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Summary. The study describes the properties of the protective coating deposited on the surface of the
reaction-sintered silicon carbide and molybdenum disilicide. The technology of increasing the protective ability
of the coating of products deposited on the surface on the basis of reactive sintered carbide of silicon and
molybdenum disilicide, which operate in an oxidizing environment at high temperature and a sharp change of
thermal regime, is investigated. The obtained results showed that the presence of a protective slip layer
significantly increases the stability of the deposited silicoboride coating, thus blocking the interaction of silicon
hexaboride with the environment, slowing down almost all diffusion processes at the transition of the interaction
of diffusion. It has been established that the simultaneous use of both diffusion and slurry coatings enables
maximum protection of reaction-sintered ceramic materials based on silicon carbide and molybdenum disilicide
against high-temperature gas corrosion. The developed coating ensures maximum resistance to repeated changes
in temperature conditions, while cyclic changes destroy products of silicon carbide and molybdenum disilicide
without applied protective coating. The proposed protective coating can be recommended for the protection of
reaction-sintered ceramic materials operated in high temperatures.
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Statement of the problem. Modern technological methods of processing reaction-
sintered ceramic materials based on silicon carbide and molybdenum disilicide do not provide
protection at high temperatures during operation. The protective properties of reaction-sintered
ceramic materials can be significantly increased by using a diffusion-slip coating. However, it
is necessary to take into account the action of the aggressive environment in which the coating
will be operated and the diffusion processes that take place at the boundary «coating-slip layer»
[1, 2, 3].

Analyses of available investigations and publications. Chemical-thermal treatment
involves various areas of improving technological processes and physical-mechanical
and chemical properties of reaction-sintered ceramic materials based on silicon carbide
and molybdenum disilicide [1, 4]. Products based on silicon carbide and molybdenum disilicide
possess low resistance to high temperature operation, to high temperature oxidation, which
leads to the destruction of bonds between ceramic grains and to the loss of material strength
[5]. A promising way to solve this problem is to study the properties of the protective coating
applied to the surface of the reaction-sintered ceramic materials based on silicon carbide and
molybdenum disilicide. It is possible to increase heat resistance and ensure the use of products
based on silicon carbide and molybdenum disilicide in harsher operating conditions by applying
new compositions of protective mixtures on the surface of ceramic materials [6, 7, 8].

Objective of the paper — is to develop a technology that increases the protective
ability of the coating applied to the surface of products based on reaction-sintered silicon
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carbide and molybdenum disilicide, which operate in an oxidizing environment at high
temperatures and sudden changes in thermal regime.

Research results and their discussion. Studies of the stability of the multilayer coating
on the reaction-sintered silicon carbide and molybdenum disilicide in argon at temperatures of
1200-1500°C (for silicon carbide) and 1500-1800°C (for molybdenum disilicide) found that
silicon hexaboride does not interact with applied protective coating, according to the results,
the interaction is so small that it can be neglected. The micro-X-ray spectral analysis of the
near-surface protective layers of silicon hexaboride and silicide oxide coating and the diffusion
coating-slip layer transition did not reveal the presence of new phase formations [9]. The
calculations showed that the decrease in the specific weight loss (Ag) of samples with a
multilayer protective coating applied to the surface occurs 3—4 times slower than samples
without coating and 1.5-2 times slower than samples with applied silicoboride protective layer.
The specific weight gain decreases gradually and can be described by a linear law, which means
that the use of diffusion-slip protective coating virtually stops weight loss. Diffusion processes
on the surface of the protective silicoboride coating are inhibited. The inertness of refractory
oxides inhibits the high diffusion activity of silicon and boron atoms.

The obtained results showed that the presence of a protective slip layer significantly
increases the stability of the applied silicoboride coating, while blocking the interaction of
silicon hexaboride with the environment. As a result, almost all diffusion processes at the
transition of the interaction of the diffusion and liqueur layers are inhibited.

