thermal treatment of the
samples. This is, for example, a nickel-boron eutectic.
Point 3 (see Table 1) presents the method of
processing niobium samples using a slurry. To the
powder mixture of the composition
20HB,+20M0Si,+20ZrSi,+16 TiB,+8.5Ni+8.5Zr+3B+4Si
wt.% add a solvent — tsapon varnish KO-85. This liquid
consistency is applied to the surface of the niobium
sample. This sample is placed in a powder filling of the
composition [(20-24)Si + (20-24)ZrSi, + (20-24)HfB, +
+(30-36)MoSi,] wt.%, which it is annealed in sodium
chloride vapor at a temperature of T=1300 °C for 6 h.
Nickel, boron and silicon are included in the slurry.
With the ratio of the quantities of nickel and boron,
these components form a liquid medium at a
temperature of T=1300 °C. This is confirmed by the
appearance of the surface of the samples after chemical
and thermal treatment. From the composition of the
saturating powder mixture, it follows that the gas
environment during the chemical-thermal treatment will
be similar to that which took place in the process

indicated in Table 1, point 2. The gas saturating
environment will contain silicon, zirconium, hafnium
and boron chlorides. The introduction of a liquid phase
into this process will contribute to the mass transfer of
these elements. In addition, the slurry layer is located
close to the surface of the sample. It can also help speed
up the process of creating a diffusion layer.

Below, Fig. 1 shows the structure of the Nb sample
with a protective coating obtained according to point 3
of Table 1. A layer of 20HfB, + 20MoSi, + 20ZrSi ,+
+16TiB,+8.5Ni+8.5Zr+3B+4Si wt.% was applied to the
surface of the niobium sample. After that, this sample
was placed in a powder filling of the composition
(25Si+22ZrSi,+22HfB,+31Mo0Si,) wt.% and annealed
in sodium chloride vapor at a temperature of T=1300 °C
for 6 hours. The final stage of forming a heat-resistant
coating on this sample was its borosilication at a
temperature of T=1300°C for 6 h. During vacuum
activated borosilication, in addition to silicon chlorides,
boron chlorides BCI, BCI,, BCl; are present in the
saturating medium. The presence of boron chlorides
during interaction with the treated surface leads to the
introduction of boron into the resulting diffusion layer.
Under the influence of oxidizing environments on such
a surface layer, a heat-resistant coating is formed,
consisting of silicon oxide, SiO,, and boron oxide. This
composition better tolerates thermal changes that affect
this coating.

Fig. 1 shows that the heat-resistant layer consists of
at least 4 layers. Its total thickness is more than 150 um.

Fig. 1. Cross-sectional structure of the Nb sample
processed according to point 3, Table 1

Table 3

The degree of transformation o of chemical reactions occurring during vacuum activated diffusion vanadiation
niobium in the reaction space at a temperature of 1543 K

The degree of transformation a

No The equation of a chemical reaction at pressure P, Pa
10° 1

1 NaCl(g)+V(s)=VCI(g)+Na(g) 1-10° 1-107
2 NaCl(g)+1/2V(s)=1/2VCl,(g)+Na(g) 58107 0.24
3 NaCl(g)+1/3V(s)=1/3VCl,(g)+Na(g) 4.1-10° 1.3-107
4 VCI(g)+1/2Nbh(s)=1/2(NbV)(solid solution)+1/2\V/Cl,(g) 0.999 0.999
5 VVCI(g)+4/5Nb(s)=4/5(NbV)(solid solution)+1/5VCls(g) 0.976 3-107
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Item 4 (see Table 1) presents the result of creating a

heat-resistant  coating using activated vacuum
vanadiation.  Table 3  below shows the
thermodynamically  possible  chemical  reactions

occurring in the niobium vanadiation process.

Vanadium with chlorine forms 5 chlorides, but
under the given conditions of chemical and thermal
treatment, the main components of the gaseous
saturation medium will be the compounds VCI, VClI,,
and VCl; which are formed in accordance with
reactions 1-3 in Table 3. These gaseous compounds
interact with the niobium surface. As follows from the
data obtained by XFA method, the surface layer of
niobium samples after vanadium has a composition of
43.1Nb+56.9V. Fig. 2 shows a cross-section of a
niobium sample after vanadium. The surface of niobium
has an outer thin layer, 6...7 pm thick, and below it an
area 60...80 um wide, which has a hardness of about
1 GPa, increased compared to the base, the hardness of
which is about 0.8 GPa. This indicates that the selected
method can be used to form a multicomponent layer of
several refractory metals on the surface of niobium pro-
ducts. After that, a layer of 20HfB,+20MoSi+20ZrSi,+
+16TiB,+8.5Ni+8.5Zr+3B+4Si wt.% was applied to the
surface of the samples.

KA od ) A {5,

Fig. 2. Photomicrograph of the cross-section of a
niobium sample after activated vacuum vanadiation
treatment at a temperature of T=1270 °C for 7 h [5]

This sample with a layer of slurry was placed in a
powder  filling with a  composition of
20HfB,+20M0Si,+20ZrSi,+16TiB,+8.5Ni+8.5Zr+3B+
+4Si wt.% and annealing was carried out in sodium
chloride vapor at a temperature of T=1300 °C or 6 h.
The surface layer formed on niobium has the
composition shown in Table 1. After this treatment, the
surface contains, in addition to niobium and vanadium,
zirconium, molybdenum, nickel and silicon. But the
final stage of formation is borosilication of the samples
at a temperature of T=1300 °C for 6 h. This final stage
of forming the protective layer is performed to convert
surface components such as niobium, vanadium,
zirconium, molybdenum and nickel into their
compounds with silicon.

