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Abstract. The work describes the constitution of the composition for processing ceramic materials, made
of reaction-sintered silicon carbide and molybdenum disilicide. The conditions of the technical and technological
process of processing non-metallic ceramic materials depending on the composition of silicide and boride powder
mixtures were studied and analyzed. It has been established that the improvement of the operational
characteristics of powder mixtures for silicification and boronization can be achieved with the help of a complex
activator. On the basis of the conducted research, the optimal composition of the mixture is proposed, which
ensures high-quality saturation of the treated surface and almost doubles the diffusion saturation with silicon and
boron. It was also established that different compositions of silicide and boride mixtures can be used to intensify
the process of processing ceramic materials in a saturating environment. Diffusion saturation of ceramic materials
is recommended to be carried out using titanium hydride, which ensures the required saturation speed and high
quality of the treated surface. The research results showed that the proposed compositions of mixtures for
silicification and boronization can be recommended for processing products based on reaction-sintered silicon
carbide and molybdenum disilicide materials used for the manufacture of electric heaters and various structural
elements of high-temperature equipment.
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1. INTRODUCTION

Existing technologies for the processing of reaction-sintered ceramic materials, such as
silicon carbide and molybdenum disilicide, do not provide effective protection against high
temperatures during operation. The presence of harmful impurities leads to a significant
deterioration in the performance of these materials. In addition, the saturation capacity of the
working mixtures (silicides and borides) used to process such materials is very low, which
makes it impossible to use them effectively.

In the field of chemical and thermal treatment, modern technologies are used to improve
the quality and properties of reaction-sintered ceramic materials based on silicon carbide and
molybdenum disilicide [1-8, 13, 14]. Products with such a composition have certain
disadvantages, such as insufficient resistance at high temperatures, susceptibility to oxidation,
loss of strength, etc. One of the promising ways to solve these problems is to improve
technologies that enhance the physical, mechanical and chemical properties of these ceramic
materials. The use of new compositions of mixtures for siliconisation and boronisation
processes can help to increase operating temperatures and make them more resistant to severe
operating conditions.

The objective of this study is to increase the saturation capacity of silicide and boride
compositions used to process products made using reaction-sintered silicon carbide and
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molybdenum disilicide. These products can be used in oxidising environments at high
temperatures and significant changes in thermal conditions.

2. EXPERIMENTAL METHODS

The compositions of mixtures obtained by the authors for the technological processing
of sintered ceramic materials made of silicon carbide and molybdenum disilicide are classified
as chemical and thermal treatment in powder metallurgy and can be recommended for use in
the electronics industry and the production of electrothermal devices.

3. RESULTS AND DISCUSSION

Siliconisation process. The most common composition of the siliconizing mixture for
products contains silicon and an inactive filler and is carried out in a vacuum (~1300 Pa) at a
temperature of 1200-1250°C [9, 16]. Although this composition has its advantages, it also has
a number of disadvantages, including the possibility of sintering the mixture and burning it to
the surface of the product, as well as the use of mixtures with a high silicon content (over 80%).

The technical result that is closest to the described one is a composition for siliconising
products [10], which includes the following components: silicon (Si) in the range of 60 to 80 per
cent; sodium fluoride (NaF) in the range of 5 to 10 per cent; the rest is aluminium oxide (Al.O3), at
a temperature of 1150°C. Among the disadvantages of this mixture composition are the high
consumption of silicon and sodium fluoride, as well as the high cost of the mixture. Therefore, there
is a need to find ways to improve the processing of reaction-sintered ceramic materials.

The goal is achieved by adding additional components to the mixture used for silicon
carbide and molybdenum disilicide siliconisation. Titanium hydride is added to this
composition, which already contains silicon, sodium fluoride and aluminium oxide, in the
following proportions (by wt%): silicon (Si) — 40 to 60; sodium fluoride (NaF) — 1 to 5; titanium
hydride (TiH2) — 5 to 10; aluminium oxide (Al20s) — the rest.

In the proposed powder mixture, each component performs its own function: silicon acts
as a silicate agent, sodium fluoride and titanium hydride act as activators that significantly boost
the diffusion saturation process, and aluminium oxide (which is an inert filler) stops the
sintering of the main components of the mixture and prevents them from being bonded to the
surfaces of the ceramic base.

In this process, components such as silicon (Si), sodium fluoride (NaF) and titanium
hydride (TiH2) are used in powder form with a grain size of up to 100 microns, while aluminium
oxide (Al>03) powder has a grain size ranging from 40 to 80 microns.

When using the powder mixture for the first time, all components are thoroughly mixed
to obtain a homogeneous mass. Diffusion silicification of reaction-sintered ceramic materials
using this mixture composition is carried out in thermal chamber furnaces with an air
environment in special containers made of heat-resistant steel.