Significant phase and structural changes in the silicoboride coating are observed during
high-temperature oxidation. These changes can be minimized by applying a slurry layer of
refractory oxides on the surface of the diffusion coating. Therefore, it was of interest to
investigate the heat resistance of the proposed multilayer coating on a reaction-sintered ceramic
base in the temperature range of 1400-1500°C for silicon carbide and 1500-1650°C for
molybdenum disilicide. The kinetic oxidation process can be determined by the effect of the
total inertness of refractory oxides to aggressive oxygen atoms.

To assess properly the importance of using a coating to protect reaction-sintered ceramic
materials against high-temperature destruction, it is necessary to take into account the results of
parametric studies [10]. The dependence of the specific weight loss of samples of silicon carbide
and molybdenum disilicide on the heat resistance parameter is shown in table 1.

Table 1

Influence of temperature on specific weight loss (4g) of silicon carbide and molybdenum
disilicide samples (t = 4 h)

SiC

Coating Heating temperature, °C
1200 1300 1400 1500
diffusion-slip 0.26 0.31 0.38 0.52
diffusion 0.52 0.77 1.01 1.23
without coating 0.96 1.38 1.64 1.98

. MoSi;

P::gz?;'ge Heating temperature, °C
1500 1600 1700 1800
diffusion-slip 0.21 0.29 0.34 0.39
diffusion 0.38 0.51 0.62 0.68
without coating 0.77 0.97 1.24 1.52
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During the studies, samples of reaction-sintered silicon carbide were weighed before
and after the tests, which made it possible to determine the change in specific weight gain due
to gas corrosion. Studies have shown that there are processes of slow weight gain of reaction-
sintered samples of silicon carbide throughout the temperature range (table 2). The intensity of
oxidation increases sharply when the temperature reaches 1500°C or more. The following is
observed, white gas of silicon oxide (SiO) begins to be released over the surface of silicon
carbide samples, and pores and cracks are formed directly in the places of its exit. With
increasing evaporation intensity at a temperature of 1550°C, the diffusion-slip coating begins
to lose its self-healing properties. Studies have shown that there is a catastrophic destruction of
the composite coating and burnout of the base of the reaction-sintered ceramic material. In our
opinion, this is due to the high diffusion activity of silicon atoms; and the destruction of
ceramics begins with the depth of the material [11]. The formation of silicon oxide gas occurs
in the material itself, and when it comes to the surface, channels begin to form, through which
aggressive oxygen penetrates from the gaseous medium and the coating begins to lose its
protective properties.

The obtained results have showed that with increasing duration of oxidation processes
from 40 to 160 hours at temperatures of 1450°C and 1500°C there is a gradual increase in the
proportion of samples of reaction-sintered silicon carbide (Table 3). Observations have shown
that at a temperature of 1450°C protective multilayer coating almost completely protects
ceramics against oxidation; and when the temperature rises to 1500°C or more and the duration
of the oxidation process increases, protective diffusion-slip coating begins to lose gradually its
properties. The reaction-sintered ceramic material itself cannot withstand such a load and the
destruction process begins in the middle.

Table 2

Weight gain of silicon carbide and molybdenum disilicide samples
during oxidation (t = 40 h)

SiC
Heating temperature, °C 1400 1450 1500 1550
Specific weight gain, mg/cm? 0.0168 0.0197 0.0216 0.0328
MoSi>
Heating temperature, °C 1500 1550 1600 1650
Specific weight gain, mg/cm? 0.0194 0.0217 0.0325 0.0672

For disilicide molybdenum samples, the analysis of the obtained results shows that the
specific weight gain increases gradually with the increase of temperature during the oxidation
process (Table 2). An increase in temperature above 1600°C causes a high oxidation intensity.
The appearance of white gas begins to be observed above the surface at a temperature of
1650°C, and a further increase in temperature leads to the formation of micropores and cracks,
the coating is intensely exfoliated. As a result, in some areas the coating is separated from the
ceramic base, which causes catastrophic destruction of the protective diffusion-slip coating.