Table 1 in point 5 shows another result regarding the
formation of a heat-resistant coating. A layer of
80Mo+11.7Re+6.3Si+2Al wt.% was applied to the
surface of the niobium sample. After that, the sample
was placed in chromium powder and the process of
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diffusion vacuum saturation in sodium chloride vapor
was carried out. The next stage of formation of the
protective layer is borosilicification at a temperature of
T= 1280 °C for 7 h. And the last stage of creating this
heat-resistant coating is borosilicification in a powder
with a composition of 97Si+3B wt.% at a temperature of
T=1300 °C for 6 h. In this method of forming a heat-
resistant coating, aluminum Al was introduced into the
composition of the slurry. This component exists in
liquid form at the surface layer formation temperature.

A 50M0+20.5Cr+21Ni+5.5B+3Al wt.% slurry layer
was applied to the surface of the niobium samples, item
6, Table 1. After that, these samples were borosilicated
at a temperature of T=1280 °C for 7 h and then again
borosilicated at a temperature of T=1300 °C for 6 h. A
small amount of aluminum was introduced into the
composition of the slurry. At the aforementioned
processing temperatures, aluminum is in liquid form.
Such a surface layer on niobium provides protection of
the metal against oxidation in air at a temperature of
T=1973 K for 8 h.

CONCLUSIONS

1. The method of activated vacuum diffusion
saturation makes it possible to form a surface layer on
niobium containing several elements at the same time.
After silicification of this surface, a diffusion layer is
formed on it, which consists of several silicides. And
only a part of them is a combination of niobium and
silicon.

2. To form a heat-resistant coating, you can use
slurry, which is applied to the surface of the sample.
After that, the sample undergoes vacuum diffusion
saturation with silicon or other elements.

3. It has been established that the introduction of
components into the slurry, which at the temperature of
the process of forming a protective coating, form a
liquid medium, which contributes to the acceleration of
the process of creating a diffusion layer.

4. It was established that when using slurry and the
method of vacuum activated diffusion saturation, a
multi-component and multi-layered structure is formed
when forming a heat-resistant coating. As
metallographic studies have shown, the coating obtained
in this way consists of several continuous and non-
porous layers that are firmly bonded together.

5. Using as a criterion the degree of transformation o
under the conditions taking place in the reaction space,
the main chemical reactions were established. These
reactions describe the mechanism of saturation of the
niobium surface with vanadium, hafnium, zirconium,
boron and silicon depending on the pressure in the
reaction space.
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JOCJII)KEHHSI ITPOLIECIB ®OPMYBAHHS )KAPOCTIMKUX ITOKPUTTIB
JJIAA BAXUCTY HIOBIIO BIJ BIIVIUBY
OKHUCHMX CEPEJOBUII ITPU NIIBUINEHUX TEMIIEPATYPAX

C.I. Pyoenvkuit, B.1. 3miit, P.B. Kpusowanka, M. ®. Kapues, O.0. Kopuees, O.B. Kynuenko, 10.B. Kynuenko,
T.I1. Pusicosa, 1.A. JIawenxo, M.FO. bpeoixin

HaBeneHo pesynbTaTé JOCHIDKEHb 31 CTBOPEHHS JKapOCTIMKMX TOKPUTTIB Ha 3pa3kax 3 HioOilo, IIo
3a0e3MeuyroTh 3aXUCT BiJl OKUCIICHHs Ha TOBITpI mpu Temneparypi T=1973 K. Bynu anpoGoBani kapocTiiiki
MOKPHUTTS Ha HioO0il, oTpuMaHi 0OpPOOKOI Yy Mapax XJOPHCTOro HaTpiro y moporukax ckiany [(20-25)Si+(20-
24)ZrSi,+(20-24)HfB,+(30-35)M0Si,] mac.% mpu Ttemmeparypi T=1300°C nportsirom 6 rox Ta HACTYIHOTO
OopocuimitoBaHHs. Taki KapoCTifiki MOKPUTTS 3a0e3MMedyIOTh 3aXWCT BiJ OKHCICHHS Ha IMOBITPI HPOTATOM
4..6ron. KowmmekcHe TOKpUTTS OTpUMaHe 3a JONOMOIOK HAaHEeCCHHs MIapy [UIKepy CKIaxy
20HfB,+20M0Si,+20ZrSi,+16TiB,+8,5Ni+8,5Zr+3B+4Si Mac.% Ha moBepXHIO 3pa3ka 3 HIO0i0 Ta MMOAANBIIOL
06po6ki y mopomky ckiaaxy [(20-25)Si+(20-24)ZrSi,+(20-24)HfB,+(30-35)M0Si,] Mac.% mpu  T=1300 °C
MOPOTSTOM 6 TOA. 3aBEepIIaTbHOIO CTAAi€l0 POPMYBaHHS KAPOCTIHKOTO MOKPHUTTS Oynmo OopocwiimiroBaHHs. Take
HOKPUTTs 3a0e3Medye 3aXUCT BiJ BIUIMBY OKHUCHOTO ceperoBHina mpotsroM 6...10 rox. llle omauM Metonom
CTBOPEHHSI 3aXHCHOrO wIapy OyJlo NonepeJHe BaHAMIIOBAaHHS IOBEPXHI 3pa3ka 3 HIoOil0 1 MOJAJIbLIOD
KOMIUIEKCHOIO XIMIKO-TE€pMi4HOI0 00po0Ko0. Take NOKPUTTS 3aXUIac Bia okucieHHs npotrsirom 10...12 rox.

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Nel (149) 163



