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Review

Aliaksandr Ph. Ilyushchanka, Andrey I. Letsko, Oleg O. Kuznechik, Mikalai M. Parnitski*,
Yury A. Reutsionak, Tsimafei A. Nikalaichuk

State Scientific Institution “O. V. Roman Powder Metallurgy Institute”,
41, Platonov St., 220005, Minsk, Republic of Belarus

ANALYSIS OF EXISTING METHODS AND ADDITIVE TECHNOLOGIES
OF 3D PRINTING WITH POLYMER-CERAMIC MATERIALS

Abstract. This article presents a comprehensive analysis of additive 3D printing technologies using polymer-ceramic
composites (PCCs). Particular attention is paid to the advantages, limitations, and prospects of these materials use in medi-
cine, aerospace, and electronics. Additive manufacturing methods applicable to PCCs are systematized, including fused
deposition modeling (FDM), stereolithography (SLA), and lithography-based ceramic molding (LCM). A detailed review
of commercial and experimental compositions is presented, along with optimal filler content ranges, printing parameters,
and post-processing modes. Comparative data demonstrate that the introduction of ceramic additives improves mechanical
strength, thermal stability, and functional properties, but is accompanied by technological challenges such as increased
material viscosity, abrasive nozzle wear, and shrinkage during sintering. An analysis of current industrial implementations
confirms the growing potential of PCCs for biomedicine, energy, and high-tech industries. Polymer-ceramic composites produced
using additive manufacturing methods offer a unique combination of polymer processability and ceramic performance. Despite
technological challenges, advances in material formulation, equipment design, and digital integration are rapidly expanding
the scope of PCC applications. Further optimization of formulations, printing parameters, and hybrid manufacturing methods
will accelerate the transition of polymer-ceramic 3D printing from laboratory research to large-scale industrial use.

Keywords: additive manufacturing, 3D printing, polymer-ceramic materials, composites, FDM, SLA, LCM, cera-
mic-filled polymers
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AHAJIN3 CYIIECTBYIOIIUX METOJIOB U AAJATUBHBIX TEXHOJIOT UM 3D-MEYATH
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AHHoTauus. [IpoBenieH BCECTOPOHHMI aHANINU3 aJJUTHBHBIX TEXHOJIOTUH 3D-neyaT moauMepHO-KepaMU4eCKUMU KOM-
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Introduction. The transition to additive manufacturing (AM) technologies and, in particular,
to 3D printing is one of the key areas of the fourth industrial revolution (Industry 4.0). These methods
significantly expand design freedom, allow prototypes and small-scale production of products in short
terms [1-6]. Unlike traditional methods such as injection molding, machining, stamping, etc., 3D printing
forms a product “from the bottom up” by successively building up the material, which reduces the volume
of waste and, in some cases, simplifies logistics and warehouse operations [1; 2; 6; 7].

In recent years, special attention has been paid to the use of composite materials in 3D prin-
ting. Among them, a special place is occupied by polymer-ceramic composites (PCC), which com-
bine the advantages of a polymer matrix — manufacturability, relative low cost, ease of recycling —
and the properties of ceramic fillers (high hardness, resistance to wear and aggressive environments,
heat resistance) [8—12]. Such materials are in demand in the aerospace industry, medicine, electronics,
power engineering and other areas where a combination of high-performance characteristics and a rela-
tively small weight is required [13—16]. At the same time, the technology of additive manufacturing with
polymer-ceramic materials requires solving a number of scientific and engineering problems. For example,
it is necessary to ensure uniform distribution of the ceramic filler in the polymer matrix, optimal
adhesion between the phases, and also to determine the optimal printing modes (temperature, extrusion
speed, etc.) in order to avoid pore defects, delamination, microcracks [17-20]. The complexity of the pro-
cess may increase with the desire to increase the proportion of ceramics, which often leads to an increase
in the viscosity of the raw material, abrasive wear of the equipment and the complication of post-
processing modes [12; 17; 20; 21]. This article is an overview of modern methods of additive manufactu-
ring with polymer-ceramic materials, describes the key manufacturers and developers of such compo-
sites, considers examples of implemented polymer-ceramic compositions and products made from them,
and compares the properties of the resulting materials. The problems and prospects for further research
are considered [22].

Classification and advantages of additive technologies. Additive manufacturing in general inclu-
des more than a dozen different methods that can be systematized by a number of features. According
to ASTM F2792-12a' [11; 23; 24], 3D printing technologies are divided into 7 large classes. The main
ones are briefly presented below:

1. Extrusion (Material Extrusion). This class includes:

— Fused Deposition Modeling (FDM) or Fused Filament Fabrication (FFF) is the most common
technology for extruding molten thermoplastic polymers;

— Paste Extrusion is the extrusion of viscous pastes containing ceramic powders and binders.

2. Photopolymerization (Vat Photopolymerization). This includes:

— Stereolithography (SLA) is the curing of a photopolymer with a laser in a bath;

— Digital Light Processing (DLP) — curing with light from a DLP projector;

— Continuous Liquid Interface Production (CLIP) — continuous curing of photopolymer.

3. Powder Bed Fusion:

— Selective Laser Sintering (SLS) and Selective Laser Melting (SLM) — laser sintering/melting
of powder.

4. Ink jet printing (Material Jetting, Binder Jetting):

— Binder Jetting — drop-by-drop application of a binder onto a powder layer;

— Material Jetting — forming a product from a photopolymer using drops.

5. Lamination (Sheet Lamination):

— Laminated Object Manufacturing (LOM) — layer-by-layer gluing of sheet materials (paper, poly-
mers, metals).

6. Directed Energy Deposition (DED) — feeding metal powder or wire into the laser or electron beam
zone, more often used for metals.

7. Hybrid Approaches — a combination of different methods (e.g. powder feed + extrusion).

Of all the diversity in the context of polymer-ceramic composites (PCC), the most widely used tech-
nologies are FDM (FFF) and photopolymerization (SLA/DLP), as well as stereolithographic approaches

" ASTM F2792 12a. Standard Terminology for Additive Manufacturing Technologies. ASTM International, West Con-
shohocken, PA, 2012. URL: https:/www.astm.org/f2792-12a.html (date of access 02.09.2025).
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to creating purely ceramic products (LCM), which can also be adapted for PCC. The reason is that these
methods are most convenient for introducing a ceramic phase in the form of microparticles/nanoparticles
[25-29].

The main advantages of additive manufacturing using PCC [1; 2; 4; 10; 11; 22; 28; 31] are:

— the ability to create products of complex shapes with internal channels, porous structures, etc.;

—reducing waste during production and simplifying design;

— a wide range of product properties due to variation in the fractional composition and concentration
of the ceramic filler;

— potentially lower cost of small-scale batches compared to traditional casting and pressing methods.

The main limitations associated with the use of PCC [11; 19; 20; 22; 25; 28; 29] in 3D printing are:

— the need to select a recipe (polymer + ceramics + binders and plasticizers) to ensure good proces-
sing during printing;

— the effect of a high ceramic content on the viscosity of the melt, equipment wear;

— post-processing (burning out the binder, sintering) can lead to significant shrinkage and the appea-
rance of defects if the modes are not debugged.

In addition, the number of ready-made filaments or suspensions with a high ceramic content is still
limited, which complicates the mass implementation of the technology. However, the growing number
of studies and implementations of PCC in industry (aviation, medicine, energy) allows us to predict
the rapid development of this area [17; 28; 33; 34].

Polymer-ceramic materials for 3D printing. These materials are multiphase systems in which the
continuous phase (matrix) is a thermoplastic or thermosetting polymer, and the dispersed phase is a ce-
ramic powder. Such powders can be single-phase (for example, aluminum oxide Al,Os, zirconium oxide
Zr0O,) or complex (mixtures of several oxides, nitrides or carbides) [8; 10; 19]. Most often, the polymer
matrix consists of common thermoplastics: ABS (acrylonitrile-butadiene-styrene), PLA (polylactic
acid), PETG (polyethylene terephthalate glycol), PA (polyamide), PEEK (polyether ether ketone), PEI
(polyetherimide), etc., which determine the range of printing temperatures and the main mechanical
properties [8; 10; 11]. The addition of ceramics improves rigidity, heat resistance, wear resistance and
other characteristics. However, these fillers increase the material density and viscosity, complicating
processing and often reducing impact strength and ductility [9; 12; 17; 20].

The main requirements for the feedstock are:

1) optimum particle size of the ceramics (usually 1-10 um, or < 1 um). Particles that are too large
may cause nozzle blockages and structural inhomogeneity, while particles that are too small may cause
increased viscosity and agglomeration [19; 20; 28];

2) compatibility. Chemical inertness of the polymer to the ceramics, no reactions at elevated tem-
peratures [10; 11; 22];

3) uniform mixing. Mixers such as twin-screw extruders or planetary mixers are used to ensure
homogenization of the composition [17; 22; 37; 38];

4) stability of the filament (or suspension) during storage: delamination, precipitation of the ceramics,
thickening, etc. [19; 25; 39].

If these conditions are met, it is possible to obtain high-quality ceramic-filled filaments for FDM
(FFF) 3D printing, pastes or photopolymer resins for SLA/LCM [17; 25; 29].

Currently, the most well-known manufacturers of polymer-ceramic materials are the following
companies:

— Lithoz (Austria) — LCM technology and LithaCore photopolymer suspensions based on Al,O;, ZrO,
and Si;N,. Contain up to 50 vol.% ceramic powder and require multi-stage binder burnout (up to 800 °C)
followed by sintering at 1500—1600 °C [25; 29];

— 3DCeram (France) and other SLA/LCM manufacturers — photopolymer suspensions for printing
technical ceramics (alumina, zirconia, hydroxyapatite) are used for medical and aerospace applications
[25; 28];

— Admatec' (Admaflex, Netherlands) — line of equipment and suspensions based on Al,O, and ZrO,
for DLP/LCM. Contains 40—50 vol.% powder, burns out the binder and sinters at 1500—1600 °C [25];

" ADMAFLEX Technology: [overview] / VoxelMatters. 2023. URL: https://www.voxelmatters.com/additive-manufac-
turing/am-technologies/what-is-admaflex/ (date of access 02.09.2025).
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— Nanoe/Zetamix' (France) — a series of filaments based on PLA or PA12 with zirconium oxide (ZrO,),
aluminum oxide (Al,O5) or hydroxyapatite. The materials are designed for FDM printing; after binder
burning at ~ 500 °C and sintering at 1300—1500 °C, dense ceramics are obtained [34];

— Tethon 3D* (USA) — the porcelite resin combines a photopolymer binder with porcelain powder;
after curing and sintering (1200—1300 °C) shrinkage is below 20 %;

— Nanovia® (France) — high-temperature PA12-based filaments with 30-35 vol.% SiC or other cera-
mic fillers are extruded at 240-260 °C and sintered at 1600—1750 °C [51].

Research institutions (MIT, Fraunhofer Institute, Tomsk Polytechnic University, etc.) are also con-
ducting research on creating new formulations, improving processing and mechanical properties of PCC
[28; 29; 33; 34].

Table 1 provides examples of commercially available and experimental polymer-ceramic compositi-
ons used in FDM and SLA/LCM, along with their fabrication methods and recommended heat treat-
ment regimes.

Table 1. Examples of polymer-ceramic compositions for 3D printing

Ceramic Printing Production method /
Manufacturer Material/Composition Technology content, |temperature, References
vol.% oC Heat treatment

Admatec | Al,O; + photopolymer DLP - - Photopolymer suspension / [25]
Admaflex photopolymer burnout 200—-600 °C;
130 pre-annealing at 500 °C (1-2 h);
intermediate heating 600-1400 °C;
sintering 1500—1600 °C;
shrinkage: 15-25 %
Nanoe ZrO, + polymer FDM 50 180-200 Filament extrusion / [11; 17;
(Zetamix) thermal debinding up to 500 °C; 28; 34]
sintering 1400-1500 °C;
shrinkage: 20-25 %
Lithoz LithaCon LCM Up to 60 - Photopolymer suspension / [19; 25;
(A1,04/Zr0O,) bond burnout 200-600 °C; 29; 47]
pre-annealing at 500—800 °C
to prevent defects;
sintering 1500—1600 °C;
shrinkage: 15-25 %
Tethon 3D Porcelite DLP ~55 - Photopolymer resin / [25]
(porcelaincompound) photopolymer burnout 200-600 °C;
intermediate heating 500-1100 °C;
sintering ~ 1200-1300 °C;
shrinkage: 15-20 %
Nanovia HTPAI12 + SiC FDM/ FFF | 30-35 | 200-220 | Filament extrusion / polymer burnout | [47; 51]
200-425 °C;
holding at 425 °C for 240 min;
sintering 425-2050 °C;
(A1/N2) shrinkage: 10-15 %
Own PLA +SiC FDM ~30 210-220 |Filament extrusion / additional grinding; | [18; 33;
research™ polymer burning-out 200-500 °C; 42; 51]
sintering 1800-2100 °C;
(argon or nitrogen) shrinkage: 15-25 %

* Example of experimental compositions developed in research laboratories.

The analysis of the presented data shows that for each type of polymer-ceramic material, the method
of mixture preparation and the uniformity of filler particle distribution are of key importance [10; 11; 22; 28].
The particle size of the ceramics has a significant effect on adhesion to the polymer matrix: smaller par-
ticles (< 10 pm) provide a larger contact area and better adhesion, but increase the viscosity of the melt

! Zetamix White Zirconia datasheet // Zetamix. 2020. URL: https:/zetamix.fr/wp-content/uploads/2026/01/Datashect-
Zetamix-White-Zirconia.pdf (date of access 02.09.2025).

% Tethon 3D. Porcelite 3D printing resin datasheet. 2019. URL: https:/www.tethon3d.com/porcelite (date of access 02.09.2025).

3 Nanovia. SiC — Silicon carbide (FFF filament) datasheet // Nanovia.tech. 2023. URL: https:/nanovia.tech/en/ref/nano-
via-cr-sic/#:~:text=Nanovia%20SiC%20%3A%?20Silicon%20carbide (date of access 02.09.2025).
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a b

Examples of printed samples: a — samples produced by FDM from PLA + Al,O;;
b — samples produced by LCM from a ZrO, suspension

[19-21]. The use of preliminary drying of granules and powders before extrusion helps to avoid defects
associated with the presence of moisture [19; 20; 32; 39; 43—46]. As can be seen from the presented data,
with an increase in the mass fraction of the filler, the modulus of elasticity and the operating temperature
increase, but at the same time shrinkage during sintering increases [9; 17; 20; 25; 28; 29]. Experimental
work shows that the optimal ratio of ceramics to polymer depends on the printing technology: for FDM,
20-35 vol.% of filler is usually used [9; 17; 22; 38; 39], and for SLA/LCM — up to 50 vol.% [25; 28; 29].
Increasing the ceramic content above 40 vol.% requires careful optimization of the composition and the
use of additives to improve adhesion [19; 25; 28]. Figure a shows test samples for mechanical testing
printed via FDM method from pure PLA and ceramic-filled PLA + Al,O; [9; 17]. Figure b shows
complex geometric parts for medical prostheses manufactured using LCM technology from a zirconium
oxide suspension (Lithoz materials) [13; 25; 29].

As demonstrated in [9; 17] the addition of ceramic fillers to polymer matrices leads to a noticeable
improvement in flexural strength and stiffness already at moderate filler contents of approximately 20—
30 wt.%, which corresponds to roughly 7-12 vol.% depending on the densities of the components. These
values therefore describe the initial strengthening region of polymer—ceramic composites rather than the
concentration range typical for highly filled feedstocks used in additive manufacturing. However, it is
important to maintain a balance between the filler content and the technological efficiency of the print-
ing process. Below, we will consider the main technologies and manufacturers of polymer-ceramic ma-
terials for 3D printing, which have become widespread at the time of writing this paper.

Fused deposition modeling (FDM) technology. In FDM 3D printing with polymer-ceramic filament
[17; 37-39; 43—-45], it is important to consider the following:

— elasticity of the filament — threads that are too fragile or overloaded with ceramics break during
feeding;

— melting/glass transition temperature — should match the selected polymer matrix (PLA, ABS,
PA12, etc.);

— printing speed and layer height — have a strong effect on interlayer adhesion and strength of the fini-
shed product;

— nozzle wear resistance — ceramics (Al,O5, SiC) have an abrasive effect, it is recommended to use
hardened or carbide nozzles.

All these factors determine the quality of the resulting products. Subsequent removal of the polymer
bond “debinding” and sintering (1200—1600 °C) of the ceramic framework allows obtaining virtually
pure ceramic products [17; 29; 34].

Table 2 summarizes typical FDM printing parameters for ceramic-filled filaments (various materials).
The table shows that operating temperatures are usually 10-30 °C higher than for “pure” polymers due
to the increased viscosity of the ceramic-filled melt. Increasing the temperature ensures smoother extru-
sion, but can accelerate matrix degradation [38; 39; 44—46].

It is also important to consider nozzle wear: ceramic particles (Al,O5, SiC) have high hardness and
can quickly destroy brass or steel nozzles, so nozzles made of hardened materials (coated steel, tungsten
carbide) are recommended [38; 39].
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Table 2. Parameters of FDM printing with ceramic-filled filaments

Filament composition Print temperature, °C Speed, mm/s Infill, % References
PLA + Al,O, 180-210 20-40 40-80 [9; 17]
PLA + SiC 220-240 20-40 40-80 [18; 42]
PLA + Si;N, 220-230 30-50 50-80 [7]
ABS + ALO, 230-250 30-50 40-80 [10; 38]
ABS + Montmorillonite 230-240 25-40 50-70 [36; 38]
PA12 + SiC 200220 20-35 60—-80 [36], footnote 3 on p. 11
PEEK + Hydroxyapatite (HAP) 230-240 25-40 50-90 [48; 49]

Research presented in [9; 17; 20; 39; 42; 47] shows that bending strength can increase by 30—50 %
compared to the original polymer with the introduction of 20-30 wt.% (7-12 vol.%) Al,O,, ZrO, or SiC,
but this reduces impact toughness. Further increase in filler loading results in a sharp rise in melt visco-
sity, reduced impact toughness, and deterioration of extrusion processability. The experimental data
of the presented works show that the optimal printing speed is in the range of 20—40 mm/s, and the layer
height of 0.15-0.30 mm provides better interlayer adhesion and product density [44—46]. Additional op-
timization of 3D printing parameters allows reducing defects, increasing mechanical strength and ensur
uniform distribution of ceramic particles in the product structure [35; 37; 39].

Stereolithography (SLA) technology. This technology is based on point (or line-by-line) curing of a lay-
er of liquid photopolymer with a laser beam [27; 41]. To create polymer-ceramic materials, ceramic
nanoparticles or microparticles are added to the resin, and the resin itself is modified with surface-active
and photoinitiating additives, which ensure stable distribution of the filler [19; 25; 28; 29]. To obtain
a ceramic product, the part successively undergoes the process of burning out the polymer bond
and sintering the ceramic frame. It is important to take into account shrinkage, which reaches 15-25 %
depending on the ceramic content [25; 28; 29].

Advantages of SLA [25; 28; 41]:

— highest precision: the layer thickness can reach 25—50 pm, and in some cases — up to 10 pum;

— high surface quality;

— possibility of creating complex geometry and hollow structures.

Limitations of SLA [19; 25; 28; 29]:

— high cost of photopolymers and equipment;

— requires protection from UV radiation and safety precautions when working with toxic com-
ponents;

— the viscosity of the suspension increases sharply when filling above 40 %, which complicates curing.

After printing, the product goes through the following stages [25; 28; 29]:

— cleaning from uncured resin;

— thermal removal of the polymer binder (debinding);

— sintering of the ceramic frame at temperatures up to 1500—1600 °C.

Despite its limitations, SLA technology remains one of the leading ones for precision 3D printing
of PCC in medicine (dentures, ceramic crowns, bridges), electronics (housings, substrates), manufactur-
ing of jewelry molds, complex prostheses, etc.

Lithography-based Ceramic Manufacturing (LCM) technology. LCM is a further development
of SLA/DLP technologies, specially adapted for ceramic compositions. The difference is in the use
of a DLP projector or LED sources in the blue range (about 460 nm) and more advanced exposure systems
(step-and-repeat or scrolling), which allows for uniform curing of highly filled materials [25; 28; 29; 41].