For diffusion saturation, samples of silicon carbide (SiC) and molybdenum disilicide
(MoSi>), were used, which had the following dimensions: length 20 mm; diameter 6-8 mm.
Quartz sand, glass with a softening point of 950-1050°C, and asbestos cardboard 1-2 mm thick
were used to pack the top of the container. Before the diffusion saturation procedure, the
container was packed in the following sequence. A uniform layer of the mixture of components
about 20 mm thick was poured onto the bottom of the container, and then the silicon carbide
and molybdenum disilicide samples were inserted vertically into this layer of the mixture with
a distance of about 5-7 mm between them and 15 mm to the container walls. The specimens
were completely covered with the mixture and compacted at the same time, ensuring that the
thickness of the mixture layer above the top edge of the specimens was at least 30 mm. After
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the mixture was poured, an asbestos gasket was placed on top of the 30—40 mm thick layer of
sand, which was then compacted. A 20-40 mm thick layer of glass was placed on top of the
sand and the container was sealed. After that, the container was put in a thermal chamber
furnace and heated to a temperature of 1100°C. The duration of the technological process of
diffusion saturation of reaction-sintered ceramic samples was within eight hours.

After completion of the diffusion saturation process, the container was cooled to 20°C
together with the oven, after which it was unpacked and the powder mixture was separated from
the samples on a sieve. It is recommended to use the working mixture several times, so it was
stored in a sealed container to prevent contact with moisture.

The authors of previous studies [11] found that the technological processes of diffusion
silicon saturation of silicon carbide and molybdenum disilicide using NaF are slow, and an
increase in the process duration (over 8 hours) and activator concentration (over 3%) leads to
sintering of the working mixture particles to the surfaces of the tested samples, and in some
studies it was found that the mixture itself was sintered. After diffusion siliconisation, the
samples of reactive sintered silicon carbide and molybdenum disilicide become light grey in
colour. The use of a complex activator (sodium fluoride + titanium hydride) accelerates the
process of diffusion saturation twofol

Table 1

Results of applying a complex activator for siliconisation.

Specific weight gain, mg/cm?
Material composition composition .
composition «Cx» prototype
«ay «by
SiC 6,4 9,3 10,7 4,6
MoSi> 11,5 16,8 18 9,9

The powder mixture is kept active before each reuse by adding 0.5% sodium fluoride
and 1% titanium hydride. This mixture can be used between 8 and 10 times.

The following compositions of powder mixtures (percentage by weight) were used in
the study:

a) silicon (Si) — 40; sodium fluoride (NaF) — 1; titanium hydride (TiHz) — 5; aluminium
oxide (Al203) — the rest;

b) silicon (Si) — 50; sodium fluoride (NaF) — 3; titanium hydride (TiH2) — 7; aluminium
oxide (Al203) — the rest;

c) silicon (Si) — 60; sodium fluoride (NaF) — 5; titanium hydride (TiH2) — 10; aluminium
oxide (Al203) — the rest;

d) silicon (Si) — 80; sodium fluoride (NaF) — 10; titanium hydride (TiH.) — 5; aluminium
oxide (Al203) — the rest (prototype).

According to the findings of the study, it was established that the use of combined
activators for diffusion silicification of ceramic materials made of silicon carbide and
molybdenum disilicide can almost double the saturation capacity of silicide mixtures.

The proposed technology has a number of advantages compared to the prototype:
reduced diffusion saturation time (by 1.5-2 times), a 50°C reduction in heating temperature,
and significant savings in electricity and materials, in particular, silicon and sodium fluoride.

Such compositions of powder mixtures can be effective in the diffusion saturation of
reaction-sintered ceramic materials, as well as for refractory metals used in the production of
various structural elements for high-temperature equipment.

Technological process of boriding. The process of diffusion saturation of metals and
alloys with boron is used to increase their surface hardness and wear resistance. For this
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purpose, powders are used, including amorphous boron, borax, boron carbide, ferroboron,
nickel boron, and their combinations [10, 15]. The most common among these components are
amorphous boron and boron carbide.

For boronizing refractory metals, a powder mixture containing boron carbide, an inert
diluent and a salt of borofluoric acid is often used, which acts as a process activator. This
process is usually carried out in heat-resistant containers with fusible links [12].

The composition of the mixture for boronisation of ceramic products, which contains large
amounts of boron carbide (B4C) and aluminium oxide (Al.O3), is similar to the process described
above. However, it differs from the prototype in that it is carried out under vacuum (~1300 Pa) at a
heating temperature of 1400 °C. The disadvantages of this mixture composition include a large loss
of boron carbide and high energy consumption.