Some areas of the surfaces under study become unprotected during high-temperature
gas corrosion, the process of burning the reaction-sintered ceramic base begins and
molybdenum disilicide becomes completely unsuitable for further use.

The results have showed that with increasing duration of oxidation processes from 40
to 100 hours at temperatures of 1600°C and 1650°C, the weight of ceramic disilicide
molybdenum samples gradually increases (Table 3). The change in specific weight (Ag) can be
described by a linear law, and with increasing exposure, the weight begins to increase very
sharply. At a temperature of 1600°C, a composite coating applied to the ceramic surface is able
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to protect the reaction-sintered molybdenum disilicide against gas corrosion, and at a
temperature of 1650 C there is a gradual and further increasing loss of protective properties of
the proposed multilayer coating.

Table 3

Oxidation kinetics of silicon carbide and molybdenum disilicide samples

SiC, mg/sm?
Heating temperature, °C Test duration, h
40 80 120 160
1450 0.019 0.021 0.027 0.032
1500 0.024 0.038 0.056 0.067
MoSi,, mg/sm?
1600 0.032 0.046 0.054 0.061
1650 0.057 0.088 0.106 0.121

The next step of our research was to conduct micro-X-ray spectral analysis of diffusion-
slip heat-resistant coating. The obtained results have showed that after 12 hours of aggressive
high-temperature oxidation, the concentration of elements applied to the surface of the
protective layer remains virtually unchanged (Table 4).

Table 4

Results of micro-X-ray spectral analysis of the composite coating on the surface of silicon carbide and
molybdenum disilicide

Base Temperature, Concentration of elements, wt %
material °C Si Mo Zr Y Hf Al B
sic before testing 228 | 128 | 1.9 2.5 1.6 1.4 | 56.3
1450 225 | 124 | 19 2.4 1.5 14 | 55.8
MoSi, before testing 247 | 158 | 3.6 3.9 2.3 19 | 47.9
1600 243 | 155 | 35 | 3.8 2.1 1.9 | 476

The next stage of the research was to study the effect of repeated changes in temperature.
The influence of cyclic heating and cooling of ceramic samples on the quality of diffusion-slip
coating during high-temperature gas corrosion was studied. The obtained research results
showed that repeated (for SiC ~ 30 cycles at 1400°C, for MoSi2 ~ 20 cycles at 1600°C, cycle
duration - 8 hours) heating and cooling of reaction-sintered ceramic samples does not impair
the plasticity of the protective coating. These results can be explained by the ability of the slip
coating to self-healing at the sites of cracks and micropores due to the presence of molybdenum
disilicide.

Thus, it can be concluded that the simultaneous use of both diffusion and slip coating
provides the possibility of maximum protection of reaction-sintered ceramic materials based on
silicon carbide and molybdenum disilicide against high-temperature gas corrosion. In addition,
it provides the possibility to withstand multiple changes in temperature as many times as
possible, while cyclic changes destroy products made of silicon carbide and molybdenum
disilicide without a protective coating.

Conclusions. The conducted studies have proved that for the protection of reaction-
sintered ceramic materials based on silicon carbide and molybdenum disilicide, in particular, in
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high-temperature operation, a diffusion-slip coating, which provides a significant increase in
service life of products made of ceramic materials should be used.
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JOCJIIKEHHS BJACTUBOCTEM 3AXUCHOI'O ITIOKPUTTSI,
HAHECEHOTI'O HA IOBEPXHIO PEAKIIIMHO-CIIEYEHUX
KEPAMIYHUX MATEPIAJIIB

Bacuib Kosoammun?®; Irop Bouap?