The main stages of LCM printing with polymer-ceramic materials [25; 28; 29]:

1. The platform is immersed in a bath with a photosensitive suspension containing ceramic particles.

2. The projector (or LED module) exposes the layer.

3. The platform is lifted, a new layer is applied.

4. After construction, the entire 3D part is cleaned of unwashed suspension.

5. Next, the polymer binder is burned out, followed by sintering (1400-1600 °C) of the ceramic
framework [28-29].
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The main advantages of the technology [25; 28; 29] are:

— high precision — resolution down to the micron level is possible;

— homogeneity of the structure due to thorough dispersion and the ability to cure thin layers;

— suitable for refractory technical ceramics (Al,O5, ZrO,, Si;N,, HAP, etc.);

— possibility of obtaining virtually pure ceramics by burning out the binder;

— integration into the industrial cycle, especially for small batches.

The limitations of this technology [25; 28; 29] are similar to those of SLA:

— high cost of equipment and consumables;

— sensitivity to dispersion disturbances — can lead to defects during sintering;

— step-by-step heat treatment is required, often in several stages: binder burning out (200—600 °C),
preheating (600—900 °C), sintering (1400—1600 °C).

Lithography-based Ceramic Manufacturing occupies an important place among the technologies
of 3D printing of PCC, especially in the production of products with precision geometry and high
density. Systems from Lithoz and Admatec are successfully used for the production of bone implants,
dental structures (crowns, bridges), substrates in microelectronics and parts of gas turbine engines.
Thus, LCM technology is one of the most promising for the creation of high-precision ceramic products,
but requires careful preparation of the suspension and strict adherence to all stages of curing and heat
treatment [13; 25; 28; 29].

Table 3 presents generalized data on the properties of polymers with various ceramic fillers.

Table 3. Comparison of properties of polymers with different ceramic fillers

Matrix + Filler ]::/ltl.;r) ??;Tl‘;l/? str:rleg)t(}lll,ri}lPa mo(]lsul;ius:,l cGPa Procpers(;?;l; trlr(l)entilods Pecularities References
PLA +AL,O; [~20-30 wt%| 50-70 3.5-4.5 Extrusion (FDM), Moderate biocompatibility, [9; 17;
post-bake relatively easy to print 20; 34]
600—-800 °C (opt.)
ABS + AL,O, |~25-30wt%| 40-60 4.0-5.0 Extrusion (FDM), Increased stiffness (E), | [10; 22; 36;
post-bake improved heat resistance; 38; 39]
700-900 °C possible drop in impact
strength; higher printing
temperature; more difficult
extrusion
PA12 + SiC ~20vol.% 60-80 5.0-6.0 Extrusion (FDM), Good wear resistance, [42; 47; 51]
sintering up to ~1200 °C | more difficult extrusion
(experimental)
Photopolymer+ [~ 25-30 vol.%| 70-90 5.5-7.0 | SLA photopolymer resin, High precision, [19; 25;
Al 04 photopolymer burnout, full transition 29; 28]
sintering 1400—-1500 °C to ceramics possible
Photopolymer | 50-60 vol.% | 80-100 | 7.0-10.0 LCM photopolymer Properties close to pure [13; 24;
ZrO, + HAP suspension, LED curing, ceramics are achieved 25; 28]
firing, sintering
1500-1600 °C
HTPA + AL,O; | 25-30 vol.% 45-65 4.5-5.5 |FDM extrusion, thermally| Improved heat resistance, [20; 34]
stable matrix, post-fire | experimental formulations
600-800 °C
Porcelite (SLA)| ~ 40 (vol.% 50-60 4.0-6.0 SLA, photopolymer Smooth surface, [25; 28; 29]
not specified) resin + porcelain powder, | suitable for prototyping
sintering ~ 1300 °C

Comparison of the properties of various combinations of polymers and fillers shows that for com-
posites based on PLA + Al,O;, ABS + Al,O4/TiO,, PA12 + SiC, photopolymers with Al,O; and ZrO,
(Lithoz, Admatec), as well as HTPA + Al,O; filaments, an increase in the ceramic content (20—-50 vol.%)
increases the flexural strength and elastic modulus [9; 17; 20; 22; 25; 29; 34; 47]. At the same time,
the operating temperature of the materials increases, which makes them promising for high-tempe-
rature applications [9; 36; 47]. However, excessive filler content (> 40—50 vol.%) reduces impact
strength and complicates the extrusion process. Twin-screw extruders and surface-active additives
are used to improve particle dispersion, which reduces agglomeration and increases structural
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homogeneity (for PLA + Al,O,, for PA12 + SiC) [17; 22; 47]. Experiments also show that Lithoz
and Admatec photopolymer resins make it possible to achieve high precision of products with 50 vol.%
ceramics while maintaining strength properties, but require multi-stage heat treatment (burning, heating,
sintering) [25; 28; 29; 19].

Development prospects and trends. From all of the above, the following can be noted: 3D printing
of PCCs opens up wide opportunities in various industries, but requires further research and optimiza-
tion. The most relevant areas are:

1. Optimization of filament and resin compositions. Development of new binders and dispersion me-
dia for higher ceramic filling, improved adhesion and minimization of agglomerates [19; 20; 25; 33; 34].

2. Increasing the filler share. Achieving 50—-60 % in FDM remains a complex task requiring special
additives and high temperatures [17; 22; 37; 38; 39].

3. Equipment improvement. Development of extruders with ceramic nozzles, real-time viscosity
and temperature monitoring systems [32; 35; 40; 46].

4. Integration into smart factories (Industry 4.0). Digital twins, automated quality control and fast
adjustment of printing parameters [5; 30; 35].

5. Expansion of application areas [11; 13; 15; 16; 28; 29; 30]:

—medicine: individual ceramic bone and dental implants;

— energy: parts for fuel cells, heat exchangers;

— electronics: sensor housings, microcircuit substrates;

— robotics: hinge parts, protective shells.

6. Multi-material printing. Simultaneous printing with polymer-ceramics and metal, creation of gra-
dient structures (Functionally Graded Materials) [22; 24; 49].

7. Environmental aspects. Use of biodegradable matrices (PLA, PHA) with ceramics, recycling
of waste, secondary resources [8; 14; 50].

Thus, the synergy of progress in materials, equipment and digital technologies will make it possible
in the coming years to eliminate many technological limitations and expand the use of polymer-ceramic
composites in additive manufacturing.

Conclusion. Polymer-ceramic composites obtained by additive manufacturing methods represent
a significant step forward in materials science and technology. They allow combining the mechanical,
thermal and chemical resistance of ceramics with the ease of molding polymers, as well as obtaining
parts of complex shapes and internal structures, which was difficult or impossible using traditional cast-
ing and pressing methods.

The most popular technologies for printing PCCs are FDM (for the manufacture of filaments with
20-40 % filling) and SLA/LCM (for high concentrations of ceramics and products with precision geo-
metry). In both cases, it is extremely important:

1. Carefully select the composition, ensuring dispersion of particles.

2. Control the printing parameters (temperature, speed, post-processing).

3. If necessary, carry out debinding (burning out the binder) and sintering to obtain “clean” ceramics.

Given the rapid improvement of equipment and the emergence of new formulations, it is expected
that in the coming years even more companies will enter the market with finished products for polymer-
ceramic printing. This will allow for a wider application of these materials in medicine (for example,
individual crowns, bone implants), aircraft manufacturing (turbine blades, wear-resistant components),
electronics (substrates, antenna components) and other high-tech industries.

Thus, additive technologies of 3D printing with polymer-ceramic composite materials can radically
change the approach to the creation of high-strength, durable and at the same time relatively lightweight
products of complex shape, providing new opportunities for designers and engineers.
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BJIMSAHUE ASOTUPOBAHUS HA CTPYKTYPY
U MEXAHUYECKWE CBOHCTBA YIJVIEPOJHBIX ITOKPBHITUM,
JEI'MPOBAHHBIX HUPKOHUEM U KPEMHUEM

AHHoOTanus. VccienoBaHsl CTPyKTYpHBIE 0COOCHHOCTH U OIIpE/IeIeHbB MEXaHHUECKHE CBOIICTBA KOMIIO3HUIIMOHHEIX yTIIe-
PORHBIX MOKPHITHH, CQOPMHIPOBAHHBIX U3 IIA3MEHHBIX OTOKOB CIIOKHOTO COCTaBa, KOTOPBIE TeHEPHPYIOTCS HMITYIECHBIM
IMEKTPOAYTOBBIM H SIEKTPOUCKPOBBIM HCHAPEHNUEM B MPUCYTCTBHH MOJEKYISIPHOTO a30Ta. KoHIeHTpanus a30Ta B MOKPHI-
THU BapbHPOBAJIACh ITyTEM H3MEHEHHS 3HaUeHHsI ero MapiuaIbHOrO AaBJICHUS B OCTaTOYHOH aTMOcdepe BaKyyMHOH KaMe-
pBl. YCTaHOBIEHO, YTO A30THPOBAHUE NPH MapiuanbHoM AaBiaeHun azora 0,08 Ila yraepoaHbIX HOKPBITHH, TETHPOBAHHBIX
LIUPKOHHEM M KPEMHHEM, IIPUBOANT K YBEIWUYCHUIO TUCHEPCHOCTH, YMEHBIICHUIO UX IIEPOXOBATOCTH M pa3MepOB OTEIb-
HBIX CTPYKTYPHBIX 00pa3zoBaHuil. CpeacTBaMHu pEHTTEHOBCKOH (OTO3IEKTPOHHON CHEKTPOCKONUHU ONMPEAEICHBI 0COOEHHO-
CTH IIPOLECCOB XMMUYECKOT0 B3aMMOJCHCTBHSL. A30THPOBAHUE CIIOCOOCTBYET YBEIHUCHHIO CTENICHU CTPYKTYpPHOH yropsi-
JIOYCHHOCTH SP°-KJIACTEPOB, 0BPA30BAHMIO COSMMHCHMIT Ha ocHOBe CN,, HUTPHIOB IETHPYIONMX YIEMEHTOB H POCTY COOT-
HOILIGHHS SP°/Sp’-THOPHIN3HPOBAHHBIX ATOMOB YIIIEPONA, UTO IPHBONKT K YBEIHUCHHIO HAHOTBEPIOCTH KOMIIO3HIIHOHHEIX
yraeponssix nokpeituit 1o 15,3 I'lla. [loka3ano, yTo oOpa3oBaHue TBEpABIX (a3 Ha OCHOBE KapOUI0B M HUTPHIOB JETHUPYIO-
IIUX DJIEMEHTOB O0YCIOBJIMBAET YBETHUCHHE 3HAYCHUIH KOA(PQUIMEHTOB TPEHUS U 00BEMHOTO M3HAIIMBAHUS KOHTPTEIA
IpU a30THPOBAHUU KOMIIO3ULIMOHHBIX YTIEPOJHBIX MOKPHITHHA. YCTaHOBIEH XUMHUECKHH COCTaB KOMIO3UIIHOHHBIX yTIJIe-
PORHBIX HOKPBITHH, 00eCIICUNBAIOINI ONTHMAIBHOE COYETAaHNE X HAHOTBEPAOCTH U TPHOOTEXHUYECKUX CBOMCTB 3a CUET
HauboJiee BHICOKOI J10JIM KJIACTEPOB HAa OCHOBE CszfN-CBFBSI‘/’I, TpaHCHOPMHUPYIOLINXCS IPH TPEHUU B IpadUT, KOTOPDIit
BEITIONHSIET POJIb TBEPIOH cMa3Ku. [loydeHHbIe pe3ynbTaThl MOTYT OBITH NCIIOIB30BAHEI IPH MOAU(UIINPOBAHNN HOBEPX-
HOCTH MeTaJio00pabaThIBaroONIIero HHCTPYMEHTA U JieTallel CrielinaIn3upOBaHHON OCHACTKH C LIENIBI0 YIyYIIeHUs UX MeXa-
HIUYECKHX XapaKTePUCTUK U YBETHUCHHS CPOKaA HKCILTyaTaIluH.
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INFLUENCE OF HEAT TREATMENT ON THE STRUCTURE AND MECHANICAL PROPERTIES
OF CARBON COATINGS DOPED WITH ZIRCONIUM AND SILICON

Abstract. The structural features and mechanical properties of composite carbon coatings formed from plasma flows
of complex composition generated by pulsed electric arc and spark evaporation in the presence of molecular nitrogen were
investigated. The nitrogen concentration in the coating was varied by changing its partial pressure in the residual atmosphere
of the vacuum chamber. It was found that nitriding of carbon coatings doped with zirconium and silicon at a nitrogen partial
pressure of 0.08 Pa leads to an increase in dispersion, a decrease in their roughness and the size of individual structural for-
mations. The features of chemical interaction processes were determined using X-ray photoelectron spectroscopy. Nitriding
promotes an increase in the degree of structural ordering of sp’-clusters, the formation of compounds based on CN,, nitrides
of alloying elements and an increase in the ratio of sp’/sp>-hybridized carbon atoms, which leads to an increase in the nano-
hardness of composite carbon coatings to 15.3 GPa. It has been shown that the formation of hard phases based on alloying
element carbides and nitrides leads to increased friction coefficients and volumetric wear of the counterface during nitrid-
ing of composite carbon coatings. The chemical composition of the composite carbon coatings has been determined, provi-
ding an optimal combination of nanohardness and tribological properties due to the highest proportion of clusters based
on Csp’~N-bonds, which are transformed during friction into graphite, which acts as a solid lubricant. The obtained results
can be used to modify the surface of metalworking tools and specialized equipment parts in order to improve their mechanical
characteristics and increase their service life.
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BBenenue. B HacTosimee BpeMs yriaepoHble MOKPBITHS HAXOAAT IMIMPOKOE IPUMEHEHHE B pa3iny-
HBIX OTPAaCJIAX IPOMBIIUICHHOCTH (MALIMHOCTPOEHUE U METaNI000pabOoTKa, a3pOKOCMHUYECKasi OTPacilb,
puOOPOCTPOCHHUE, TPOU3BOACTBO U3ACINN MEIULIMHCKOIO Ha3HAUCHM S, SHEPreTHKa U Ap.) Oyaropaps
YHUKaJIbHOMY KOMIUIEKCY (PU3MKO-MEXaHWYECKUX CBOWCTB: HU3KHH K0d(pUIHEHT TpeHus, BRICOKAs
HN3HOCOCTOMKOCTbD, BEICOKAsi MUKPOTBEPAOCTb, IPO3PAUHOCTh B MH(PPAKPACHOM JUANA30HE, XUMHUUECKAs
WHEPTHOCTH, XOpoIIasi 0nocoBMecTUMOCTh [1-3]. CBo#CTBa YyTIAEPOIHBIX CIIOEB 00YCIOBICHBI COOTHO-
IIEHHUEM SP°- U SP° -THOPHIM3HPOBAHHBIX ATOMOB YIIEPOIa, KOTOPOE B 3HAYHTETHHON CTEIICHH OIpe/Ie-
JISIETCS XUMUYECKUM COCTABOM, YCIOBHSIMH B pexxuMaMu (popMupoBaHus MOKpeITHH [1; 4]. OCHOBHBIMH
HE0CTAaTKaMHU YIJIEPOAHBIX MOKPHITUH SBIISIIOTCS BBICOKMM YPOBEHb BHYTPEHHMX HAIPSIKEHUH U rpa-
(uTH3anus npu TeMnepaTypHbIx 3HaueHusX Boime 350—400 °C, mpuBosAIas K CyIIeCTBEHHOMY YXY/-
IIEHUIO0 UX MEXaHUYECKUX CBOMCTB [1; 3; 5].

JlerupoBanue yraepoausix nokpseituii Metamnamu (Ti, Cu, Al, Zr, W) u memerannamu (N, Si) no-
3BOJISIET YIPABISATh UX MEXaHHYECKMMHU CBOMCTBAMHU M TE€PMOCTOWKOCTBIO 32 CUET M3MEHEHHS COOT-
HOILICHHS SP’- H SP’-THOPHIM3HPOBAHHBIX ATOMOB yIIIEPOaa K 00Pa30BAHMS XMMUUECKHX COCAMHEHHUIA
Ha ocHOBe yriepoaa [6—11]. JlerupoBanue yriaepoaHbIX MOKPBITHI MeTallaMi B OOJIBIIMHCTBE CITyda-
€B MPUBOIHT K YBEIHUCHHIO CONCPKAHMS S -THOPHN3HPOBAHHBIX ATOMOB YIIEPOAA 1 CIIOCOOCTBYET
CHIDKEHHIO YPOBHS BHYTPEHHUX HANPSKCHUH, YTy UILICHUIO AT €3HOHHBIX CBOMCTB M CHIDKEHUIO KO3(]-
(uMenTa TpeHus MpH HU3KUX 3HAYEHUSIX KOHIEHTPAIUH Jierupyrouiero anementa [1; 9; 10]. Jlerupo-
BaHHE yIIEPONHBIX TOKPHITHII a30TOM TAK)Ke CIOCOOCTBYET YBETMUCHHIO CONCPKAHUS SP -THOPHIH-
3MPOBAaHHBIX aTOMOB yTIiepoaa u o6pa3oBaHuio coequHeHuii Tuna CN,, a B cilly4yae UCIOIb30BaHUs
B KQUEeCTBE MIPEKYPCOPOB YTIIEBOJOPOIHBIX Ta30B MPUBOJUT K 00pa30BaHUIO a30TCOMIEPIKAIIUX TETEPO-
LUKJINYECKUX COCIUHCHUN (MUPUINH, HUTPUI U AP.), YTO MO3BOJISIET IOBBICUTH MUKPOTBEPIOCTD I10-
KPBITHI, HO BBI3BIBACT yBeNWUeHUE Kod(duureHTa TpeHus Ha Bozayxe [11; 12]. BBenenue B cocras
YITIEPOIHBIX TOKPHITHI KPEMHHS, HA000POT, MO3BOJSACT YBEINUUTH JOTIO SP -THOPHIH3MPOBAHHBIX
aTOMOB yIJIepoJa, CHU3UTh KO3((HUIMEHT TPEHUsI BO BIAKHOW Cpele U IOBBICUTH TEPMOCTOHKOCTH
yriaepoaubix nmokpeituil 1o 500 °C [8; 13]. Kpome sToro, mo muenuio aBTopos [11], B cayuae nerupo-
BaHUS YTJIEPOJHBIX MOKPHITUH a30TOM IMPUCYTCTBHE aTOMOB KpeMHHUs OIOKHMpYyeT o0pa3oBaHHE
Cspl—N—CBﬂ3eI‘/'I. HeoOxoquMo oTMETHTB, YTO COTIIACHO JaHHBIM [11] JernpoBaHmue a30TOM KpEeMHHIA-
YIICPOAHBIX TIOKPBHITUH MPUBOIUT K cTabunuzauun Si—C-cBsi3el, CHUYKaeT MHTEHCHBHOCTH MPOLIeC-
coB TpaduTH3aIMK BO BpeMs OTXKMTA W IO3BOJISIET YBEIWYUTHh TEPMOCTOHKOCTH JAaHHBIX TMOKPBITHH
1o 650 °C. IIpu 5ToM B KauecTBe MpeKypcopa A JOPMUPOBAHUS a30THPOBAHHBIX KPEMHHI-YTIEPOI-
HBIX HOKPBITUH HCHOJB3YIOTCS AUMETHIICHIIAH U rekcaMmeruiaucuiasan [11]. Crexyet oTMETUTD, YTO
JaHHBIE O CTPYKTYpPE M CBOHCTBAaX IOKPHITUI, CHOPMUPOBAHHBIX U3 TBEPIABIX PEKYPCOPOB, NPAKTHU-
YECKH OTCYTCTBYIOT.

Takum oOpazom, onpeneneHue (Ha30BOro cocTaBa M MEXaHUUYECKUX CBOWCTB KOMITO3UIIMOHHBIX
YIJIEPOIHBIX MOKPBHITHH, JETHPOBAHHBIX JIEMEHTAMHM, OKa3bIBAIOIIMMU IIPOTHBOIOIOKHOE BIMSHUE
Ha COTIeP/KAHHE SP°- U SP° -THOPHIN3MPOBAHHBIX ATOMOB YITIEPOJIa, ABISAETCS aKTyaIbHO 3a1adeii, pe-
[IEHUE KOTOPOH MO3BOJIMT PACIIUPHUTH MPEJCTABICHHE O CTPYKTYPOOOPa30BaHUH MMOTU(PA3ZHBIX CUCTEM
Ha OCHOBE yIJIepoJa.

Llenv pabomer — onpeneseHUe BIUSHUS a30THPOBAHUS YTIEPOIHBIX MOKPBITUH, JIETUPOBAHHBIX
[MUPKOHHEM U KPEeMHHUEM, Ha UX MOP(OJIOTHIO, XUMHUECKUH U (Pa30BbIi cOCTaB, MEXaHHMUECKUE CBOM-
CTBa, YCTAHOBJICHHE PEKUMOB (POPMHUPOBAHMUS, 00ECIIEYNBAIOIINX HAan00Iee BEICOKUE (PU3NKO-XHUMHU-
YECKHE CBOMCTBA.