The purpose of the proposed technology is to increase the saturation capacity of the
boride mixture. This goal is achieved by introducing titanium hydride into the mixtures during
the technological process of boronizing ceramics made of silicon carbide and molybdenum
disilicide containing amorphous boron, sodium fluoride and aluminium oxide. Their ratio can
be as follows: 20-40%; 1.5%, 5-10%, the rest is aluminium oxide.

The components perform important functions: amorphous boron serves as a diffusing
agent, sodium fluoride and titanium hydride play the role of activators, while aluminium oxide
(which is an inert additive) prevents the components of the mixture from sintering and sticking
to the surfaces of the materials being processed. In addition, amorphous boron, sodium fluoride
and titanium hydride are typically used in the form of powders with a grain size of up to
100 microns, while aluminium oxide powder has a grain size of 40-80 microns.

Before using the proposed mixture, the components should be mixed until a
homogeneous consistency is obtained. To carry out the technological process of diffusion
boridining of silicon carbide and molybdenum disilicide using this mixture, air thermal
chamber furnaces were used, and the components were in special containers made of
heat-resistant steel.

The samples of silicon carbide and molybdenum disilicide materials had the following
dimensions: length — 20 mm, diameter — 6-8 mm. The technological process also involved the
use of quartz sand, glass with a softening point of 950 to 1050°C and asbestos cardboard with
a thickness of 1-2 mm. The packaging of the diffusion boron container was carried out in the
same way as for diffusion siliconisation (see above).

After the mixture has been placed, the container is sealed by any known method, using
fusible closures. The sealed containers are then placed in a thermal chamber furnace, which is
heated to a temperature of 1100°C, and the diffusion saturation process lasted 8 hours.

When the container is heated, the oxidation of amorphous boron begins, leading to the
formation of B2O3 suboxide, which transports boron to the surface of ceramic samples. At the
same time, amorphous boron reacts with sodium fluoride to form boron fluorides (BFs, BF>).
These compounds react with the surface of the ceramic samples to form atomic boron, which
then diffuses into the base. Titanium hydride decomposes under the influence of heat, forming
a reducing gas environment that restores oxide films on the surface of ceramic samples. Boron
hydrides are also formed, which help transport boron to the substrate. Thus, the joint
interaction of oxygen, halogen and hydrogen transfer of boron, as well as the reduction of
oxide films present on the surface of ceramic samples, can significantly increase the
efficiency of the technology of boron plating ceramics from reaction-sintered silicon carbide
and molybdenum disilicide.

At the end of the treatment process, the container and the oven are cooled to a
temperature of 20°C. After that, unpack the container and separate the powder mixture from the
samples using a sieve. To prevent possible contact with moisture, the test mixtures must be
stored in an airtight container.
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Silicon carbide and molybdenum disilicide samples acquire a light grey colour after
diffusion hardening. The use of a complex activator (NaF i TiH2) doubles the speed of the diffusion

saturation process, which is confirmed by the results of the authors' studies (see Table 2).

Table 2

Results of the use of a complex activator for boriding.

Specific weight gain, mg/cm?2
Material composotion composotion composotion
«ay «by «C» prototype
SiC 2,23 4,51 6,18 1,74
MoSi» 5,35 7,2 9,43 3,42

The results of the research showed that the constant activity of the powder mixtures is
maintained before each reuse by adding 0.5% sodium fluoride and 1% titanium hydride. Such
mixtures are recommended for use from 8 to 10 times.

The following compositions of the powder mixture were used (in mass percentage):

a) amorphous boron — 20; sodium fluoride — 1; titanium hydride — 5; aluminium oxide —
the rest;

b) amorphous boron — 30; sodium fluoride — 3; titanium hydride — 7; aluminium oxide —
the rest;

c¢) amorphous boron —40; sodium fluoride — 5; titanium hydride — 10; aluminium oxide —
the rest;

d) boron carbide — 90; aluminium oxide — the rest (prototype).

The analysis of the obtained results confirms that the use of a combined activator during
diffusion boroning of reaction-sintered ceramic materials based on silicon carbide and molybdenum
disilicide provides a double increase in the saturation capacity of the boride mixture.

4. CONCLUSIONS

The proposed technological process of silicification has a number of advantages over
the prototype:

- the duration of the diffusion siliconisation process is reduced by half;

- reduction of the heating temperature by 50 °C;

- significant energy efficiency;

- reduced consumption of powder components such as silicon and sodium fluoride.