Tepnoninvcokuii nayionanvnuii mexuiunuii ynisepcumem imeni leana Ilynios,
Tepnonins, Ykpaina
2TepHoninbCoKull HAYIOHATLHUL Ne0a202iYHULl YHisepcumen
imeni Bonooumupa I'namioka, Tepronine, Ykpaina

Peztome. Hasedeno pesynbmamu npogedeHux O0O0CHIONCEHb GIACMUBOCIEN 3AXUCHO20 HOKPUMMS,
HAHeCceH020 Ha NOBEPXHIO PeaKYiliHO-CReYeH020 Kapoiody KpeMHito ma oucuniyudy moniooeny. Memoro npogedenux
excnepumenmis 0y10 ni0GUIEHHs 3aXUCHOT 30AMHOCMI NOKPUMMSA HAHECEHO020 HA NOBEPXHIO UP0DI8 HA OCHOGI
PeaxyiliHo-cneuerHo20 Kapoioy KpemHiio i oucuniyudy mMoniboeny, siKi npayiomsd 8 OKUCTIO8AIbHOMY cepedosuuyi
npu UCOKIU memnepamypi ma pisKiil 3MiHI meniogozo pesxcumy [locniodceHo 0cobausocmi mexHono2iuHo20
npoyecy ni0gueHHs. 3aXUCHOT 30aMHOCII NOKPUMMSL, HAHECEHO020 HA NOGEPXHI0 8UPOOIE HA OCHOBI PeaKyiliHO-
cnewenoeo KapOioy Kpemmuilo i OUCURIYUOY MONIOOEHY, SKI Npayioms Y 8ANCKOMY PelCUMI OKUCTIOBAIbHO20
cepedoguwja Npu BUCOKUX MeMnepamypax ma pi3Kil 3MIiHI napamempie mennosux pedcumis. Ilposedeno
MIKpOpEeHmeeHOCNeKMpaibHuli anaiz nPUnOGEepXHeGUX 3AXUCHUX Wapie 2ekcabopudy KpemHilo ma cuniyuo-
OKCUOH020 nokpumms. Ha nepexoodi ougysiiine nokpumms — wiaikepHui wap He 8UAGLEHO NPUCYMHOCMI HOBUX
@aszosux ymeopenv. Ompumani pe3yromamu NOKA3AAU, WO HAAGHICMb 3AXUCHO20 WITIKEPHO20 Wapy CYMMESO
niosuwye CcmabiibHICMb HAHECEH020 CUNIKoOOpuonoeo nokpumms. Ilpu yvomy 610KyEMbCA 63AEMO0Is
2excabopudy KpemHilo 3 HABKOMUWIHIM cepedosuyeM, 8i00y8acmvcs 3a2aibMy8aHHsA Maudce YCix Oupy3iiHux
npoyeci¢ Ha nepexooi G3aemoolii Ou@ysiunoco ma uwilikepHo2o wapie. Bcmanosneno, wo ooHnouache
BUKOPUCMAHHA OUPY3iliHo20 Ul WNIKEPHO20 NOKpUMMs 306e3neuye MONCIUBICIb MAKCUMATLHO20 3aXUCHLY
DeaKyiliHO-Cne4YeHUux KepamiuHux Mamepianié Ha OCHO8I KapOidy KpeMHilo ma Oucuniyudy moaidoeny 6io
BUCOKOMEMNEPAmypHOi 2a3080i Kopo3ii. Pospobnene nokpumms 3a0e3neuye MAakCuMaibHe SUMPUMYEAHHS
06a2amopazosux 3mMiH MeMnepamypHux pedlcumis, 00HOUAC KOIU YUKATUHI 3MIHU PYUHYIOMb 8upodu 3 Kapoioy
KpeMHII0 ma Oucuriyudy Moniboeny 6e3 HaHeceH020 3axXUcho20 NOKpummsl. 3anpononosane 3axucie NOKPUmMms
MOJICHA PEKOMEHOY8Amu O 3aXUCY PeaxyiiHO-Cne4yeHUx KepamiyHux Mamepianie, wo eKCHiyamylomscs 6
YMOBAX GUCOKUX memMnepamyp.

Knwuoei cnosa: xapbio xpemmuito, oucuniyud moniboeny, 6azamowiapose NOKpummsl, Kepamiuui
Mmamepianu.
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