Martepuajabl M1 MeTOABI HCCaeI0BAHUA. A30THPOBAHHBIE YTICPOIHbIE TIOKPBITHS, JISTHPOBAHHEIE
LUPKOHUEM M KpEMHHUEM, ObUIH C(POPMHUPOBAHBI C HCIIOJIb30BAHMEM BaKyyMHOM ycTaHOBKH PVM-D
(OO0 «Bakraitm», Pecniybnuka benapych) Ha KpeMHHEBBIX MOIJIOKKaX MYyTEM OJHOBPEMEHHOI'O pac-
MIBUIEHHS] COCTABHOTO Tpa(uTOBOTO KaTo/la C KPEMHHUEBBIMHU BCTAaBKAMH C TIOMOIIBIO MMITYJIBCHOTO Ka-
TOJTHO-IyTOBOTO ncTouHuKa (3500 nMITyibcoB, HanpshkeHue pa3psiaa 350 B) u anekTpoayroBoro ucra-
penus nupkoHus (Tok 1yru 90 A). Tonmuna nokpeiTuii coctasmia 200-230 um. YacToTa cienoBanus
HMITYJIbCOB MCTOYHHUKA yIJepoaHoil 1ia3mbl paBHsulach 10 ['m. OTkauka B BaKyyMHOH Kamepe OcCy-
mecTBisnachk 10 10~ Ila, 3aTeM JUIs MOy YeHHS a30 THPOBAHHBIX KOMIO3HITHOHHEIX TOKPBITHI B KaMe-
py TopaaBayicss MOJIEKYJISAPHBIH a30T. C IesIbl0 BapbUpPOBaHUSI KOHIEHTPAIIMH a30Ta MOKPBITHS ObLIH
OCaXKAEHBI IIPU Pa3IMYHOM MTapLHAJIBLHOM JaBjeHuH a3ota (Py): 0,01 Ila, 0,04 u 0,08 Ila.
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AHann3 MopQOJIOTHYECKUX OCOOCHHOCTEH a30THPOBAHHBIX YTJIEPOAHBIX MOKPBITUH, JIETHPOBAH-
HBIX [IUPKOHUEM U KPEMHHUEM, OCYIIECCTBISIICS MPH TMOMOINK MporpaMMHoro komriekca Gwyddion
Ha OCHOBE M300pakeHUH (IUIOMAaah CKAaHUPOBAHUS 4 X 4 MKM), TIOTYYSHHBIX CPEICTBAMU aTOMHO-CH-
noBoit Mukpockonuu (ACM) B MONYKOHTAaKTHOM PEXKHMME C MCIOIb30BaHHEM MHUKpockoma Solver Pro
(NT-MDT, Poccus).

XUMHYECKHI COCTaB M CTPYKTYpPa XMMUYECKUX CBA3EH a30THPOBAaHHBIX KOMITO3UIIHOHHBIX MTOKPbI-
THI ObUIM OIPEICICHbI METOJIOM PEHTICHOBCKON (DOTO3IEKTpOHHOM criekTpockonuu (PDIC) npu mo-
MOIIIM PEHTTEHO-3JIEKTPOoHHOTO criekTpomeTrpa PHI Quantera (SImonwmst) mpu Bo30yKICHUU BEIIeCTBa
K, -u3nydenunem anoMuHHs ¢ dHepruei kBaHrta 1486,6 3B n momnocTero 250 Br. Kanubposka ocy-
HiecTBIsIach 1o yriueponnomy nuky Cls (284,8 3B).

@Da30BbIi cOCTaB MOKPHITHH OBLIT U3YYEH CPENCTBAMH CHEKTPOCKOIMH KOMOMHALIMOHHOTO paccesi-
Hust (KP) mpu momomu criektpometpa Senterra (Bruker, ['epmanus): 1auHa BOJHBI BO30YXKIAAIOIIETO
M3JIydeHus — 532 HM, MOIITHOCTD — 5 MBT.

Hanorsepmocts (H) 1 MOyNb yIIpyTocTH (E) a30THPOBAHHBIX KOMITO3UIITHOHHBIX MIOKPHITHH OBLITH
orpezeneHs! Mpu oMoy HaHoTBepaomepa «HanoCkan-4Dy» (TUCHYM, Poccust), ocHameHHOro MH-
JeHTtopoM bepkosuua.

TpuboTexHUYECKHE HUCIBITAHUS TTPOBEICHBI M0 cXeMe «c(hepa — MIOCKOCTh» (MHICHTOP — IIapUK
pamuycom 5 MM u3 3akanieHHou ctanu LIX15). Harpyska cocrasuna 0,392 H, cpeansist CKOpocTh mepe-
memenus — 0,0135 m/c.

Pe3yasTaThl HCCIeI0BAHUS U UX 00CY:KIeHHe. YCTAaHOBJICHO, YTO C POCTOM MapIHaJILHOTO JIaB-
JIeHHs a30Ta B aTMocdepe BaKyyMHOH KaMepbl KOHLEHTPALHMs a30Ta B MOKPHITUU yBEIUYUBACTCS
(Tab. 1), 9To cormacyercs ¢ pe3yJibTaTaMu, MpeacTaBieHHbIMHU B [15]. B 00mmem ciyuae KoHIEHTpanus
UPKOHMS C BO3pACTaHWEM NapIHalIbHOTO JaBJICHUS a30Ta B aTMocdepe BaKyyMHOH KaMepbl H3MEHSI-
ercs HenmuHelHo. [Ipy 3TOM KOHIIEHTpaIUs MUPKOHHS B a30TCOAEPIKAITNX KOMIO3UITHOHHBIX TOKPHI-
THSIX HUKE, a YTIIepo/ia BhIIIe, 9eM B CiTydae MOKPHITHH 0e3 azoTa. JlaHHBIH (akT, BeposTHO, 00YCIIOB-
JieH OoJiee BEICOKHM JIaBJICHHEM B BAKYYMHOM KaMepe ITPU 0CaXKICHUU a30THPOBAHHBIX TOKPHITHH, a 3HA-
YHUT, U3MEHEHHEM peKuMa paboThl CUCTEMBI IEKTPOMAarHUTHOM cenapaluy MOTOKAa METallInYecKOH
TJIa3Mbl, TeHepUPYEeMON CTaIlMOHAPHBIM 3JIeKTPOAYTOBBIM HCTOYHUKOM, U, KaK CJIEJCTBHE, YMEHbIIIe-
HUEM JIJTUHBI CBOOOIHOTO Mpo0era W HEPrur OCAKJAEMBIX YacTUIl ITUpKoHUs. HennneitHoe n3meHe-
HUE KOHIIEHTPAIINN KPEMHUS 00yCIOBIEHO BEPOITHOCTHBIM XapaKTEepOM TOMaIaHus TyTOBOTO paspsiia
B KPEMHHUEBBIC BCTABKH I'PapUTOBOr0 KaTo/ia IMIYJIbCHOTO KaTOHO-IyTOBOTO HCTOYHUKA YTIEPOIHOM
nna3Mel. C yBenndeHneM Py KOHLIEHTpalus KUCIOPOAa B MOKPBITHSAX CHUXKAETCS, YTO, cOraacHo [6],
MOXKeT OBITH 00YCTIOBJIEHO CHUKCHHUEM MOPUCTOCTH U YBEIMUYCHHEM WX TUIOTHOCTH MPH JETUPOBAHUH
A30TOM B MAJION KOHIICHTPaLUH.

Tabnunnoa 1. XumMudecknii cocTaB KOMNO3HIHOHHBIX YIIepoaHbIX mokpeiTHii C + Zr + Si,
c¢(opMHPOBAHHBIX IPU Pa3JHYHOM NAPUHAJbHOM JABJCHHH a30Ta

Table 1. Chemical composition of composite carbon coatings C + Zr + Si
formed at different partial pressures of nitrogen

TMapuunansHoe KoHnnenTpanus 31eMeHTOB B OKPBITHH, aT.%
JlaBJeHue a3oTa, Py, ITa Concentration of elements in the coating, at.%
Partial pressures
of nitrogen, Py, Pa C N Zr Si (6]

- 78,9 - 5,0 1,8 14,3

0,01 79,1 2,5 3,1 1,7 13,6

0,04 81,4 76 0,8 2.8 7.4

0,08 81,9 8,0 1,2 1,7 7,2

C nomomipio ACM ycraHoBiieHO (Tabil. 2), 4TO pa3Mepbl OTACTBHBIX CTPYKTYPHBIX 00pa3oBaHUH
u cyOmepoxoBaTocTh (Rms) npu BBeneHHHM a30Ta B COCTaB yIJIEPOJHBIX MOKPBITUH, JETHPOBAHHBIX
[IUPKOHUEM M KPEMHHUEM, CHIDKAIOTCS.

Takoe n3mMeHeHre MOP(OIOTUH BI3BAHO YMEHBIICHUEM KOHIIEHTPAIMU METaJlIa (a cleI0BaTEIIbHO,
W CHIDKEHHEM KarelnbHOW (pa3bl B MOKPHITHH) M YACTHYHBIM TPABJICHUEM OCAXKJaEMBIX YTICPOIHBIX
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CJIOEB MOHAMU a30Ta, NOsBISIOMUMUCA BCIEACTBUE AUCCOLUALMHY MOJIEKYJI a30Ta B lyTOBOM Pas3psle,
YTO HOATBEPIKIACTCS yBEINUCHUEM CTEIICHH AUCIICPCHOCTH MOKPHITHH, CHOPMUPOBAHHBIX IIPH AaBJIC-
Huu B BakyymHo# kamepe 0,08 Ila, u cormacyercs ¢ BRIBOgamMu, MpeacTaBIeHHBIME B [16].

Rms 06pasuoB nokpeItuid Cgy 40, + Z1( g0, + Siy go, + Ny gy, CPABHMMA C TIOKPBITHAME 0€3 a30Ta, 4TO
00yCJIOBJICHO 00JIe€ BBICOKMMHU 3HAYCHUSMH KOHIIEHTPALMK KPEMHUS B yKa3aHHbBIX 00pa3Lax U MEHb-
1Iei CKOPOCTBIO TPABJIEHHU S KJIACTEPOB KPEMHUSI HOHAMU a30Ta.

Tabnuna 2. BiusiHue XHMHYeCKOIr0 cOCTaBa HA MOP(0JIOrHYecKHe 0CO0EHHOCTH YIJIePOHBIX NOKPbITHIA,
JIETHPOBAHHBIX IMPKOHHEM H KPeMHHEM

Table 2. The influence of chemical composition on the morphological features of carbon coatings doped
with zirconium and silicon

Cpenuss Cy061epoxoBaTocTb, ITnoTHOCTB 3€peH Cpennuii tnametp
Tloxpsite BBICOTA, HM Rms, M Ha IUIOIA I CKAHMPOBAHUS, LIT. 3epeH, HM
Coating Average Subroughness, Density of grains in the scanning Average grain
height, nm Rms, nm area, pcs. diameter, nm
Crs 90215 00, TS, g4 52 0.8 35 60
Cro.106+ZT3 10+ 700 Ng 50, 23 0,3 16 36
o140+ 280 59, 50N g0 3,8 0,7 22 52
Co1o0 2Ty 20,51, 70 Ng g, 3,7 0,4 53 41

Takum 00pa3oM, a30TUPOBAHUE YTIICPOMHBIX TIOKPHITHH, JISTHPOBAHHBIX [IUPKOHUEM H KPEMHHUEM,
MIPUBOIUT K YBETUYCHHIO TUCTIEPCHOCTH (IIPH TapIiHaIbHOM JIaBleHnH a3ota, paBHoM 0,08 [1a), ymeHb-
IICHUIO MX IIEPOXOBATOCTH M Pa3MEPOB OTJACIbHBIX CTPYKTYPHBIX 00pa30BaHMI BCICIACTBUC CHUXKE-
HUsI CONIEPIKAHUS KaleIbHOU (pa3bl JeTHPYIOMIUX 3JIEMEHTOB M TPaBJICHHS HOHAMH a30Ta, BO3HUKAIO-
[IUMU TIPH JUCCOIMAIIMY MOJIEKYJT B TUTa3Me TyTOBOTO pas3psa.

Metonamu PODC onpeneneHbl 0COOCHHOCTH MPOILIECCOB XUMUYECKOT0 B3aUMOJICHCTBHS, IPOTE-
Kalomux 1mpu (OpMUPOBAHUN KOMIIO3UIIMOHHBIX YTIEPOJHBIX IMMOKPHITUH B aTMOC(epe MOJIEKYIIsIp-
HOTO a30Ta.

Cls-cnextp POOC a30TupoBaHHBIX KOMIIO3ULIUOHHBIX YIJIEPOAHBIX MOKPBITUM, HAXOASLIUNCS B AUAa-
ma3ode 280290 5B, B Hacrosmieil padore ObLT pa3llo’KEH HA CIEAYIONIAE COCTaBIISIOMNC (TTUKH):
¢ sHepruel cBsi3u okoio 283,3 5B, cooTHOCsAmMIICA ¢ KapOUOM LUPKOHUS U KapOUIOM KPEMHUS OTHO-
BPEMEHHO BBUY UX OJIM3KOT0 B3aMMHOT'O PACIIONOKeHUs (cooTBeTcTBeHHO 283,3 5B 1 283,2 3B) [17; 18];
Csp2 ¢ sHepruei cBszu 284,4 3B; Csp3 — oxouo 285,2 3B; Csp2—N ¢ sHepruen cBsasu 285,9+286,13B;
C-0O c aneprueii cBsi3u okoo 286,5 3B [14; 18; 19] (puc. 1).

[uk, coorBerctByromuii Csp’—N, ¢ sHeprueil cBs3u 287+287,3 9B [14; 20] He GbLI OmpeselICH.
[TapameTpsl ciekTpoB Cls, Nls, Zr3d npuBenens! B Tad:m. 3.

Criextp Nls (395+403 3B) POOC a30TupoBaHHBIX yTIEPOIAHBIX TOKPBITHH, JETUPOBAHHBIX IIUPKO-
HHUEM U KPEMHHUEM, B HACTOsIICH padoTe ObLI pa3jioKeH Ha CJICAYIONIME KOMIIOHEHThI (uku): N—Zr,
PpacIoIKEeHHBIN 0K0110 397,2 aB;N—Csp3 BONMM31398,25B; N—Csp2 coHeprueii cBs3n 399,8 3B; N—O cauep-
rueit csa3u okojo 402 »B [14; 21; 22]. ITuk, cooTrBeTcTByomui N—Si, ¢ sHeprue csa3u 397,7 3B [11]
He OBbLI OIpeIeIICH.

Crextp Zr3d POOC yrnepoaHbIX MOKPBITHMA, TETHPOBAHHBIX [IHPKOHUEM W KPEMHHUEM, PacIoio-
eH B quanaszoHe 180+188 3B u nMeer nBa MakcuMyma, KOTOPbIE COOTHOCATCS CO CTUH-OPOUTAIBHBI-
mu komnoHeHnTamu 3d-ypoBHelt — 3ds, u 3d;, [17; 23]. lanHBI# cieKTp ObLI pa3IoKeH Ha CIEYoLne
KOMIIOHEHTHI (ITMKH): ABA MMHUKa ¢ dHepruei cs3u okoyio 180,6+181 3B u 181,6+182,1 3B cooTHOCATCS
¢ Zr—C [17]; 1Be KOMIIOHEHTHI C dHEpruecH cBs3u BOMM3u 182,6+182,8 3B u 184,4+184,8 3B cooTBeTCTBY-
1ot Zr—0 [17; 24]; nBa nuka c sHeprueit cesizu okono 180 3B u 182,3 3B o0ycnoBnensr Zr—N-cBsizsamu [25];
J1Ba MMKa ¢ 3Heprueit cssa3u okoino 181,5 3B u 183,5 3B cootHocsTest ¢ O—Zr—Ns), 1 O—Zr—Ns), [26; 27];
JBE cocTaBisomMe ¢ dHeprueil cBsasu BOnmu3u 184,9 3B u 186,5 3B coorBercTBytor O—Zr—Cs),
n O—Zr-C,, [28]. Ilo npuunHe OIU3KOr0 B3aMMHOI'O PACIHOIOKEHHS M HU3KOIO COACP KaHUs LIUPKO-
HUSsI, & CJICIOBATEIIbHO, M HU3KOM MHTEHCUBHOCTH criekTpa Zr3d oT/iejIbHbIe KOMIIOHEHTBI ObLIIN 00be-
JINHEHBI.
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Puc. 1. Cls criekTp peHTTeHOBCKOM ()OTOIIEKTPOHHOM CIIEKTPOCKOIIMH KOMIIO3UIIHOHHBIX YITIEPOAHBIX TIOKPBITHHI:
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a — Cog g0, + L5 0 + Sk gog3 b= Crg 194 T Zi3 19, + Sy 70 F Ny 5945 € = Cogj 494 T Zg g0 T Sip g0, + Ny o

d = Cg g9, T ZIy 59, + S 79, + Ny o

Fig. 1. Cls spectra of X-ray Photoelectron Spectroscopy of composite carbon coatings: @ — Cyg g0, + Z15 g, + Si; g0
b= Cg.10, + 213 19, + Sty 05 + Ny 5045 € = Cyy a0 + LT 50, + Sis g0, + Nygops d = Cyy g0, + Z1y 50 + Sij 70, + Ny oy

Tab6numa 3. ®a30Bblif COCTAB KOMINO3UIIMOHHBIX YII€POAHBIX MOKPHITHH]

Table 3. Phase composition of composite carbon coatings

CrHeKTpbl PEeHTT€HOBCKOIT Iluk, 3B
ToxpeiTHe (HOTOINNEKTPOHHOI CIIEKTPOCKOTINH Tun cBs3u +0,35B Iupuna, 5B Jlons nuomanu, %
Coating Spectra of X-ray Photoelectron Type of bond Peak, eV Width, eV Area share, %
Spectroscopy +0.3eV
Crsoms + Zrs.00 + Siy go; C-Zr 2834 0,5 1,2
Csp’ 2843 1,1 42,8
Cls 3

Csp 2849 1,1 55,1

C-0 286,2 0,6 0,9

"Zr-C? 180,8 0,5 0,5

Zr-C? 182,2 1,3 61,7

Zr3d e =

Zr—0O 183,5 0,8 1,7

Zr-0*? 184,6 1,2 36,1

Coose + ZT3 19, + Siyz0s + Ny sy, C-Zr 283,2 0,3 0,5
Csp® 284,3 1,1 40,3

Cls Csp’ 285,0 1,0 52,6

Csp—N 285,8 0,7 5.8

C-0 286,3 0,3 0,8

Zr-N? 180,0 1,0 94

Zr3d Zr-C? 180,9 0,9 4,5

Zr-C? 181,9 0,9 13,7
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Oxonuanue maon. 3

CIieKTpbl PeHTT€HOBCKO#T ITuk, 3B
ToxpeiTHe (OTOIIEKTPOHHOH CTIEKTPOCKOTTUH Tun ceasu +0,33B Iupuna, >B Jons nnomanu, %
Coating Spectra of X-ray Photoelectron Type of bond Peak, eV Width, eV Area share, %
Spectroscopy +0.3eV
"Zr-0%"? 182,6 L1 39,3
"Zr-0*" 184,9 1,3 25,8
"0-Zr-N*"? 183,7 L1 6,7
"0-Zr-C¥? 186,5 0,5 0,6
N—Zr 396,8 1,5 19,8
N-Csp’ 398,1 1,3 19,0
Nls >
N-Csp 399,5 1,9 50,1
N-O 401,5 1,0 11,1
Cypa0, T Zro 0, + Siyg, + Nogy, C—Zr 283,3 0,4 0,5
Csp* 284,3 1,0 343
Cls Csp® 285,0 1,1 48,7
Csp™-N 285,8 1,0 14,8
C-0 286,6 0,6 1,6
*Zr-N¥? 180,1 0,7 6,9
“Zr-C? 180,8 0,7 59
Zr-C? 181,6 0,7 7,0
Zr3d "Zr-0%"? 182,6 1,2 36,6
"Zr-0*" 184,9 1.8 34,2
"0-Zr-N*? 183,7 0,8 45
'0-Zr-C¥? 186,6 L1 4.9
N—Zr 396,8 1,0 3,5
N-Csp’ 3984 1,5 26,1
Nls >
N-Csp 3997 2.1 65,8
N-O 401,8 1,2 4.6
Si—C 100,6 0,9 14,7
) Si—-0—C 101,9 1,1 37,3
Si2p :
Si-0 102,6 0,8 16,6
Sio, 103,7 1,1 31,4
Cy1.9% T ZTy 30, + Siy 204 T Ny g, C—Zr 283,4 0,4 0,3
Csp® 284.5 1,0 34,0
Cls Csp’ 285,1 1,0 473
Csp™~N 285,8 0,9 16,4
Cc-0 286,5 0,6 1,9
"Zr-N>? 180,0 0,7 1,3
"Zr—C? 180,8 L1 6.3
Zr-C3? 181,7 1,2 10,3
Zr3d "Zr-0%? 182,9 1,0 35,9
“Zr-0* 185,2 1,4 29,9
*0-Zr-N*? 183,7 1,3 13,5
'0-Zr-C¥? 186,5 1,0 2,8
N—Zr 396.,9 0,8 1,9
NI N—Csp® 3984 1,5 28,5
N—Csp® 3997 2,2 67,8
N-O 401,7 0,6 1,7
Si—C 100,9 0,6 12,2
) Si—-0—C 101,7 L1 24,0
Si2p -
Si-O 102,7 1,0 46,7
Sio, 103,5 0,6 17,2
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CrexTp Si2p PODC KOMIIO3UIIMOHHBIX YTIEPOAHBIX TOKPHITHI HaxonuTcs B Auanasone 99,0+105,0 5B
1 OBLT pa3JIoXkKeH Ha cienytomnue cocrapinsiomue (muku): Si—C ¢ sneprueit ceszu 100,7 3B [12; 14]; C—
Si—O c sueprueii csa3u 101,7 3B [14]; xommoneHnTa ¢ sHepruei cBs3u okojo 120,4+102,7 »B, BBUAY
OJIM3KOro B3aMMHOT'O PACIIOIOKEHHS OMTHOBPEMEHHO COOTBETCTBYET CBA3sIM Si—O, 00yCIOBICHHBIM Ha-
miaueM coepnHenuit tuna Si,0, (v < 2) ¢ sueprueit cszu 102,4 5B [29] u Si-N ¢ sHeprueit cBsizu
102,5 5B [11; 14]; Si—O c sneprueii cs3u 103,0+-104,0 3B [14], cootHocsmuiics ¢ Si0,. IIpu 3ToMm HE0O-
XOMMO OTMETHUTH, uTO Hanmmuue cBs3u Si—N B criektpe N1s moarBepauTs He yaanoch. Crektp Si2p
13t 00pasuoB Cgy 4o, + Z1 g0, T Siy g0, T N;gop 1 Cgy g0y + Z1y 30, + Sl 70, + Ng 0, M3-32 BBICOKOTO ypPOBHsI
LIYMOB JJOCTOBEPHO ONPEIEIHUTh HE MPEACTABUIOCH BO3MOKHBIM.