The developed diffusion boron technology also has advantages over the prototype:

- reduction in the duration of the diffusion boriding process by 1.5 times;

- significant energy efficiency, as the heating temperature is reduced by 300 °C;

- the powder mixtures can be used for diffusion boron saturation of reaction-sintered
ceramic materials, as well as for refractory metals used in the manufacture of various structural
elements of high-temperature equipment.
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CKUIAA CYMIHLII JIA CUJITOIIOBAHHSA TA BOPYBAHHSA
BHUPOBIB I3 KAPBIAY KPEMHIIO TA AUCHJIIIAAY MOJIIBIEHY

Bacuib Kosoammun'; Irop Bouap?

Tepnoninvcoxuii nayionanvnuii mexuiunuii ynieepcumem imeni leana ITynios,
Tepuonins, Ykpaina
2 Teproninbcobkutl HaYioHanbHULl nedao2iynull yHisepcumem
imeni Bonooumupa I'namioka, Tepnonine, Yxkpaina

Peztome. Onucano ckiad Komnozuyii 0nsi 0OpoOKU KepamiyHux Mamepianié 3 peaxyitiHo-CneyeHo2o
Kapoiody kpemmuito ma oucuniyudy moniooeny. Icuyroui mexnonocii 0151 06poOKU Peaxyitino-cneueHux Kepamiunux
mamepianie, maxkux, K Kapoio KpemHiio ma Oucuniyuod mMoniboeny, He 3abesneyyoms eQexmusHo20 3axucmy 6io
BUCOKUX Memnepamyp ni0 uyac excniyamayii. Haaenicmev wKioaueux OOMIWOK NPU3800uUmMs 00 3HAYHO2O
No2IpuLenHs eKCNIyamayiinux Xapaxmepucmux yux mamepianis. Kpim mozo, nacuuysanvha 30amuicmes pooouux
cymiwtent (Cuniyuonux i GOPUOHUX), Wo BUKOPUCMOBYIOMbCS 051 0OPOOKU MAKUX Mamepiania, € dyice HU3bKOIO,
Wo YHeMONCIUBNIOE iX epexmusHe euxopucmauua. JlocniddceHo ma NpOAHANI308AHO YMOBU MEXHIKO-
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MEeXHON02IUHO020 npoyecy 0OPOOKU HeMemAale8ux KepamiuHux Mamepianie 3a1edicHo 6i0 CKAady CUNYUOHOI ma
00pudHOi nopowikosux cymiuel. Bcmanoeneno, wo niosuyenHs eKxCiyamayitiHux Xapaxmepucmux HOpouLKOUX
cymiwieli Onsl CURIYIIOBANHS MA OOPYSBAHHS MOJICHA O0CASMU 34 OONOMO20I0 KOMNIEKCHO20 akmueamopa. Ha
OCHOBI NPogedenux 00CiONCeHb 3aNPONOHOBAHO ONMUMATLHUTL CKAAO CyMiui, AKull 3a0e3neuyec 8UCOKy AKiCmb
HacuwenHsi 06poON06AHOT NOBEPXHI ma matdice YO8iui NPUCKOPIOE OUQY3iUHe HACUYEHHS KPeMHIEM I GOpOM.
Takooic 6cmanosieHo, wjo 05 inmeHcugikayii npoyeccy 00poOKU KepamMivHUX Mamepianie y HACUYY8aiIbHOMY
cepedosuwli MONCHA GUKOPUCMOBY8AMU PI3HI CKIA0U CUNiYUOHOI ma 6opuonoi cymiwel. Judysiine HacuueHHs.
KepamiuHux Mamepianié peKoMeHOYEMbCA NPOBOOUMU 3 BUKOPUCAHHAM 2i0pudy mumawy, wo 3abesneuye
HeoOXiOHy WBUOKICIMb HACUYEHHST ma GUCOKY SKicmb 006pobniosanoi nosepxwi. Pezynomamu docridocens
NOKA3AU, WO 3aNPONOHOBAH] CKIAOU cymiuteli O CUNIYII08AHHA MA OOPYBAHHA MONCYMb OYMU PEKOMEHO08AHI
07151 00poOKU BUPODIE HA OCHOBI PeaKYIUHO-CReYeHUX KapOiOOKpeMHIC8UX I OUCUTIYUO-MOTIO0EHOBUX Mamepiais,
WO BUKOPUCTOBYIOMbCA 0I5l BULOMOBTICHHSA eleKIMPOHAZPI8ayie ma PisHOMAHIMHUX KOHCMPYKYIUHUX eleMeHmi8
BUCOKOMeEMNEPAMyPHO20 00NAOHANHS.

Knrouosi cnoea: cuniyirosanns, Oopysanus, KapOi0 KpemHuilo, OUCULIYUO MONIOOeHY, KepamiuHi
Mmamepianu.
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