B pesynprare ananm3a criekTpoB POSC KOMITO3UITMOHHBIX YTIIEPOIHBIX TIOKPBHITHH BBISIBIICHO, UTO
HaJIMYMe MOJICKYJISIPHOTO a30Ta B OCTaTOYHOH arMocdepe BaKyyMHOM KaMepbl IPUBOAMT K 00pa3oBa-
HUIO coenuHeHul tuna CN,, kapOuJ0B U HUTPUAOB LIUPKOHUS, KapOUJOB U, BO3MOXHO, HUTPUIOB
KPEMHHS, & TAK)KE CIOKHBIX coeanHeHuii cnenyroumx tunos: Si,0,C,, Zr,0,C, u Zr O N..

OmnpefeneHo, 4To 3HaueHue cooTHomen s Csp’/Csp® [Isl A30THPOBAHHEIX YIIEPOAHBIX MOKPHI-
THH BBINIE, 9Y€M y HEa30THPOBAaHHBIX (Ta0xa. 4). C yBelM4YeHHEM KOHIIEHTPAIMU a30Ta B TOKPBITHH
110 7,6 at.% 3Hauenue cootHourenus Csp’/Csp” BospacTtaeT 10 1,42.

Tabnuna 4. Biusinue a30TupoBaHus Ha (a30Bblii COCTAB YIJIEPOIHBIX NOKPBITHII,
JIETHPOBAHHBIX HUPKOHHEM H KpeMHHeM

Table 4. The influence of nitriding on the phase composition of carbon coatings alloyed
with zirconium and silicon

TokpsITHE Csp’/ Csp’/ N-Csp*/ Si—C/ Zr-C/

Coating Csp® (Csp* + Csp—N) N-Csp® Si,0, Zr-O

Cogoo, T ZT5 g0, + Si,’s% 1,29 — - - 1,65
C79,1% +7Zr3 10, + Siu% + N, 50, 1,31 1,14 0,38 - 0,28
C81’4% +Zry gy, + Siz’g% + Ny 60 1,42 0,99 0,40 0,31 0,16
Cyr90, T 211 50, Siw% + Ns,o% 1,39 0,96 0,42 0,19 0,21

HexoTtopoe cHikenue 3uauenns Csp’/Csp’ IpH JanbHEHIIEM yBEINICHHH KOHIEGHTPALMHE a30Ta
B ciyvae MOKpbITHS Cg gy, + Z1y 50, + Siy 70, + Ng g0, BBI3BaHO, 10 BCEH BUAMMOCTH, O0JI€e HU3KUM,
110 cpaBHEHUIO € Cy; 4o, + Z1( g0, + Sij go, + Ny 0., CONEPIKAHUEM KPEMHHUS, CIIOCOOCTBYIOIIETO yBETHYE-
HUIO JIOJTH SP°-THOPH/IM3HPOBAHHBIX aTOMOB yIiIepona [8].

[IOMHMO 3TOr0, yBeIHUCHUE 0K SP°-FHOPHIH3MPOBAHHEIX ATOMOB YITIEPO/A B C1y4ae a30THPO-
BaHHBIX TIOKPBITHH MOXKET OBITH CIEICTBHEM 00Jie€ HU3KOTO COICPKaHMS IUPKOHMSI, KOTOPBIH CITO-
cobeTBYeT 06pasoBaHmi0 Sp -cBsseil [10], 4TO MOATBEPKIACTCS CHUKEHHEM OTHOCHTEIBHON IONH
MHTErpaTbHOH Tomaan koMmoHenTsl Csp” (0T 42,8 10 34 %) ¢ yBeNMUYCHHEM KOHIIGHTPAINA a30Ta
(cM. Tabm. 3).

OJIHAKO €CITM YUYHTHIBATE SP°-THOPHIH3MPOBAHHbIC aTOMBI YIJIEPOJIA, CBA3AHHBIC C ATOMAMHU a30Ta,
10 cootromenue Csp’/(Csp’+Csp’—N) ¢ yBeIndeHneM KOHICHTPAINHI a30Ta ¢ 2,5 10 8,0 a1.% B IOKPHI-
THH yMeHbimaetcs ot 1,14 10 0,96. TTockonbky 3uauenns cootrourerns N—Csp’/N—Csp” < 1, MOKHO
c/lenaTh BBIBOJA O TOM, YTO aTOMBI a30Ta MPEHMYIIECTBEHHO OOPA3OBBIBAIOT CBS3M C SP -THOPH/IH-
3UPOBAaHHBIMHU aToMaMu yriepoxaa. llpm 3ToM ¢ yBenWdYeHHWEM KOHIIEHTPAIMH a30Ta COOTHOIICHHE
N—Csp3/N—Csp2 Bo3pactaet ¢ 0,38 o 0,42, 4To CBUAETENBCTBYET O MOHOTOHHOM YBEJIMYEHUHU CONEP-
KAHUS ATOMOB A30Ta, CBA3AHHBIX C SP°-THOPHIH3MPOBAHHBIME ATOMAMH YIJIEPOJA, IPH YBETHUCHUH
KOHIGHTPAIMH a30Ta. JIaHHbIH (KT, BO3MOKHO, OOYCIOBICH yBETHUCHHEM IOMH SP -(a3bl BCIE-
CTBHIC YMECHBIIICHUS KOHIICHTPAITUU METajlia, CIOCOOCTBYIOMIEro TpauTH3AINN TOKPEITHS [9], a 3Ha-
YUT, ¥ 00Jee BBICOKOW BEPOSTHOCTHIO XMMHYECKOTO B3aMMOJEHCTBHS a30Ta C aTOMaMd YTIIepoia
C YKa3aHHOW THOpHIA3AIUEH.

OTHOCUTENBbHOE COAEp)KaHHE KapOuaa LHHUPKOHMS B a30THPOBAHHHBIX YTJEPOAHBIX MOKPHITHUSX,
JIETUPOBAHHBIX UPKOHUEM U KpemHueM, Hrke (Zr—C/Zr—O < 0,3) mo cpaBHEHHUIO C HEA30THPOBaH-
HbIMHU TOKPBITHAMHU (Z1—C/Zr—0 = 1,65). YCTaHOBJICHO, UTO MPH a30TUPOBAHUH IIUPKOHHUM BCTYIAET
BO B3aMMOJICHCTBHE MPEUMYIIECTBEHHO ¢ KHCIOpoaoM. JlaHHBINA (haKT MOATBEPIKAAETCS CHHUKCHUEM
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1o komnoHeHThl Zr—N nuka Zr3d ot 9,4 no 1,3 % npu yBenu4eHnH KOHIIGHTPAIH a30Ta B IIOKPbI-
tuu. Takum 0Opa3oMm, MOHBI a30Ta B IJIA3MEHHOM IIOTOKE B OCHOBHOM BCTYINAIOT BO B3aMMOJCH-
CTBHUE C SP’-rHOPUAN3HPOBAHHBIMU ATOMAMH YITIEPOJA, @ HE C METAJIIOM, UTO COTACYETCS C JAHHBI-
MHu aHanu3a nmuka Nls.

Hockonbky cootHowenue Si-C/Si,0, < 1, a cBa3b N-Si B nuke Nls He Obuia naeHTupuuuposana,
MOYKHO IPEATIOJIOKHUTh, YTO KPEMHHUH TPEUMYLIECTBEHHO IPUCYTCTBYET B HOKPBHITUU B BUJIE COEIHHE-
uui tunoB Si, O, n Si,0,C,. Takum 06pasom, a30TUPOBAHHUE YTIEPOIHBIX MOKPHITUH, JETMPOBAHHBIX
LUPKOHUEM U KPEMHHEM, PUBOAUT K CHUIKCHHIO COICPKaHMS KapOuaa KpEeMHHs, YTO COrjlacyeTcs
¢ pe3ynpratamu padoTsr [11].

CriekTpbl KOMOMHALIMOHHOTO PACCEsHUS KOMIO3HIIMOHHBIX YTJIEPOJHBIX MOKPHITHI UMEIOT MUK
B unTepnaie ot 1000 mo 1800 cM . VKazaHHBI MUK OB pa3yioKeH Ha JBe cocTaBisitomue: D-nuk
(~ 13501450 cM "), KOTOpBII 0OYCIOBIICH SBICHHEM IBOHHONO PE30HAHCA PalHaIBHBIX KONCOaHH il Ay,
reKCaroHaJbHBIX YTJIEPOAHBIX KOJIEI M Yalle BCEro MpOosBisSeTcs BOJU3M IPAHUL 3€peH (B TOM YHUCIe
Ha OCHOBE SP°-KJIACTEPOB) HITH 1e(eKTOB B aMOPMHOIT yIIIEPOIHON MATPHIIEC HA OCHOBE SP°~THOPH IN3H-
pOBaHHEIX aToMoB yrinepona; G-muk (1550 cm '), BO3HHKAIONIMIL BCIEACTBHE MPOJOIBHBIX KOMeha-
Huii E,, 1 COOTBETCTBYIOIMIT MATPULIC HA OCHOBE spz—(ba%l [30].

C yBenndeHHeM coepKaHMsI a30Ta COOTHOIICHNEe HHTeHCHBHOCTEeH D- n G-nuxoB (//I;) yMeHb-
maercs, a nojoxxkenue G-nuka cMemaeTcs (CM. Tadi. 4), YT0 MOKET ObITH OOYCIIOBJICHO YBEIUYCHUEM
OTHOCHTEBHOM JI0IU SP°-THOPHIM3HPOBAHHIX ATOMOB YIJIEPOAA I COIacyeTcs ¢ pesymsraramu PODC.
CootHourenue I/l ; 06paTHO MPOMOPIHATLHO Pa3MepaM Sp°-KIaCTepOB MPH YCIOBHH, YTO Pa3Mep KiIa-
cTepoB He npeBbimaeT 2 HM [19]. OmHako B HACTOSAIICH paboTe cpeaqHUN pa3Mep OTASIBHBIX CTPYKTYP-
HBIX 00pa30BaHMii (cM. TabII. 2), Kak U COOTHOIIEHHE Iy//;, yMEHBIIAETCS C BO3PACTAHUEM KOHLIEHTPa-
LMW a30Ta, YTO MOXKET OOBSICHATBCS YBEIMUCHUEM YHCIIa KJIACTEPOB pa3MEPOM MEHEE 2 HM.

[Tpu xoHUEHTpaK a3oTa BoIe 7,6 at.% mupuHa G-nmuKa yMeHblaeTcs (Tadi. 5), 4To MOXKET CBU-
JIeTENBCTBOBATH O POCTE CTEIICHH YIIOPSIOUCHHOCTH Sp -KitacTepos [30]. Cmemenne G-ruka B 0671aCTh
Oosiee BBICOKMX BOJIHOBBIX umceln B ciyudae Cg g0, T 21 g0, T Sip g0, + Ny, @ TaKKE Cgy g0y + 21 o, +
+ Si; 70, + Ng o, MOKET OBITH CBS3aHO C yBEIMYCHUEM yPOBHs BHYTPEHHUX HANpskeHuid [31], uro o0y-
CIIOBJICHO CHIDKCHHEM KOHIIGHTPALMH METAIIA M BO3PACTAHUEM CONEPKAHUS TOIH SP°-THOPHIN3HPO-
BaHHBIX aTOMOB yriepoja u coeguHenuit tuna CN,.

Tabnuma 5. CrarucTHYecKast 00padoTKa CeKTPOB KOMOMHAINHOHHOTO PaccestHUsI
KOMIO3HIIHOHHBIX YIVIEPOAHBIX MOKPBLITHI

Table 5. Statistical processing of Raman spectra of composite carbon coatings

D-nux G-nuk CooTHouieHune
Io e D-peak G-peak MHTEHCHUBHOCTEH
CKPI’AITH D- n G-niuxos, I/l
oating onoxenue, cM | upuna, oM’ Ilonoxenue, o upuna, oM Ratio of intensities
Peak, cm! Width, cm ™! Peak, cm ! Width, cm ™! of D- and G-peaks, I/l

Crsg0 + ZIs g0, & Siy g0, 1404 245 1549 171 0,72
Cronss + Z05.105 + Siy 705 + Ny sos 1378 262 1541 187 0,66
Cyra0 + ZTo 505 + Singos + Nogoe 1458 123 1557 142 0,32
Cr.o0 + ZTy 29, & iy 795 + n5.0% 1457 130 1554 131 0,33

Cwmemenre D-nuka B 06sacTh 0oJiee BRICOKMX BOJHOBBIX YHCEN 00YCIOBJIEHO 00pa3oBaHHEM Kap-
oumos [30].

YcTaHOBIIEHO, YTO MpECTaBICHHbIC M3MEHEHUSI XUMHUYECKOT0 U (Pa30BOro cOCTaBa, MPOMCXOSINNE
BCIICZICTBHC a30THPOBAHUS, BIUSIOT HAa MEXaHUUICCKHUE CBONCTBA YIVIEPOIHBIX TIOKPBITHH (TabI. 6).

[TokazaHo, 4TO TIOKPBITHS C coaep)aHueM a3ota 10 7,6 at.% u 8,0 at.% obnagaroT HamOOIbIICH
TBepAocThio (H) (cM. Tabn. 6). JlauHbI QakT 00yCIOBIIEH HAUOOIBIIUM COACPKAHHEM COSIHMHECHUM
tuna CN,, uyTo KoppenupyeT ¢ gaHHbIMU PDOC, coriacHO KOTOPHIM J10J1 MHTErPajbHON ILIOAAU
xommonenTsl Csp—N B ke Cls cocrasmsier 14,8 % u 16,4 % coorBeTcTBeHHO (CM. Tabm. 3). Kpome
TOro, 00JIee BHICOKHE 3HAYEHUS TBEPIOCTH MCCIEAYEMbIX TTOKPHITHI MOTYT OBITH OOYCIIOBJIEHBI 00pa-
30BaHUEM HUTPUJOB KPEMHHUSI U IIUPKOHUS.
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Tab6nuna 6. MexaHH4YecKHe XapaKTePUCTHKU KOMITO3UIHOHHBIX YIJI€POIHBIX MOKPBITHI

Table 6. Mechanical characteristics of composite carbon coatings

Koaddpuunent
ComnpoTusieHne
Comnporusienue . 00BEMHOT0
Monyus FOnra, | ynpyroit nepopmarun [IIACTHHCCKOM M3HAIIMBAHUS
TeepaocTs, ’ ’|  nedopmaunn, | Kosddumuent
E, T'Tla HIE 3,2 KOHTpTENa,
TlokpeiTHe H, I'Tla s . . H°/IE TpeHUs. . 173
. Young’s Resistance to elastic . . J 107 MY/(H - M)
Coating Hardness, . Resistance Coefficient >
H. GP modulus, deformation, to plasti £ fricti Coefficient
»ora E, GPa HIE o prastic ot fricion of volumetric wear
deformation,
HYE? of the counterbody,
J 1077, m*(N - m)
Crg.00 + ZTs.09, + Siy g0, 14,9 173,2 0,086 0,110 0,20 60,1
Crotop+ ZT3 10y + Siygoe + Noso, | 14,7 173,3 0,084 0,105 0,24 80,7
Caran+ Zro g0, + Singos * Nygos| 15,3 174,4 0,088 0,119 0,25 189,7
Caro + Z1y 30, + Siy 70, + Ng o | 15,3 170,2 0,090 0,123 0,19 40,3

[oxpeitue Cg 40, + Zrggo, T Sipge, T Nygy, XapaKTepU3ylOTCs HAUOOIBIIMM 3HAYEHUEM MOJYJIst
tOnra (E), a 3Ha4uT, 1 HAMOONBIIEH KeCTKOCTBIO. [Ipu 9TOM NOKpbITUS Cy) 90 + 21 50, + Si; 70, + Ng g0,
IPU PaBHBIX 3HAYEHHUSX TBEPHOCTH C MOKPBITHUAME Cgy 4o, + Zr( g0, + Siy g0, + Ny o, 0Omanaror 6osee
HU3KMMHM 3HAUYeHHUSIMU E, a Cliel0BaTEeNIbHO, SBISIIOTCS 00Jee IIACTUYHBIMHU, YTO OOBSICHSIETCS MEHb-
MMM 3HAYEHUSIMU KOHLIEHTPALUN KPEMHHS M €ro COCOUHEHUH, a Takxke 0ojee HU3KUM 3HAUCHUEM
COOTHOLICHU S Csp3/Csp2. B wactHOCTH, 3 aHanmm3a criekTpoB Si2p u Cls, momydeHHBIX MeToIoM PODC
(cm. Tabm. 4), cnenyert, 4to cootHomenus Si—C/ SixOy u Csp3/Csp2 1u1st 9TuX okpeituid Hwke (0,19 u 1,39),
ueM y MOKPBITHE Cgy 40, + Z g0, T Sij g0, + N7 g0, (0,31 1 1,42 cooTBeTcTBEHHO). HE00X011MMO OTMETUTS,
4TO 6OJIEE BBICOKOE COfIEpKaHKe KapOuia u HUTpuA KpeMHUs (OKPBITUS Cg; 0, + Zr g0, T Siy g, + N 00),
a TaKKe KapOu/a U HUTPUIA IUPKOHUSA (OKPBITHS Cog 1o, + 213 10, + Sij 70, + N, 50/), 0 BCEH BUIUMOCTH,
SBJISICTCS IPUYMHON OoJiee BHICOKUX 3HaYeHuH koaduimerta Tperus (0,25 u 0,24 cOOTBETCTBEHHO)
(cm. Tabu. 6, puc. 2).

Bonee nnurenbHas cragust IpupaOOTKH MIPU TPEHUH HEa30TUPOBAHHBIX TOKPHITUH (pHC. 2), BEpOAT-
HO, 00ycJ0BIIeHa 00JIee BHICOKOI IEPOXOBATOCTHIO JaHHOTO THIIA IOKPBITUH, YTO COITIACYETCs C paHee
npencTaBieHHbIME JaHHBIMU ACM (cm. Tabm. 2).

brnaronapst HU3KOH LIEPOXOBATOCTU U ONTHU- 0,61
MaJIBHOMY COOTHOITICHHUIO (a3 Ha OCHOBE KapOwu-

JIOB ¥ HUTPUJIOB LIUPKOHUSI, KpEMHHUS U TpaduTa 0.5 A
HauOoJiee BBICOKUMU 3HAYEHUSIMU COIIPOTUBIICHHS

ympyroi nedpopmanuu (H/E = 0,090), conmpoTus-
JIeHNS TUIacTHYeCcKor nedopmarun (H/E* = 0,123),
HAaMMEHBIINM KO3(PPHUIIMEHTOM TPEHHUSI, PABHBIM
0,19, u3 paccmaTpuBaeMbIX B HacTosilIel padboTe
00pasios, 06nanaroT moKpeITHs Cg) g0, + 21 50, +
+ Si; 70, + Ng ;- [10 9THM K€ IpUYMHAM TaHHbIE 024
HOKPBITUS 00J7a/1al0T HAaMMEHBIINM 3HAa4eHHEeM

k03 duireHTa 00BEMHOI0 U3HAIIUBAHKS KOHTP-

0,41

0,31

Ko punueHnt Tpenns
Coefficient of friction

tena (7). ITo Beeit Bunumocty, TBepabie Gasbl Ha 0 500 1000 1500 2000
OCHOBE KapOHMIOB ¥ HHTPUAOB KPEMHUS Kon4ecTB0 HMKI0B
¥V IINPKOHMSA B ciTydae MOKPBITHH Cyg 1o, + Z15 10, + Number of cycles

+ Sl1,7% + Ny 5o, 1 Cygp o, + Zr)g, + S12,8% + N7eo
aGpa3iBHO BO3/EHCTBYIOT HAa KOHTPTEN0. Kpome Puc. 2. Kunetnueckue 3aBUCHMOCTH KO GHUIINEHTA TPEHHUS

TOTO, HI3KOE 3HAUCHHE j B CIydae MOKDBITHIA KOMIO3HIIMOHHBIX YIJIEPOAHBIX MOKPBITHH: [ — Cyg g0, +
’ + Zrs g, T Sy gos 2 — Cog o, + 23 10, + Sy 70, Ny 505 3 — Cgy o, +

C1,90 + Z1y 59, T Sij 79, + Ng g0, MOKET OBITE 00yC- + Zr) g0, T Siy gy, + Ny g 4 = Cgy g0, T ZI) 50, + iy 70, + Ny g
JIOBJICHO HAuOOIEe BBHICOKOW J0JIEH KIIacTepoB Fig. 2. Kinetic dependences of the friction coefficient
na ocHoBe Csp’—N (cMm. Tabi. 4), TpanchopMHu- of composite carbon coatings: 1 — Cog g0, + ZTs g0, + Si; goss
PYIOIIKMXCSI TPH TPECHUH B TPAdUT, KOTOPBINA BbI- 2= Cg19 T 21310, + Siy70,+ Nysos 3= Cypagy + Zrgge, T

TIOJTHSET POJTh TBEPJIOH CMA3KH. + Sy g0, T Nogois 4 = Cgio, T 217 59, + Sty 70, + Ny g



Becni Hanpristnanpnait akagsmii HaByk benapyci. Cepbist disika-TaxHiunbIX HaByK. 2026. T. 71, Ne 1. C. 18-30
28 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2026, vol. 71, no. 1, pp. 18-30

3akJir04eHue. YCTaHOBIIEHO, YTO a30THPOBAHUE YTIIEPOAHBIX MOKPBITUH, IETUPOBAHHBIX ITUPKOHU-
€M U KPEMHHUEM, CIIOCOOCTBYET CHH)KEHHUIO IIIEPOXOBATOCTH U pa3Mepa OTACIbHBIX CTPYKTYPHBIX 00pa-
30BaHUIl BCIEACTBUE TPABJICHUS UX T'PaHUI] HOHAMM a30Ta, BOSHUKAIOLUIMMY B IIJIa3Me pa3psa, I'eHe-
PUPYEMOT0 3JIEKTPOAYTOBBIM HCTOYHHUKOM. COINacHO AaHHBIM CHEKTPOCKONUH KOMOWHAIIMOHHOTO
paccestHusl (yMeHblIeHHe IHUpUHbI G-N1Ka), BO3AEHCTBHE NOHOB a30Ta HAa PACTYLIHE CIOH IPUBOAUT
K YBEIHUEHHIO CTETIEHH CTPYKTYPHOM yIOPSI0UEHHOCTH SP’-KJIACTEPOB.

CpenctBamu POOC ycTaHOBIIEHO, UTO IIPH a30TUPOBAHUH KOMIIO3UITHOHHBIX YITIEPOAHBIX MOKPHI-
Tui obpasyrorcs coequHenus Tuna CN, ¢ npeobafaouM coaep KkaHueM Csp’—N-cBsizeif, Kapoubl
¥ HUTPHBI KPEMHHS W LHPKOHNS, a Takxke cinoxkHele coeannenus tuna Si,0,C,, Zr,0,C, u Zr,O\N.,.
IIpu 3ToM cooTHomenue Csp’/Csp’ yBETHUMBACTCS 3 CUET CHIDKEHHS JIOIH SP -THOPHIN3MPOBAHHBIX
aTOMOB YIJIEpO/a, HE BCTYMUBIIUX BO B3aUMOJECHCTBHE C a30TOM.

) OOpa3zoBaHueM Ki1acTepoB Ha ocHOBe CN, 1 yBETHUCHUEM CTENICHU CTPYKTYPHOM YTIOPAZIOHEHHOCTH
Sp~-KJIaCTEpPOB OOBACHSIOTCS OoJiee BHICOKHE 3HAYECHUS TBEPAOCTHU, CONPOTUBIIEHUS YIPYToH M Iula-
CTHUECKON AeopMali a30THPOBAHHBIX MOKPBITHH MO CPAaBHEHHIO ¢ HEA30TUPOBAHHBIMU. YBEJINUCHUE
K09 PHUIMEHTOB TPEHNS K 0OBEMHOTO U3HAIIMBAHUSA KOHTPTENA B CIydasnxX Cyg o, + 213 1o, + Si; 70, + Ny 50,
1 Cy) 4o, T Z1 g0, + Sy g0, + Ny 40, O0YCIOBIEHO PUCYTCTBHEM TBEPABIX (pa3 HA OCHOBE KapOuja u Hu-
TpUJa HUPKOHUS, a TaKKe KapOuaa U OKCHJia KpeMHHU. brarogapst onTuMaibHOMY COAEpP KaHUIO JIEeTH-
PYIONIHX 3JEMEHTOB M HaHGOIBIIEMY COIEPIKAHMIO KIACTEpOB Ha ocHOBE Csp’—N HAMITYUIIHMHU TPH-
OOTEXHUYECKUMH XapaKTepucTukamu ooanaroT nokpeItus Cy; gy, + Z1) 50, + Sty 70, + Ng go-

[loiyuenHsle pe3yabTaThl MOTYT OBITH HCIIOIB30BaHbI IPU Pa3paboTKE TEXHOJIOTHIECKUX IIPUEMOB
MOAM(UIUPOBAHUS MOBEPXHOCTU METa1I000padaThIBAIOMIEr0 UHCTPYMEHTA U JieTanell crenuaiu-
3MPOBAHHON OCHACTKU C LEJIBIO IOBBILICHUS UX MEXaHUYECKUX XapaKTePUCTUK U yBEIIMUYEHUS CPOKA
IKCILTyaTalUH.
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BJIMAHUE BBICOKOTEMIEPATYPHOI'O OT/KHTA
HA CTPYKTYPY, ®A30BBIil COCTAB M PE3UCTUBHBIE CBOMCTBA IJEHOK,
NOJYYEHHBIX MATHETPOHHBIM PACIIBIJIEHMEM MUIIEHU COCTABA
MoSi, + 20 mac.% SiC

AHHOTanusA. MeTos0M MarHETPOHHOTO PACHBIICHUSI KOMIIO3MIIMOHHON MuIIeHu coctaBa MoSi, + 20 mac.% SiC mo-
JIyYeHbI TOHKHE [UIEHKH ¢ KBa3uaMop(hHOIl MEIKOIUCIICPCHOM CTPYKTYpOii n pa3mMepoM kpuctawuintos 1-3 M. [IpoBeneno
UCCIIEZIOBAaHNE BIMSHUS TEMIEPATyPhl X MPOJOKUTEIBHOCTH OT)KUATA HA TIOBEPXHOCTHOE AIIEKTPHUIECKOE COIMPOTHBICHHUE,
CTPYKTYpY ¥ (a30BBIH COCTAB JAHHBIX IUIEHOK, KOTOPOE ITO3BOJIMIIO YCTAaHOBHTH B3AaUMOCBSI3b MEX1Y CTPYKTYPHO-(ha30BbIM
COCTOSIHUEM M BETHUMHOH MOBEPXHOCTHOTO COMPOTHUBIEHHS TIeHOK. ONpeaeneHo, 4To OTKHUT CBEXKEOCak ICHHBIX MIEHOK
npu temneparype Boime 700 °C mpuBOAUT K YMEHBIICHHIO BEJIMIMHBI UX TIOBEPXHOCTHOTO CONMPOTHBIICHHS B 2,5-3 pa3sa,
a mpu Temneparype repmudeckoi 06paborku 900 °C maHHas XxapakTepucTHKa ctabunnsupyetcs. Ha ocHOBe pe3ynbTaToB
9MEKTPOHOTPa(PUIECKOr0 aHAIN3a U PE3UCTUBHBIX CBOWCTB IJICHOK YCTAHOBJIEHO, YTO M3MEHEHHE IOBEPXHOCTHOTO JIEK-
TPHUYECKOTO COIPOTHBIICHUS 00YCIOBIICHO YBOIIONNEH CTPYKTYPHI OT KBa3HaMo(HOI 10 nomkpucramundeckoi. [Tokazano,
4yT0 0OpasoBaHue cTabuibHbIX Pa3 MoSi, u MosSi; TeTparonanbHol Moandukanuu, a takxe SiC rekcaroHaJabHOH MOJH-
¢uKauy nocie TepMoodpaboTKH oOecrieunBaeT CTaOMIH3aNNIO IIEKTPUIECKUX CBOHCTB IJIEHOK. YCTaHOBIICHO, UTO ONTH-
MaJIbHBIMHU YCJIOBHSIMH OTXKHTa JIOMYCTUMO cunuTaTh Temnepatypy 900 °C u mponoKHUTeNbHOCTh TEPMUYECKOi 00paboT-
KM 3 4, IPHU KOTOPHIX €CTh BEPOSTHOCTH CTAOMIN3AIUU MTOBEPXHOCTHOTO COMPOTUBIIECHNUS, CTPYKTYPHI U (ha30BOTO COCTa-
Ba IUICHOK. [loyrydeHHble pe3ysIbTaThl MOTYT OBITh MCIIOJIB30BAHbBI P CO3JaHUU BBICOKOI()(PEKTHBHBIX TOHKOIJICHOYHBIX
HK-u3nyyareneil, IpuMeHsAEMbIX B Ka4€CTBE HICTOYHUKOB CBETA B ra30BbIX MUKPOAHAIN3aTOPAX.

KuioueBble ¢J10Ba: MarHeTPOHHOE PACIbUICHHE, TOHKHUE IUICHKH, JUCHIIUIN MOIHOeHa, KapOnu KPeMHHUS, dJIEeKTPH-
YeCKOe MMOBEPXHOCTHOE CONMPOTHBIICHHE, CTPYKTYpa IIJICHOK, (a30BbIl cOCTAB, AJIEKTPOHOrpaduyeckuii anaIu3

BaarogapuocTu: paboTa BEITIONHEHA TPH ToAIepKKe benopycckoro pecnybnukanckoro poHaa GyHIaMEHTAIbHBIX HC-
cnenoBanuii (moroop Ne T25MD-026).

KonduKT HHTEpecoB: aBTOPbI 3asBIISIOT 00 OTCYTCTBUU KOH(PIMKTA HHTEPECOB.

HNndpopmanus 06 aBropax: Pomarnos Heops Muxatinoeuy — kaunuaat Gu3nKo-MaTeMaTHYeCKUX HAyK, CTApIIMKA HAyYHBIN
COTPYJHHK JIADOPATOPUY BaKyyMHO-IUIA3MEHHBIX MOKPBITHH (PH3MKO-TEXHHYECKOro MHCTUTYTa HarpoHanbHOH akajneMun
Hayk benapycu, e-mail: rimigo@mail.ru; Jlamywxuna Ceemnana Imumpuesna — KaHAUAAT TEXHUYECKUX HAYK, TOLECHT, 3aBe-
qyromuit 1abopatopuell BaKyyMHO-IUTA3MEHHBIX MOKPHITHI (DU3MKO-TEXHMYECKOro MHCTHTYTa HanmoHanabHOH akajneMun
Hayk benapycu, https://orcid.org/0000-0001-9409-5749, e-mail: phti@tut.by; [llepbarosa Enena Hurxonaesna — xkanauaat pusn-
KO-MaTeMaTHIeCKUX HayK, JOLECHT, OTBETCTBEHHBIH 3a yueOHO-MeToanuecKyto padory IIpubGopocTponTtensHoro dakyasreTa
Bernopycckoro HalHOHAIBLHOTO TEXHUYECKOr0 YHUBEpCUTETa, e-mail: bntu@bntu.by; Iocviikuna Onvea Meanosna — kaunuaat
TEeXHUUECKHUX HAyK, CTAPIINH HAyIHBIH COTPYIHHK JAa0OPATOPUH BaKyyMHO-IUIA3MEHHBIX MOKPBITHN DU3NKO-TEXHUIECKOTO
nHctuTyTa HarmonansHoit akanemun Hayk bemapycn, https://orcid.org/0000-0002-9104-9883, e-mail: ola-gapa@yandex.by

Braaa aropoB: Pomanos Heopv Muxaiinosuy — 000CHOBaHHME KOHLENIIMYM, HAaHECEHHME MOKPBITUS Ha MeTajljnde-
cKre o0pasIbl, MPOBEICHNE HKCIICPUMEHTOB, HHTEPIPETAlUs Pe3yabTaToB HcciuenoBanus; Jlamywxuna Ceemnana J[mu-
mpueena — UHTEPIpeTaLys pe3y/IbTaTOB HCCIIeJOBaHHs, 0000IIeHNe pe3yIbTaToB uccienoBanus; [jepbarosa Enena Huxo-
naeéna — TIPOBEIEHME SKCHEPUMEHTOB; [locvinkuna Onvea HMeanoena — MpPOBENECHUE CPABHUTENBHOTO aHaju3a, pabora
C TEKCTOM PYKOIHCH.

Jlast uuTHpoBaHusi: BiusHue BEICOKOTEMIIEPATYPHOTO OTIKUTA Ha CTPYKTYPY, (Pa30BbIit COCTAB U PE3UCTHBHBIE CBOIi-
CTBa IJICHOK, TOTYYSHHBIX MATHETPOHHBIM PacIbUIeHHeM MuIIeHn coctaBa MoSi, + 20 mac.% SiC/ Y. M. Pomanos, C. 1. Jla-
tymkuHa, E. H. [llep6akosa, O. U. Iocwinkuna / Becui Hanprstnanenaii akagdMii HaByk benapycu. Cepslst dizika-ToxHid-
HBIX HaBYK. —2026. — T. 71, Ne 1. — C. 31-38. https://doi.org/10.29235/1561-8358-2026-71-1-31-38

Hocmynuna ¢ peoakyuro: 08.07.2025

Jlopabomannwiii sapuanm: 14.11.2025

Ymeepocoena k nyonuxayuu: 05.03.2026

THoonucana 6 neuamyn: 12.03.2026

* ABTOp, OTBETCTBEHHBIIT 3a nepenucky / Corresponding author.



Becui Haupisinanphait akagsmii HaByk benapyci. Cepbist ¢isika-TaxHiuHbIX HaByK. 2026. T. 71, Ne 1. C. 31-38
32 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2026, vol. 71, no. 1, pp. 31-38

Original article

Igor M. Romanov’, Svetlana D. Latushkina', Elena N. Shcherbakova?, Olga I. Posylkina'*

!Physical-Technical Institute of the National Academy of Sciences of Belarus,
10, Academician Kuprevich St., 220141, Minsk, Republic of Belarus
’Belarusian National Technical University,

65, Nezavisimosti Ave., 220013, Minsk, Republic of Belarus

INFLUENCE OF HIGH TEMPERATURE THERMAL ANNEALING
ON THE STRUCTURE, PHASE COMPOSITION AND RESISTIVE PROPERTIES
OF FILMS OBTAINED BY MAGNETRON SPUTTERING OF A TARGET
OF COMPOSITION MoSi, + 20 wt.% SiC

Abstract. Thin films with a quasi-amorphous finely dispersed structure and a crystallite size of 1-3 nm were obtained
using the magnetron sputtering method of a composite target of MoSi, + 20 wt.% SiC compound. A study was conducted
on the influence of temperature and duration of annealing on the surface electrical resistance, structure and phase com-
position of these films, which made it possible to establish a relationship between the structural-phase state and the value —
of the surface resistance of the films. It was determined that annealing of freshly deposited films at a temperature above
700 °C leads to a decrease in their surface resistance by 2.5-3 times, and at a heat treatment temperature of 900 °C this cha-
racteristic is stabilized. Based on the results of electron diffraction analysis and resistive properties of the films, it was found
that the change in surface electrical resistance is due to the evolution of the structure from quasi-amorphous to polycrystalline.
It was shown that the formation of stable phases of MoSi, and MosSi; of the tetragonal modification, as well as SiC of the hexag-
onal modification after heat treatment ensures stabilization of the electrical properties of the films. It was found that the a tem-
perature of 900 °C and a heat treatment duration of 3 hours can be considered as optimal annealing modes, at which stabiliza-
tion of the surface resistance, structure and phase composition of the films can be achieved. The results obtained can be used
to produce highly efficient thin-film IR emitters used as light sources in gas microanalyzers.

Keywords: magnetron sputtering, thin films, molybdenum disilicide, silicon carbide, electrical surface resistance, film
structure, phase composition, electron diffraction analysis
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Bgenenue. Ilorick MaTepuaoB ¢ BRICOKUMHU U3JydarolmuMu cBoricTBamu B MK-obmactu criekrpa
Y 3aJJaHHBIM 3HaYEHHEM TOBEPXHOCTHOTO 3JIEKTPHUIECKOTO COMPOTUBIICHUS SBISETCA aKTyaJbHON 3a-
nmadeii. VMcronb30BaHuMe TaKUX MaTepHaJioB B TOHKOIJIGHOYHOM BHJIE TTO3BOJISIET CO3/IaTh HA X OCHOBE
MHOT'OCIIOMHBIE CTPYKTYpPhI, IPUMECHSEMbIC B ONTUYECKUX T'a30BbIX MUKPOAHAIU3ATOPAX B KaueCTBE
HUCTOYHUKOB (MU M3aydareseil) ceera, padoratonux B MK-nuanazone [1]. Onruueckue ra3oBbie Mu-
KpOoaHaIN3aTOPhl HAXOAAT IMIMPOKOE MPUMEHEHNE IS aHAJIN3a COJIePyKAaHU BPEIHBIX Fa30BbIX IPHMeE-
ceif B atMocdepe BOKPYT Pa3IMIHBIX MTPOMBIIIICHHBIX 00BEKTOB U B OBITY UeiioBeKa [2].
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D¢ dexTuBHOCTH pabOoTHl TOHKOTUIEHOUHBIX MK-M3imyyareneil onpeaensieTcs U3IyyaromuMu CBOM-
CTBaMU MaTepHaja U ClIOCOOHOCTHIO ATOI0 YCTPOUCTBA JUTUTENHHO (PYHKIIMOHUPOBATH MPH 3HAUYCHHSIX
temrieparypsl, 0au3kux Kk 800 °C. Beicokoil m3mydareabHON CIOCOOHOCTHIO, paBHOH 0,8, 00namaroT
TJICHKH CHITHITHIOB HEKOTOPBIX MeTaiioB (Mo, W, Cr), mony4aeMble MArHETPOHHBIM pacIiblIICHUEM B Ba-
kyyme [3; 4]. Tak, nienku cunnuga MoiauodaeHa (MoSi,) HMEIT MaKCUMaJIbHY0 IPOJOKUTEIBHOCTD
BpEMEHHU Pa0OThl CPeAM YKa3aHHBIX COCAMHEHUH MPH JJIUTEIBHOM BBICOKOTEMIIEPATYpPHOM Harpese
0e3 N3MEHEHNU s PE3UCTUBHBIX CBOWCTB, KOTOPAs TEM HE MEHEE HeJOCTaTOUHA JUJIsl IIUPOKOTrO MpaKTHYe-
ckoro ucnoibs3zoBanus B UK-nzmyuaremnsx.

Bo03MOKHBIM c1TOCOOOM pELICHHSI 3TO MPOOJIeMBbI SIBIsIeTCs YOPMUPOBAHKE IIJICHOK METOI0M MarHe-
TPOHHOT'O pacHblIEHUs IIPU UCTIONb30BaHIH KOMIIO3UIIMOHHBIX MUIlIeHel coctaBa MoSi, + 20 mac.% SiC,
YTO, KaK [T0Ka3aJ1 SKCIIEPUMEHTHI, IPUBOIUT K YBEITHUCHHIO BpEMEHU pa0OOThI TAKUX IJICHOK 110 CPaB-
HeHuto ¢ ieHkamu MoSi, [5; 6]. Bmecte ¢ TeM cBexeocaxJAeHHbIE IUIEHKHU, MOJTY4YEHHBIC MarHe-
TPOHHBIM paclblIeHHEeM MUILEHH cocTaBa MoSi, + 20 mac.% SiC, uMeroT KkBa3suaMop(pHYyI0 CTPYKTYpy
¢ pazmepoM KpucTtayuToB 5—10 HM. OHAKO IpU NPOTEKAHUH YEPE3 CBEKEOCAKACHHYIO IUIEHKY UM-
IyJIbCOB TOKA, PAa30TPEBAIOILUX €€ 10 BBICOKOM TeMIepaTypbl U NPUBOISALINX K BOSHUKHOBEHUIO HH-
teHcuBHOro MK-n3mydenus, mpoucxoauT npouecc HeKOHTPOJIUPYEMOH KPUCTAIIIM3ALUH [IJICHKU U 13-
MEHEHHS €€ MapaMeTPOB, B YACTHOCTH 3JEKTPUUECKOTO CONPOTHBIICHHUS, YTO HETaTUBHBIM 00pa3oM
CKa3bIBAETCs HA CTa0MIIBHON paboTe N3IydaTels.

B cBsi31 ¢ 3THM BCTaeT BOMPOC MOUCKA TEXHOJIOTHYECKOTO MOAX0AA, TIO3BOJISIONIET0 CTAOUIN3UPO-
BaTh CTPYKTYPY H (a30BbIH COCTaB IJICHOK, a CICJOBATENbHO, U UX YJCIbHOE IEKTPHUECKOE COMpPO-
TUBIeHHE. TaKuM MOAXOIOM MOXKET OBITh TEPMOOOPAOOTKA CBEKEOCAKICHHBIX KBA3UAMOP(HBIX TLIe-
HOK, CIIOCOOCTBYIOII[asi MPOTEKAaHUIO B HUX IMPOIIecca COOMPATENbHON PeKPUCTANIIIU3ANY U TIepexo/ia
B 0oJiee CTaOMIBLHOE MOTMKPHUCTAINIMIECKOS COCTOSTHUE [7].

Lenv nacmosaweti pabomvi — NCCAEIOBAaHUE BIUSHUS BBICOKOTEMIIEPATYPHOI'O OTKUTA IIJICHOK, MO-
Jy4YEHHBIX MAarHETPOHHBIM PACHBLICHHEM MHIIEHH cocTaBa MoSi, + 20 mac.% SiC, Ha BeJIMYUHY UX
MOBEPXHOCTHOTO AJICKTPUYECKOTO COMPOTUBIICHUS, CTPYKTYPY U (Da30BBIH COCTAB, yCTAHOBIICHHUE B3aU-
MOCBSI3U MEXAY CTPYKTYPHBIMH H 3JICKTPUUECKUMH XapaKTEPUCTUKAMU IIJICHOK, OCAXAAEMbIX METO-
JIOM MarHeTPOHHOT'O PaCIbLICHUSI.

MeToauka s3xcnepumenTta. /s TonydeHHs TUICHOK MCIIOIBb30BAIach METOIMKA BaKyyMHOTO Ma-
THETPOHHOTO PaclbUIEHUs Ha MOCTOSHHOM TOKE B Cpefie aproHa. J{Jis ocaykJieHHsl TIEHOK MTPUMEHsJIach
MHUILIeHb cocTaBa MoSi, + 20 mac.% SiC auameTrpoMm 46 MM, U3rOTOBJICHHAs METOJOM HUMITYJIbCHOTO
IIPECCOBAHMSI C UCIIOJIb30BaHUEM OpPU3aHTHBIX B3PbIBUATBIX BEILECTB cMecH nopoukoB MoSi, u SiC.
INopnoxkaMu 115 0CaXAAEMBIX IUIEHOK CIIYKHJIM IUIACTHHBI MOHOKPUCTAJIINYECKOTO KPEMHUS C OpH-
entauueit (100) u gusnexkrpuueckoro cutaniga CT-50-1. lns onpeneneHust conepKaHus XUMHUUECKUX
3JIEMEHTOB B IJICHKAaX [IPUMEHSUICS KOJMYECTBCHHBII aHaIN3 CTPOSHUS BEILECTBA 110 3HEPreTUUECKUM
cnektpam 31ekTpoHoB (OXKE-cnekTpockonusi), KOTOpBIH MPOBOAKIICS HA SIEKTPOHHOM CIEKTPOMETpPE
PHI-660 Perkin Elmer (CLLIA). ITpocTpaHCTBEeHHOE pacpeaesicHHE IIEMEHTOB T10 TITyOWHE TUICHOK OTTpe-
JIETISLII0CH TIPH MOIIArOBOM PaCIbIIICHUH TOBEPXHOCTHOTO ¢JI0s1 00pa31ioB MOHAMU aproHa ¢ SHepruei 3 k3B.

[loBepXHOCTHOE COIPOTHUBIICHUE IIJIEHOK M3MEPSUIM YEThIPEX30HA0BBIM METOJO0M, TOJIIHMHY IJICHOK
OTIpeeIIsIN C ucrosib3oBanueM npudopa MUU-4 (Poccus).

[lepen ocaxxaeHneM IJIEHOK IPOBOAMIIACH HOHHASI 00PabOTKa MOJIOKEK C UCIONIb30BaHUEM aproHO-
BOr0 HCTOUHHKA XOIIIa C JHEPrUeil HoHOB aproxa 1,0 k3B U MIOTHOCTHIO TOKA Ha MOIOKKE 5 MA/cM?.
ToniuHa NIEHOK Nociie ocaxAeHus cocTaBisia 0,4 MKM.

Tepmuueckast 00paboTKa TUIEHOK OCYIIECTBISIACH B BBICOKOTEMIICpATYpPHOH Me4M Ha BO3IYXe.
Jl71st 3aIMTHl OT OKUCIICHHS HIepesl TePMOOOpaObOTKON Ha MOBEPXHOCTH 00PA3L0B OCAXKIAJICS CIIOW HU-
Tpuaa kpemHus (Si;N,) TommuHo#i 0,5 MKM Kak MaTepual, UCIONIb3YeMblil B IPOMBIIUIEHHBIX JaTYH-
kax. /17151 aTOro npuMeHsiics MeTo Hu3koTemrepaTypHoro (350 °C) mia3MoXxuMHu4eckoro razodasHoro
ocaxxaenus (Plasma-Enhanced Chemical Vapor Deposition, PECVD). O0pa3ubl noasepraiu TepMo-
obpadotke npu 7' = 450-900 °C, 3atem cnoii Si;N, yaansanacs XUMHYECKUM TPaBICHUEM.

DnexTpoHorpadraeckoe UCCIeA0BaHne 00pa3IoB MPOBOAMIOCEH Ha deKTpoHorpade IMP-102 (Poc-
cHsl) B pexuMe paboThl Ha oTpakeHue. [locTosiHHY 10 TprOopa yCTaHaBIMBAJIM [Ty TEM KaJIMOPOBKH, UCIIOJb-
3yst 0Opasel] ¢ U3BECTHBIMU MapaMeTpaMH KPUCTAJNTMYECKON pelieTku. B kadecTBe KannOpoOBOYHOTO
3TajioHa ObLJIM BBIOPAHBI MOJUKPUCTAIIIIMYECKHE 00pa3Libl OKUCH MarHus, Aaloe YeTKYIO KOJIBLEBYIO
AeKTpoHOTpamMMy. JIst onpeaeneHns MeKIIIOCKOCTHBIX PacCTOSTHUH UCTIOIb30BajIack popmyda [§]
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thl'dhklzz 'L')L:A,

rne Dy, — IuamMeTp Kojiblla MUIM yJBOCHHOE PACCTOSHUE OT peduiekca IO LEHTpa 3JIEKTPOHOIPAMMBI,
MKM; d,,;; — MEKIUIOCKOCTHOE PACCTOSIHUE CUCTEMBI /1.k [, HM; L — 3 deKTuBHAS AITMHA KaMepbl, MM; A —
JUIMHA BOJHEI 27eKTPoHa, A; A — nocrosHHas npubopa. JuameTp koner usmepsics npubopom M3A-5
(Poccust) ¢ Tounocthro +1 MM. [Ins mpeHTHGUKAIMKN paclM(POBAHHBIX AIEKTPOHOIPAMM HUCIIONb-
30Banu 0as3y MaHHBIX MexIyHapomHOTo IeHTpa nudpaknuoHHBIX naHHbIX (International Centre for
Diffraction Data, ICDD, https://www.icdd.com). PacmndpoBka KOJIBIEBBIX JIECKTPOHOTPAMM OT TIOJIH-
KPUCTAJUTMYECKHX 00pa3lioB OCYIIECTBISIACEH CIEAYIOIHUM 00pa3oM:

1) u3MepsiTu paguychl KOJelr;

2) 3Has NOCTOSHHYIO NpHOOpa 4, OIpenesn MeXILIOCKOCTHbIE paccTosnus d, ., = A/D, tne D —
9KCIePUMEHTAJIbHOE 3HAaY€HNE MEKIIJIOCKOCTHOTO PACCTOSHHS,

3) uneHTUGUINPOBAIN IOTyUYSHHBIE (Da3bl MyTeM CPaBHEHUS MEXIIJIOCKOCTHBIX paccTosHui (d,,.,,)
C TEOPETUYECKUMH BEITMINHAMHI MEKIUIOCKOCTHBIX PACCTOSHUH (d,¢p)-

Pe3yabraThl 3KCHIEpUMeHTa M UX 00cy:KaeHHe. Tak Kak JOCTaTOYHO MoIIHOe onTuyeckoe MK-u3-
TyYeHUE TUICHKHW BO3HHMKACT IIPHU e¢ pa3orpese mo temrepatypsl 750—-800 °C mpu mpoTekaHuH depe3
Hee 3JIeKTPUYECKOr0 TOKa, CTAOMIBHOCTD CTPYKTYPbI M DJIEKTPUUYECKOTO COMTPOTHBIICHUS H3ITyYaloen
MIJICHKW BO BPEMEHH OTNpeieNsieT HaIeKHY IO paboTy M3IydaTels IPH €ro ATUTEIbHOM (QYHKIIHOHUPO-
BaHWH. B HacTosmell paboTe MpOBOIUIIUCH HCCICIOBAHMS BIMSHUS TEMIIEPATYPBI U MPOIOIKUTETb-
HOCTH OT)KHTa Ha TMOBEPXHOCTHOE MIIEKTPUUYECKOE COMPOTHUBIEHUE (R), CTPYKTYpy M (pa30BBIiA COCTaB
IICHOK, CPOPMHUPOBAHHBIX METOIOM MAaTHETPOHHOTO PACIIBICHUS] KOMIIO3UITHOHHON MHUIIICHU COCTaBa
MoSi, + 20 mac.% SiC.

CryrneH4aroe TpaBJCHHE CBEKEHAIBUICHHBIX IICHOK C TIOMOIIBI0 BRICOKODHEPT€THYECKOT0 MyYKa
HOHOB aproHa M03BOJINJI0 0OHAPYKUTh pABHOMEPHOE pacIpeieieHie JIEMEHTOB 110 WX ToJmuHe (puc. 1).
[lomy4yeHHbIe IKCTIEpUMEHTATBHBIE JaHHBIE CBUJIETENHCTBYIOT O COXPAHEHUH B OCAXTa€MBIX TIIEHKaX
KOJTMYECTBEHHBIX MPOMOPIIUI MEKIy OCHOBHBIMHU AJIEMEHTAMHU COTJIACHO COCTaBY PACHBUISIEMON MU-
menn. Hanuune npuMecy KUCIIOpoa B COCTaBe TUICHOK OOYCIIOBJICHO 3arpsi3HCHUEM TIOPOIIKOBBIX KOM-
ITIOHEHTOB MCXO/IHOM MHIIIEHU ITOCTOPOHHUMH OKCUIaMHU METAaJLJIOB.

MeTannndeckue MIeHKH cpa3y MOocie OCaXACHHU 0OOBIYHO UMEIOT 00JIee BBICOKOE ITOBEPXHOCTHOE
COTIPOTHBJICHHE, YeM TIOCTIC OT)KHTA IPU BHICOKUX TEMIIEpaTypax, YTO OOBSICHSACTCS OOJBITUM KOJTHUYE-
CTBOM B CBE)KCHAIBIJICHHBIX 00pa3lax KPUCTALTUYECKUX Ne(EeKTOB, KOTOPbIE YBEIMUUBAIOT paccesHue
AJIEKTPOHOB U, COOTBETCTBEHHO, BEJIMUYMHY CONMPOTUBIIEHU. Kak moka3anu pe3ysabTaThl SKCIICPUMEH-
TOB, M3MEHEHNE BEIMYMHBI TTOBEPXHOCTHOT'O JIEKTPHYECKOT'0 COMPOTHBIICHHS TJIEHOK HAYMHAETCS
B nHTepBase Temmepatyp 450—500 °C (puc. 2, a). llpu gaapHEHIIIEM TOBBIIICHUH TEMIIEPATYPBI OT)KUTA
IJICHOK TIPOUCXOAUT YMECHBIIICHNUE BETUUUHEI R B 2,53 pasa 1Mo CpaBHEHUIO C UCXOJHBIM, JOCTUTAS
crabusipHOTrO 3HaueHwus npu 7> 900 °C.
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Puc. 1. Pacnpeﬂeﬂeﬂl/le DJIEMCHTOB B IVICHKAX, MMOJYYEHHBIX MArHETPOHHBIM PACIIbIJICHUEM MUIIIEHU COCTaBa
MoSi, + 20 mac.% SiC

Fig. 1. Distribution of elements in films obtained by magnetron sputtering of a target of composition MoSi, + 20 wt.% SiC
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Puc. 2. 3aBHCHMOCTb MOBEPXHOCTHOTO COMPOTHBIICHUS (R) TIICHOK, MOy YEHHBIX MarHETPOHHBIM PACIIBUICHHEM MUILICHH
coctaBa MoSi, + 20 mac.% SiC ot: a — TemnepaTypsl oTxura (7, Bpemst OTKura ¢ = 3 4); b — BpeMEHU OT)KUTA
(¢, remnieparypa 7'=900 °C)
Fig. 2. Dependence of the surface resistance (R) of films obtained by magnetron sputtering of a target of composition MoSi, +
+20 wt.% SiC on: a — annealing temperature (7, annealing time ¢ = 3 h); b — annealing time (¢, temperature 7 = 900 °C)

B pe3ynbraTe HOMOJHUTEIBHBIX AKCIIEPUMEHTOB TIpH Temmeparype orTxura 900 °C u BapsupoBa-
HUU €ro MPOJOJIKUTEIBLHOCTH OT 1 10 5 4 ycTaHOBJIEHO, 4TO 3P (EeKT cTabuan3anuu R MIEHOK POUC-
XOIIUT YK€ MIPHU BpeMeHH OTkura ¢ > 2 4 (puc. 2, b).

W3BecTHO, 4TO pa3nuyHbIe CBOMCTBA TOHKUX CIIOEB SBISIOTCS CTPYKTYPHO YyBCTBHTEIBHBIMU [9],
MO9TOMY B HACTOSIIEH paboTe MPOBOMMIIMCH MCCIEHIOBAHUS B3aWMOCBI3H MEXIY AJIEKTPUUECKAMHU
CBOWCTBaMHU U CTPYKTYPOii M (ha30BBIM COCTABOM ILIICHOK IOCIIE BEICOKOTEMIIEPATYPHOTO BO3/ICHCTBHSI.

HcxonHas cTpyKTypa CBEKEOCAXACHHBIX IUICHOK, KaK TMOKa3aJl AJIEeKTpOoHOrpaduyYecKuii aHaIus,
ABJIIETCS] KBa3MaMOP(HOH METKOAUCIEPCHOH ¢ pa3MepoM KpucTaiauToB 1-3 HM (puc. 3). Xapakrep
¥ BHJI KOJIT] Ha DJIEKTPOHOTpaMMe CBHJIETEIBCTBYET O HAIMYNHU B TJICHKAX TOMUMO HAHOKPHUCTAJIITH-
TOB 3HAYUTEILHOTO COMEP)KaHUI aMOPHBIX (as.

CornacHo »1eKTpOHOrpadUIEeCKUM UCCIIEIOBAHUAM TEPMUUYECKUI OTKUT MIPHU TEMIIEpaType MeHee
450 °C B TeueHue | 4 He MPUBOAUT K U3MEHEHHUIO CTPYKTYPHI INICHOK B CPAaBHEHHH C HaYaJIbHBIM CO-
crostHueM. [IeHKr mocne oTKura ocTaroTcs aMOpPHBIMUA. DTH TaHHBIE KOPPETUPYIOT C pe3yIbTaTaMu
M3MEPEHHUS TTOBEPXHOCTHOTO AIEKTPHUCCKOTO COMMPOTHBICHUS (R) TIIICHOK (CM. pHUC. 2), KOTOPOES TaKkKe
HE M3MEHSIETCS MOCIIe OTKUTA IPH JJaHHOW TeMIIepaType.

OTKHUT TIpU MOBBIMICHHBIX TEMIEPaTypax BbI3BIBAET MPOLECCH KPUCTAIIN3ALNU, O YEM CBHJE-
TENbCTBYET 00pa30BaHUE CHaYaja Pa3MbIThIX, a 3aTE€M C YBEJINUYCHUEM TEMIIEPATyPhl OTKHUT'A SPKO BbI-
pakeHHBIX TudpakIInoOHHEIX Koieln (puc. 4). OgHako HACHTUPHUIIHPOBATH (Da3bl B COCTABE MOKPBITUI
yaaeTcst TOJbKO TIpu Temmeparype oTxura 750 °C. Tak, anexTpoHOrpaMMa OT 00pasia IMIECHKH, MO/-
BEPrHYTOTO CTAIlMOHAPHOMY OTKUTY Tipu Temmneparype 750 °C B Teuenue 1 4, COCTOUT U3 Pa3MBITHIX
JU(PaKIHOHHBIX KOJIEIl, TPUHAAJISKAIINX TeTparoHatbHol Moanpukanuu MoSi, (cM. puc. 4, a, Tadn. 1).
TakuM 00pa3om, MpH NAHHBIX PEKHMaX TEPMOOOPAOOTKH B TOHKOIUICHOYHOH CHCTeME HauWHAeTCA
o0pa3oBaHNe MONUKPUCTAITNYECKOTO JUCHIIAIIN/Ia MOTUOICHA.

a b

Puc. 3. Mopdosnorus noBepxHocTH (a) 1 21eKTpoHOrpamma (b) CBeKeocax ACHHOI IIICHKH,
HOJIyYCHHOH MarHETPOHHBIM paclblIeHHeM MUIIeHH coctaBa MoSi, + 20 mac.% SiC

Fig. 3. Surface morphology (a) and electron diffraction pattern (b) of a freshly deposited film obtained
by magnetron sputtering of a target of composition MoSi, + 20 wt.% SiC
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a b c

Puc. 4. DneKTpOHOrpaMMBbI OT IICHOK, IOJIyYEHHBIX MarHETPOHHBIM pacIblUICHHEM MUIIeHH cocTaBa MoSi, + 20 mac.% SiC
MOCIIe MOCIEIYIOMIEr0 TEPMUYECKOTO OTXKUTa B TeueHne 1 1 mpu temmeparype 750 °C (a), 900 °C (b) u 950 °C (¢)

Fig. 4. Electron diffraction patterns of films obtained by magnetron sputtering of a target of composition MoSi, + 20 wt.% SiC
after subsequent thermal annealing for 1 h at a temperature 750 °C (@), 900 °C (b), and 950 °C (c)

W3BecTHO, 4TO IucHIMLU MOJIHOIEHA CYLIECTBYET B IBYX Pa3JIMYHbIX OJIUMOP(HBIX KPUCTAIIIN-
YeCKHX CTPYKTypax: TekcaroHaJbHOH cTpykType (Tun C40) u TeTparonaibHoi cTpyktype (tum Cl1),
U TonbKo MoSi, B TeTparoHanabHON MoAupuKanuu o0safaeT TePMOAMHAMHUYECKOH CTaOUIBHOCTBIO
IIpU BBICOKUX TeMmrieparypax [9]. Ho yxe Ha anekTpoHOrpaMMe oT 00pasia, MOABEPrHYyTOrO CTaIllHo-
HapHOMY oTxury npu temneparype 900 °C B Teuenue 1 4, BUAHBI IIUPOKHUE, HO MEHEE Pa3MBIThIE U~
(paKIMOHHBIE KOJIBLA, YTO CBUIECTEILCTBYET O POpMUPOBAHUU (a3 ¢ MOIUKPUCTAIIINIECKON CTPYK-
TYpoOil M MaJIbIM pa3mMepoM 3epeH (cM. puc. 4, b). KomudecTBo 1 HHTCHCUBHOCTH AU(PPAKIIMOHHBIX KO-
JIe1l Ha 3JIEKTPOHOI PAMME BO3PaCTaroT.

W3 ananusa 37€KTPOHOTpaMM CJIEAYET, YTO IPU AAHHBIX PEKUMaX OTIKUTA MPOJOIIKAETCS PopMu-
pOBaHUE IUCHJIMLKJA MOJUOACHA TETparoHaJlbHOH MOIU(PHUKALUN, KPOME TOr0, MOSBISIOTCS JIMHUY,
yKa3bIBaIOIIMe Ha 00pa3oBaHue Kapouaa kpemuus SiC rekcaronanbHoi Moaudukamnuu. [Ipu mossimie-
HUU TemnepaTypsl oTxura 10 950 °C (ha3oBblii cOCTaB MIICHOK IPETEPIEBACT U3MEHECHHUS, O YeM CBH/IC-
TEJIBCTBYET IMOSBJICHUE Ha 3JIEKTPOHOTpaMMe AN(PPAKINOHHBIX KOJIEll, YKa3bIBAIOIINX HA (OPMHUPOBa-
HHUe cuinnuaa MonndaeHa MosSi; TeTparoHanbHOM Moaupukanuu (cM. puc. 4, ¢). Haindue Toueunsix

pediiekcoB Ha TOHKUX AU(PAKIUOHHBIX KOJIbLAX,
Ta6nuua l. da3oBblil cOCTAB MUIEHOK, MOTydennpix  IPUHAIIEKAINNUX, I0-BUAMMOMY, SiC u MoSi,, yka-
MArHeTPOHHBLIM PACNbIJICHUEM MULIIEHHU COCTAaBa 3bIBACT Ha OpI/IeHTI/IpOBaHHLII/I pOCT 3epeH JAaHHBIX
MoSi, + 20 mac.% SiC nocJie TepMHYECKOro 0TKHUra a3. JlaTh OXHO3HAYHBIH OTBET, KAKOMY HMCHHO U3
B redenie 14 Ha3BaHHBIX COCIMHEHMH NPHHAIJIECKAT HEKOTOPbIE
Table 1. Phase composition of films obtained

by magnetron sputtering of a target KOJIbLIA, HE IPEJICTaBISCTCS BO3MOXHBIM B CHILY
of composition MoSi, + 20 wt.% SiC Toro, uto B 0Oase ganHbIX ICDD cymectByeT He-
after thermal annealing for 1 h CKOJIBKO MEXKIUIOCKOCTHBIX paccTosiHuil ¢az SiC

1 MoSi,, mpaKTHYeCKH! PaBHBIX MEX]y COOOI1.
BausiHue nponosKuTeNbHOCTH OTKUTA HA IIPO-

Temneparypa OTXHUTra

d, um hkl Annealing temperature

d.nm T=750°C | 7=900°C | T=950°C necc ($pa3o00pa3oBaHUA B IIICHKaX OBLIO MCCIIENO-
0392 002 MosSi, MoSi, MosSi, BaHO B SKCIIEPHUMEHTaX ¢ cepueil 00pa3noBs, s KO-
0.295 101 MoSi, MoSi, MoSi, TOPBIX TepMHUYecKas 00pabdOTKa MPOBOAUIIACH TPH
0,236 101 _ SiC SiC ¢ukcupoBannoii temmneparype 900 °C B TeueHue
0,235 321 _ _ Mo,Si, pa3HBIX TPOMEXKyTKOB BpemeHH (1, 3 u 5 u). CpaBHU-
0,225 110 MoSi, MoSi, - TEJIBHBIN aHAJIN3 IEKTPOHOTPaMM 00pa3IOB IIJICH-
0,211 41 - - MosSi, KM B IAaHHOM J3KCIIEPUMEHTE MOKa3all, 4TO NP yBe-
0,199 222 - - MosSi, JUYECHUU BPEMEHHU TEPMUYECKOH 00paboTku 110 3 4
0,195 112 MoSi, - - CYILIECTBEHHO YMEHbIIACTCS IIUPUHA AU(QPAKIIUOH-
0,183 102 - SiC SiC HBIX KOJIeI], COOTBETCTBYIOMmHUX (hazam MoSi, u SiC,
0,153 213 - - MosSi, YTO yKa3bIBaeT Ha POCT pa3Mepa 3epeH JaHHbBIX (a3
0,148 | 202 - MoSi, MoSi, (puc. 5).

0,131 | 006 - Mosi, - Kpome Toro, Ha 3JIEKTPOHOrPaMMax PErucTpH-
0,131 112 - Si€ - pytorcsi AuppakIMOHHBIE KOJNbLA, YKa3bIBAIOIINE Ha

0,125 | 213 - - MoSi, dopmupoBanue cuuiuaa MonubaeHa MosSi, TeTpa-
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a b c
Puc. 5. DnekTpoHOrpaMMBI OT IIJICHOK, ITOJYyYSHHBIX MarHETPOHHBIM PAaCIbIJICHUEM MHIICHH COCTaBa
MoSi,+ 20 mac.% SiC nocne cranuonapaoro otxura npu 7 =900 °C B reuenne 1 1 (@), 34 (b)) u 54 (c)

Fig. 5. Electron diffraction patterns of films obtained by magnetron sputtering of a target
of composition MoSi, + 20 wt.% SiC after stationary annealing at 7= 900 °C for 1 h (@), 3 h (b), and Sh (¢)

roHanpHOW Moauduramuu (cM. puc. 5, b, Tabdn. 2). Ta6numa 2. ®a30Bblii COCTAB MICHOK,
Tak>ke py JaHHBIX PEKUMax OTKUTra HabIonaeTcs 0Ty I€HHBIX MArHETPOHHLIM PACHLLICHHEM
o . . . i. + 9 i
OpHeHTHPOBaHHbIN pocT a3 MoSi,, MosSi; u SiC, mumwenn cocrasa MoSi, +20 mac.% SiC ocae
CcTalMOHAPHOro oTskura npu 7'=900 °C

0 YeM CBHJICTEJILCTBYET HAJIMUUE TOUCUHBIX pediek-
COB Ha DJIEKTPOHOIpaMMe.

BaxHO OTMETHUTH, UTO yBEIUYEHUE BPEMEHU OT-

Table 2. Phase composition of films obtained
by magnetron sputtering of a target of composition
MoSi, + 20 wt.% SiC after stationary annealing

skura 10 5 4 npu temneparype 900 °C He mpuBoO- at T=900 °C
JUT K M3MEHEHMIO KaK (a30oBOTO COCTaBa IJICHOK
(CM. puc. 5, c, TaobII. 2), TaK U BCJIIMYHNHBI IIOBEPX- TIpooIKHTEIBHOCTD OTHKHUTA
d Annealing duration
HOCTHOT'O CONPOTHBIICHHUS OTOX)KEHHBIX IJICHOK , HM ki
(cMm. puc. 2, b) d,nm =1u t=3q t=5q
]P T 6. =1h t=3h t=5h
aKuM 00pa3oM, MPOBEIACHHBIC UCCIETOBAHUS -
PasOM, TIPOBCA A 0392 | 002 | MosSi, N -
MOKa3bIBAIOT YETKYIO0 B3aUMOCBSI3b MEXAY CTPYK- : ;
N 0,341 220 - MoSi; | MosSi,
TYypHO-(a30BbIM COCTOSIHHEM H BETMUHNHOU MTOBEPX- . .
0305 | 310 - MosSi; | MosSi,
HOCTHOT'O CONPOTHBIICHUS TJIeHOK. DopMupoBanme . . :
” 0,295 101 MoSi, MoSi, MoSi,
B COCTaBE TUICHOK TEPMOJUHAMUYECKHUX YCTOWUH-
o o o 0,236 101 SiC SiC SiC
BBIX COGIMHEHHUH C KPUCTAJUTMYECKOH CTPYKTY PO : : :
obecrieynBaeT CTaOMIIM3AIINIO TOBEPXHOCTHOTO CO- 0,225 110 MoSi, MoSi, MoSi,
MPOTHUBJICHHUS [IJICHOK. 215 420 - MosSi; | MosSi;
06o6mas cBeeH s, IOy YEHHBIE TTOCIIE U3YYe- 0,211 411 - MosSi; | MosSi;
HUS PE3UCTUBHBIX CBOWUCTB U DBOJIIOIUH CTPYKTYPBI 0,195 112 - MoSi, MoSi,
u (pa3zo00pa3oBaHus HCCIENYEMbIX IIJICHOK I1OCIE 0,183 102 SiC SiC SiC
OTXKHUI'a, MOXHO OTMETHUTh, UTO ONTUMAJIBHBIM pe- 0,159 200 - MoSi, MoSi,
JKHMOM SBIISIETCSl OTXKUT Npu TemmnepaTtype 900 °C 0,154 110 - SiC SiC
B TedeHue 3 4. [Ipu JaHHBIX YCIOBHIX MOXKET OBITH 0,148 202 MoSi, MoSi, MoSi,
JIOCTUTHYTa CTaOMIM3AIHs IOBEPXHOCTHOTO COIPO- 0,131 006 MoSi, MoSi, MoSi,
TUBIICHHUSI, CTPYKTYPBI U ()a30BOr0 COCTaBA IJICHOK, 0,131 112 sic SiC sic
YTO BAXXHO IPU UX MOCICAYIOUEM v(i)YHKI_II/IOHI/I— 0,125 213 _ MoSiz MoSi2
POBaHMU B COCTaBE TOHKOIJICHOUHOW CTPYKTYDBI 0.106 107 MosSi, MoSi, MoSi,

UK-n3nydarensi ¢ UMITyJIbCHBIM PEXKHMOM Harpena
1o temneparypsl 800 °C u oxnaxaenuem 1o 25 °C.

3akiouenue. VccnenqoBanbl pe3UCTUBHBIC CBOMCTBA M BOJIOLMS CTPYKTYPHO-(A30BOI0 COCTOS-
HUS IIJICHOK, C(POPMUPOBAHHBIX METOAOM MAarHETPOHHOI'O PACIBIICHUS KOMIO3ULMOHHBIX MUIIEHEH
coctaBa MoSi, + 20 mac.% SiC, nocie BBICOKOTEMIIEPATyPHOT0 OTHKHUTa. YCTaHOBJIEHO, YTO OTXKHUI CBe-
JKEOCaXKICHHBIX IIJICHOK 1pu Temneparype 750—800 °C npuBOAUT K YMEHBILCHHIO UX IIOBEPXHOCTHOTO
conpoTuBieHus B 2,5-3 paza. [lokazaHo, 4To cTaOuIU3anNsl PE3UCTUBHBIX CBONCTB IJIEHOK MPH TEM-
neparype orxura 900 °C B TeueHue 3 4 NPOMCXOAUT 3a CUET OOpa30BaHMS B HUX MOJUKPUCTAIIH-
YEeCKOH CTPYKTYpBI ¢ Hamn4gueM cTabmibHbBIX (a3 MoSi, n MosSiy TeTparoHanbHONH MOIU(HUKAIIIH,
a taxoke SiC rexcaroHajibHON MOAU(UKAIIHH.
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[onmy4eHHbIe pe3ysbTaThl MOTYT OBITh HCIIOJIB30BAHbBI TP CO3aHUH BHICOKOA(P(EKTUBHBIX TOHKO-
mwieHouHbIX MK-n3nyuareneil, npuMeHsIeMbIX B KaY€CTBE UCTOUHUKOB CBETA B a30BbIX MUKpPOAHAJIU-
3aTopax.
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OpuZuHaﬂbHaﬂ cmamu

A. 10. Kopoaés", B. A. Tomnao’, B. C. Hucc?

IHaquO—meXHOﬂoeuquKuﬁ napx BHTY «Ilonumexuuxy, ya. A. Konaca, 24, 220013,
Mumnck, Pecnybonuxa berapyce
2Beﬂopyccmn? HAYUOHANbHBIU MexXHuyecKull ynugepcumem, np. Hezasucumocmu, 65, 220013,
Munck, Pecnybnuxa bBenapyco

IPPEKTUBHOCTH ITPOLHECCOB NOBBIIEHU I KAHECTBA IOBEPXHOCTH
B YIIPABJIAEMBIX UMITYJIbCHbBIX PEZKUMAX
SJEKTPOJUTHO-IIJIASMEHHOMN OBPABOTKH

AnnoTtanus. [1yis noBeinieHus 3pPpeKTHBHOCTH IEKTPOIUTHO-IIA3MEHHOM 00paboTKK pa3paboTaHbl PEKHUMBI, OCHO-
BaHHBIC HA UCIIOJIH30BAHUU YIIPABIISIEMBIX MMITYJIbCOB. PeXKMMBI pealin3yroTcs IyTeM 4epeNoBaHHs MMITYJIECOB BBICOKO-
TO HAMPSKEHUS, COOTBETCTBYIOIIETO JIEKTPOTUTHO-IIIa3MEHHON 001acTH, ¥ OECTOKOBBIX Iay3 MeX Ty HUMH. [loBbeHne
3 GEKTUBHOCTH MUMITYJIbCHBIX PEKUMOB 10 CPABHEHMIO C TPAJAUIMOHHON 00pabOTKON Ha MOCTOSIHHOM TOKE TOCTHUIAETCsI
3a c4eT MHTEHCHBHOTO CheMa MeTaJljla BO BPeMs 3JIEKTPOXMMHYECKOr0 MpoIecca, MPOTeKalonero B HaYaJbHbIIi MOMEHT
BKJIIOUEHHS] UMITyJIbCa BBICOKOTO HANPsKEHUS (B cTaguy (JOPMHPOBAHUS TAPOTra30BON 0OONOYKHM), U ONTHMH3ALHUU IPO-
JIOJDKUTEIIBHOCTH JJIEKTPOJIMTHO-TIIIa3MEHHOI0 TIpoLiecca, MPHU KOTOPOM 00eCIieunBaeTCsl BHICOKOE KaueCTBO IMOBEPXHOCTH.
Tlo pe3ynbraram mcciie0BaHUS BIMSHUAS BPEMEHHBIX TapaMETPOB YIIPABIISIEMBIX HMIYJIHCOB Ha ChEM METaJIa  Ka9eCTBO
(hopmMupyeMoii TTOBEPXHOCTH yCTAaHOBIIEHBI PEXKUMBI, 00ECTIEINBAIONINE BBICOKYIO d((PEKTHBHOCTh CHHKEHHUS IIEPOXOBATOCTH
MPY HU3KHUX DHEPreTHUECKHX 3aTpartax. [[puMeHeHne cXeMbl, TPH KOTOPOil yIpaBiisieMble UMITYJIbChI BHICOKOTO HAIPSKEHU ST
C JUINTETBHOCTBIO 2—5 MC M aMILTUTY IO, COOTBETCTBYIOIIEH 3JEKTPOIUTHO-TIa3MeHHOMY Tipotieccy (300 B), uepenyrores
¢ 0ecTOKOBBIMU Tay3aMu AnuTenbHOCTHI0 0,05 Mc, oOecneynBaeT CyIIeCTBEHHOE MOBBIIIEHNE HHTEHCUBHOCTH CHIKEHUS
HIEPOXOBATOCTH 110 CPABHEHMIO C 00pPaOOTKOM Ha MOCTOSIHHOM TOKe. B pesyibraTe aiisi CHM)KEHHSI IEPOXOBAaTOCTH Ha Be-
JTUYHHY, SKBHBAJCHTHYIO 00pabOTKe Ha TOCTOSTHHOM TOKE C IPOJOJDKHUTENBHOCTBIO 5 MHH, OOIIHE 3aTpaThl IJIEKTpPo-
SHEpruM cHmxaroTcs Ha 28-32 %. Ha ocHOBaHMM MONYyYEHHBIX Pe3ylbTaTOB pa3pabOTaHbI U BHEAPEHBI B MPOH3BOACTBO
9HEProd(GEeKTHBHEIE MPONECCH UMITYJILCHON AIIEKTPOIUTHO-IIJIa3MEHHON 00pabOTKH ISl MOBBIIIEHUs] KauecTBa MOBEPX-
HOCTH 1 (hopMOOOPa30BAHUS U3AENNI MEAUIIMHCKOTO M MAITHHOCTPOUTEIHHOTO HA3HAUCHNU S N3 METAJUTNIECKUX MaTePHAIIOB.
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EFFICIENCY OF PROCESSES FOR INCREASING SURFACE QUALITY
IN CONTROLLED PULSE MODES OF ELECTROLYTE-PLASMA TREATMENT

Abstract. To increase the efficiency of electrolyte-plasma treatment, modes based on the use of controlled pulses have
been developed. The modes are implemented by alternating high-voltage pulses corresponding to the electrolytic-plasma area
and current-free pauses between them. An increase in the efficiency of pulse modes compared to traditional direct current
electrolyte-plasma treatment is achieved by intensive metal removal during the electrochemical process occurring at the initial
moment of switching on the high-voltage pulse (at the stage of forming the vapor-gas shell) and optimization of the duration
of the electrolyte-plasma process, which ensures high surface quality. Based on the results of studying the influence of time
parameters of controlled pulses on metal removal and the quality of the formed surface, modes have been established that
ensure high efficiency of roughness reduction at low energy costs. The use of a scheme in which controlled high-voltage pulses
with a duration of 2-5 ms and an amplitude corresponding to the electrolytic-plasma area (300 V) alternate with current-free
pauses of 50 ps duration provides a significant increase in the intensity of roughness reduction compared to direct current
treatment. As a result, for a roughness reduction by an amount equivalent to DC treatment with a duration of 5 min, the total
energy costs are reduced by 28-32 %. Based on the results obtained, energy-efficient pulsed electrolytic-plasma treatment
processes have been developed and implemented into production to improve the surface quality and shaping of medical
and engineering products made from metallic materials.
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Benenue. B kauecTBe albTepHATHBBI AJICKTPOXUMUYECKHM METOJAM TIOBBIIICHUS KayecTBa IO0-
BCPXHOCTHU I/I3I[€JII/Iﬁ 13 MCTAJIJIMYECKUX MATCPHUAJIOB B IPOMBIIIJICHHOCTH INUPOKO MPUMEHACTCA DJICK-
TPONUTHO-TIa3MeHHast 00padoTka (DI10), Kk OCHOBHOMY MPEMMYIIECTBY KOTOPOH OTHOCUTCS UCIOJb-
30BaHUE 3JCKTPOJIUTOB Ha OCHOBE BOIHBLIX PacTBOPOB coliei. OpHUM H3 Hauboliee TepCIeKTHBHBIX
HaIMpaBJICHUI METO/a SIBJISIETCS MPOU3BOICTBO U3enuil MenuiuHckoro HazHaueHus [1]. [To pe3ymnb-
TaTaM paHee MPOBEACHHBIX UcclienoBannii Ha ocHoBe D10 pa3paboTaH U BHEAPEH B TPOU3BOACTBO Psijl
HOBBIX BbICOKOBq)(i)EKTI/IBHLIX IMponeccoB, KOTOPbLIC 00€eCIIeunBarOT MOBLINIEHHE KaYeCTBA TMMOBEPXHOCTH
W3JICNTNHN, U3TOTABIIMBAEMBIX M3 IIUPOKOT0 NIEPEUHS MAaTEPUAIIOB, BKIFOUYast KOPPO3UOHHOCTOMKHE CTaIH,
THTaH ¥ THTAHOBBIE CILIaBBI, KOOAIBTXPOMOBEIC CIIaBBl M1 HUTHHOI [2—8]. TpagunnorHo Metoast D110
peanu3yroTCs B CTAI[MOHAPHBIX PEXKUMAX C UCIOJIb30BAaHUEM MOCTOSHHOI'O TOKA (IIPH HAMPSIKCHUH
oxosio 300 B). TIperMyIiecTBOM CTAIIMOHAPHBIX PEXHUMOB SIBJISIETCS BO3MOMXHOCTH MPUMEHEHHUSI JIO-
CTYIIHBIX W IMPOCTBIX IO KOHCTPYKIHUKU HUCTOYHHMKOB TCXHOJOIMYCCKOI'0 TOKA. KpOMe TOI'0, IMPONCCChI
OI1O nmocTosTHHOM TOKE XOPOIIIO U3YyYEHBI, HA OCHOBAHWH MX UCCIIEJOBAHUIN pa3padoTaHa TeopeTHUYe-
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ckast 0a3a, a pe3yJbTaThl 00pa00TKH, KaK IIPABHIIO, IIPOTHO3UPYEMBI, MOJAIOTCS 000CHOBAHUIO U MO-
JIETUPOBAHUIO.

OO0muUM HEJTOCTATKOM PAacCMaTPUBAEMOTO BHJ1a 00pa0OTKH SIBISAETCS BRICOKAS SHEPrOEMKOCTb, CBSI-
3aHHAs MPEkKJEC BCETO C HEOOXOIMMOCTBIO MPUIIOKEHHUST BHICOKOTO HAIPSIKEHUS ISl (OPMHUPOBAHHUS
1 TIOAJICPKAHUS YCTOHYHNBON TTapora30Boii 000JIOUKH B TIPUAIEKTPOTHOMN 00acT. TOK, TPOTEKATOIIHI
4yepes maporazoByr 0005104ky B rnpomecce D110, xapakTepusyeTcsi CpaBHUTEIHFHO HEOOIBIION TIIIOTHO-
CTBIO, YTO CBSI3aHO C €€ BBICOKMM JJIEKTPHUYECKUM CONPOTHBIICHUEM. [Ipy 3TOM MMEHHO BEIWYHHA
TJIOTHOCTH TOKA BBICTYTIAET KIFOUYEBBIM (PaKTOPOM, OITPEIENISTFOIIAM ITPOU3BOIUTEIBHOCTD IPOIIECca UITH
CcheM MeTalljia ¢ 00pabaTbiBaeMOi oBepxXHOCTH. ClieIoBaTENbHO, /I OBbIIICHHS dPdekTuBHOCTH D10
(yBenu4eHUsl MPOU3BOJUTENBHOCTH U CHIM)KEHHS SHEPronoTrpediaeHus) HeoOX0AuMO CO3/1aTh TaKHe
YCIIOBHSI, TPH KOTOPBIX JIOCTUTAETCS MOBBIIIIEHHAS TIJIOTHOCTH TOKA C HU3KMMH dHepro3arpaTtamu. [1pu-
9YeM B 3TUX YCJIOBHUSAX 00Pa0OTKH JIOJKHO COXPAHSTHCS BEICOKOE KaueCTBO (POPMHUPYEMOI MOBEPXHOCTH.

Bomnwmion crem meTaiia IIprU OTHOCUTECIBHO HHU3KOM HAIPSKCHUU o0ecIieunBaeTcsl B OJICKTPOXHU-
MHYECKOW M KOMMYTAIMOHHOM 00JacTSIX BOJBTAMEPHON XapaKTEPUCTUKHU aHOIHBIX MPOIECCOB 00pa-
0otku B anekTposutax [9]. [Ipu 3ToM 3HAUCHUS HANPSIKEHUS, OMPECIISIONINE TPAaHUIbI CYIIECTBOBA-
HHUS aHOAHBIX MPOLECCOB, 3aBUCAT OT TCIJIOBBIX U JJICKTPUUCCKHUX yCHOBHfI, IIprU KOTOPBIX OHU pE€a-
nusytotes. [lpy paBHBIX 3IEKTPHYECKUX MMapaMeTpax 3TH TPAHUILI 3aBUCST OT JIEKTPOIMPOBOASIINX
CBOMCTB Cpefibl, KOTOPBIE B CITy4ae aHOAHOM 00pabOTKH ONMPENeNII0TCs COCTABOM U TEMIIEPaTy PO pH-
MEHSEeMOro 3JeKTponuTa. HemocratkoM 00pabOTKH B 2JIEKTPOXUMUYECKON U KOMMYTaIlHOHHON 007a-
CTAX, IIPH YCIIOBHY IIPUMEHEHUS B KAYECTBE JIEKTPOJIUTOB BOJHBIX PACTBOPOB COJIEH KOHIIEHTpAIUCH
3-5 %, sBisieTcs HU3KOE KauecTBO (POPMHUPYEMON TTOBEPXHOCTH.

BrIcokoe KauecTBO MOBEPXHOCTH ¢ OOJIBIIAM CHEMOM METaJlJIa B CIyJae OMHOCTAANITHON 00padoT-
KU MOXET OBITh JIOCTUTHYTO MPH COBMEIICHUHU AIEKTPOXUMUUYECKOTO U AJIEKTPOIUTHO-TLIa3MEHHO-
ro npomeccoB. st 3TOro He0OX0IUMO CO3/IaHUE DIEKTPUUECKUX YCIOBUH, IIPU KOTOPBIX MTPOUCXOAUT
BO3HHKHOBEHHE HECTAIIMOHAPHBIX PEKHUMOB, XapaKTePU3YIOMUXCI KOHTPOIHPYEMBIM KPAaTKOBPEMEH-
HBIM TICPEXO0JIOM U3 CTAI[MOHAPHOTO 3JIEKTPOITUTHO-TUIA3MEHHOTO MIPOIeCcCca B AICKTPOXUMHUUYCCKHIM.
B QJICKTPOXUMHUUYCCKOM IpoHecce 00ecIIeunBaeTCsl MHTEHCUBHBIN CHEM METANJIa C HU3KUM OHEPTOI10-
TpebnenueM. Takum oOpa3om, 3a CUYET HCIIONB30BAHHS HECTAIMOHAPHBIX PEKHMOB CTAaHOBHTCS BO3-
MOYKHBIM OCYIIIECTBJICHNUE KOMILIEKCHOTO AJICKTPOXHUMHYECKOTO M AJICKTPOIMTHO-TIJIA3MEHHOTO BO3JICH-
CTBUS Ha 00pabaThIBAEMYIO TIOBEPXHOCTh U CO3JaHKe d3PPEKTHUBHBIX MPOIECCOB MOBBIIICHHS KauecTBa
MTOBEPXHOCTH.

Peanuzanus ykazaHHBIX YCIIOBUH 0OECIEUMBACTCS B YNpPaBISEMbBIX UMITYJIbCHBIX pexkumax O[O0
(U3I10), ocHOBaHHBIX HA YEPEIOBAHWH UMITYIHCOB BHICOKOTO HAMPSIKEHUS (B DJICKTPOIUTHO-TIIA3-
MEHHOH 00JIaCTH) W Tay3 MEXJTY HUMHU. DIEKTPOXUMHYECKUN TPoIecC EHCTBYET MPH BKIFOUCHUH
MMITYJIbCa BBICOKOTO HAaIpsiKeHHs (B cTaguu GOPMHUPOBaHMUs MaporazoBoil o0onouku). [loBeimenue
adpexruBHOCTH MUDIIO MO cpaBHEHUIO ¢ 00paOOTKON Ha TIOCTOSHHOM TOKE CTAHOBHTCS BO3MOYKHBIM
3a CYET OCHOBHOT'O MHTEHCHUBHOT'O CheMa MeTallja MpPU MPOTEKAHUHU AIEKTPOXUMHYECKOTO Iporecca
W ONTUMU3AIUHU POJOKUTEIBHOCTH AJICKTPOIUTHO-TNIA3MEHHOTO Mpoliecca, MpH KOTOPOM obecrie-
YUBAETCA BBICOKOE KauecTBO MOBEpPXHOCTH. COOTBETCTBEHHO, HEOOXOAUMAs JIIMTEIBHOCTh W aMILIHU-
Ty/la UMITYJICOB JIOJKHBI MPUHUMATHCS U3 YCIOBUM 00€CIIeYeHUs BRICOKOTO KayecTBa IMOBEPXHOCTH
U BBICOKOM A (PEKTUBHOCTH 00pabOTKH, KOT/Ia YICIbHbBIC YHEPro3aTpaThl Ha TIOBBIIIIEHUE KauyecTBa I10-
BEPXHOCTHU HUKE aHAJOTMYHBIX 3HAYEHU A, IOJyyaeMbIX Ipu TpaauunonHoi JI10 ¢ npuMeHeHueM mno-
CTOSIHHOT'O TOKA.

Lenv oannoti pabomul — UCCIEOBaHNE BIHMSHUS ApaMETPOB YIPABISEMBIX HMITYJIBCOB B IIPO-
necce MOI1O Ha kadecTBO popMHUPYyEMOil MOBEPXHOCTH, HHTEHCHBHOCTh CheMa MeTaJjljla U SHEPTreTH-
YECKHE 3aTPaThl, a TaKXKe YCTAHOBJICHHUE d(DPEKTHBHBIX PEKUMOB, 00CCIICUUBAIONINX TTOBBIIICHHE
KaueCTBa MOBCPXHOCTHU I/I3JICJIPII>'I 3 MECTAJJIMYCCKUX MAaTCpUaioB IPpU CHUIKCHUHN YHCHBHOﬁ OHEPro-
€MKOCTH.

AHOMHBIE TIPOLleCCHl B YNPaBJsieMbIX HMIYJIbCHBIX pexkuMmax. Ha puc. 1 npesncrasiena nua-
rpamMma U3MEHEHHU S INIOTHOCTH TOKa B TIpeJieiax OAHOr0 UMITYJIbCa C TIEPHUOIOM CIIeIOBAaHUS 1.

VYupasiisieMble UMIYJIbCBI BhiIcOKOro Hanpspkenust (UBH) ¢ anutenabHOCTBIO fpy U aMILTUTYIOH,
COOTBETCTBYIOLICH 3JIEKTPOIIMTHO-IIIIa3MEHHON 00s1acTi Uy, YEPEOYIOTCS C YIPABIISIEMBIMHU 11O 1JTH-
TEIBHOCTU OECTOKOBBIMU Hay3aMu fp. IIpu 3TOM mepuopn BKIHOYaeT HEyIpaBiseMbli JMHAMUYECKUH
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Puc. 1. ,HI/Ial"paMMa HU3MCHCHUS IIJIOTHOCTH TOKA B IIpeACIax nepuoaa

Fig. 1. Diagram of the change in current density within the period

3JIEKTPOXUMHUYECKUH MTPOLECC ATHTENBHOCTBIO Ty 1, M DIEKTPOTUTHO-TIIA3MEHHBIH IIPOLIECC TUTEb-
HOCTBIO Ty HeynpaBnsieMbIil TMHAMHYECKHH 2JIEKTPOXUMUYECKHN ITPOIECC NMMPOTEKAET MIPH BKIIOYE-
HUUW HMITYJIbCA BEICOKOT'O HAITPSKEHUSI ITOCIie OECTOKOBOM 1May3bl H COOTBETCTBYET CTainu POpMUpOBa-
Hus mapora3oBoit 06ox0uku (I11'0). Ero nauTensHOCTh paBHA IIUTEIBHOCTH CTaAUH (OPMHPOBAHUS
apora’oBoi 000IOUKH (Tyy ., = Trro) U ONPENENAETCS NapaMeTPaMU JJIEKTPOIUTUYECKON CHCTEMBI
(aMTIIIUTY/Ia HATIPSDKEHU S, TEMIIEpaTypa U KoHIeHTpanus anektponnta) [10]. [Ipu BKIIoYeHIN UMITYITh-
ca BBICOKOTO HANpPsHKEHUSI BOSHUKAET MHTEHCUBHBIA POCT TUIOTHOCTH TOKA JI0 aMIUIMTYHOT'O 3HaYe-
HHUSA Iy ., © TOCIENAYIOMNM €€ (TUIOTHOCTH) CHHXKEHHUEM 10 Mepe 00pa3oBaHus Mapora3’oBoi 000I049KH
10 3Ha4YEHUS Iy, COOTBETCTBYIOILET0 MIEKTPOIUTHO-IIIA3MEHHOMY IIpoueccy. JUINTeNbHOCTb 3IEKTPO-
JUTHO-IIJIA3MEHHOT0 IIPOLIecca ONpeaessieTcs KaKk Pa3HOCTh JJINTEILHOCTH UMITYJIbCa BEICOKOTO HaIps-
KEHUS U JJIUTENbHOCTH TUHAMHYECKOT0 3JIEKTPOXUMUYECKOTro Ipouecca (WK cTaiun GOpMUPOBAHUS
apora3zoBoi 000I0YKH):

Tom =UBH — TOXauu- )

[ocrne oTKITFOYECHHS UMITYJIbCA BBICOKOT'O HAIIPSIKEHUS JISHCTBYET OECTOKOBas Tay3a, B 3aBHCUMO-
CTH OT JUIUTEIIBHOCTH KOTOPOH, MPOUCXOIUT MOJIHASI UJTH YaCTHYHAS KOHJICHCAIIUS [1apora3oBoil 000-
JIOYKY C BOSHUKHOBCHHEM KOHTAKTA aHOMA U DJICKTPOJIUTA.

O4eBHUIHO, YTO B MOBTOPSIOMIEMCS] HUMITYJILCHOM PEXHME JTNTEIFHOCTD M aMIUTHTY/Ia TOKa JMHA-
MHYECKOW AIMEKTPOXUMHYECKON CTaJluy W, COOTBETCTBEHHO, OCHOBHOM CheM MeTajiia OyJayT ompese-
JATHCS TUHAMUKOHN YepeoBaHUsI JICKTPOXUMHUUECKOT0 U AJIEKTPOJUTHO-IIIIA3MEHHOTO IIPOLIECCOB, TO
€CTh YaCTOTOM CIIEIOBAHMS UMITYJIHCOB. UeM BBIIlIE 4acTOTa, TEM Yallle B €AUHUILY BPEMEHU BOSHUKAET
JUHAMHYECKUH JIEKTPOXUMHUYECKHI TIPOIECC C BHICOKOHM MIIOTHOCTHIO TOKA. TakuM 00pa3om, uMeeT
MECTO KOMIUIEKCHOE BIHSHHE BPEMEHHBIX M aMIUTUTYAHBIX MMAapaMeTpOB YIPaBIAEMBIX UMIYJIbCOB,
YTO yKa3bIBaeT Ha HEOOXOMUMOCTh JNaThHEUIETO YTOUHEHHUS NX B3aMMOCBS3EH, a TaK)Ke WX BIHSHUS
Ha ChEM METajlla U KauecTBO ()OPMUPYEMON MOBEPXHOCTH Ha OCHOBE PE3yJIETATOB AIKCIIEPUMEHTAIb-
HBIX UCCJICIOBAaHUN.

Oo6opynoBanue u MeTOAbI. J[JIs1 BRITIOJHEHUS MCCICAOBAHUIN MCTIOIB30BAJICS UCTOYHUK TTUTAHUS
MOIITHOCTHIO 12 KBT ¢ IByMST HE3aBUCHMBIMH BBIXOIAMH, TIO3BOJISIIOIITUMH PETYJIHMPOBATH HATIPSKCHUE
ot 0 10 500 B, 1 MOIIHBINA 2IEKTPOHHBIA KITFOU, 00CCTICUNBAONINA BO3MOKHOCTD (DOPMHUPOBAHUS HM-
MyJbCOB 33aJaHHON ANUTEAbHOCTH [11].

Ha puc. 2 npencrapiena npuHIUNHAIbHAS CXeMa UCTOUYHNKA TUTaHUsl. OCHOBHBIM 2JIEMEHTOM CXe-
MBI siBisieTcs kitod Ha Tpansuctope IGBT tuna MIAA-HB12MA-200N ¢ MakcuManbHBIM HalpsyKeHHU-
eM uctok-cTok 1200 B u Tokom ctoka 200 A. J[i1s BRITIOTHEHUSI HCCIIEAOBAHUHN pa3paboTaH U U3TOTOB-
JICH TEHEePaTop, MO3BOJISIONINN (JOPMHUPOBATE YIIPABISIIONINAE UMITYJIBCH JIUTEIbHOCTRI0 OT 0,05 Mc
¢ ko3 uiueHToM 3anonHenust 5-95 %. Jlnon npenHa3HayeH IS MOAKIIOUEHUSI HUKHETO (110 CXeMe)
HCTOYHUKA B MOMEHT 3allMpaHus TPaH3UCTOpa OT FeHepaTopa UMITYJIHCOB M OTKIIOYCHUS BEPXHETO
(o cxeMe) UCTOYHHMKA TUTAHUS OT Harpy3Ku oOpadaTeiBaeMOro oopasia.
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Puc. 2. Cxema 000pymoBaHUS I HCCIACIOBAHUS DIEKTPOIUTHO-TIIIA3MEHHON 00paboTKu
B YIPaBJIIEMbIX UMITYJIbCHBIX PEXKUMAX

Fig. 2. Scheme of equipment for studying on electrolytic plasma processing in controlled pulse modes

B xauecTBe 00pa3IoB JTs HCCIIEIOBAHHH HCIIOE30BAUCH IIJIACTUHBI pPa3MepoM 25 X 5 X 1 MM U3 cTanu
08X18HI10 (I'OCT 5632-2014). O6pa3iisl MpeBapuTENbHO NUTH(OBAIHNCH a0pa3uBHBIM MaTepHAIOM Ha
BOHJIOYHOW OCHOBE C 3epHHCTOCTHIO P320-P400. s m3MepeHus MepoxXoBaTOCTH IMOBEPXHOCTH HC-
nojib3oBaics npodunomerp MarSurf PS1 (I'epmanust). CpenHee 3HaYCHHE MIEPOXOBATOCTH MCXOJIHBIX
o0pa3noB coctaBuio Ra = (0,212 Mmxm. Macca 06pa3ioB 10 1 nocie 00padoTKH u3Mepsiach Ha aHalu-
trueckux Becax OHAUS Pioneer PA 214C (Kuraii) ¢ quckpetHoctho 0,1 Mr. Chem MeTanmna (Am) pac-
CUUTHIBAJICS IO OpMYIIe

Am:M-loo %, @)

Myex

rae m,,, —Macca oOpasua 10 06paboTKH, T; m,,, — Macca odpasla mnocie oopaboTKy, I.

s m3MepeHus IIeKTPOdHEPTUH, 3aTpaduBaeMoii Ha ripotiecc MDI1O, ncronb3oBancs Tpexda3Hbii
anekTpocueTunk «Mepkypuii 231» ART-01mr (Poccust) ¢ guckpernocteio 0,01 kBT-4, mogKII0OYCHHBII
nepe;] BX0J0M UCTOYHUKA TUTAHUS.

Onenka s>¢pdextuBHocTH npumeHenust UDIO as NoBbIIICHNS KaueCTBa MOBEPXHOCTH BBITIOJH -
JIach MO BEIMYMHE 3JICKTPOIHEPIUH, 3aTPayuBaEMOil Ha yMEHbIIEHUE MUKPOHEPOBHOCTEH Ha €IMHUILY
BBICOTHI £, p, (3):

EARa =7 (3)

rae O; — pacxof IEKTPOIHEPTUH 3a BpeMs 00pabOTKH HccenyeMblx 00pasuos (3 MuH), KBty ; ARa —
HU3MEHEHHUE LIEPOXOBATOCTH, MKM.

Pe3yabraThl M UX 00cy:KIeHHEe. 3aBUCHMOCTH CheMa MeTaJllla U M3MEHEHHsI IEPOXOBATOCTH TI0-
BEPXHOCTHU OT JAJHUTENBHOCTH fypy B Ananasone ot 0,05 1o 10 mMc, B koTopoM HabirofaloTes Hauboee
3HaYMMBbIe U3MEHEHUS MCCIEAYEMbIX MapaMeTPOB, MPEACTABICHBI HA PUC. 3. 3HAUCHUS fypy MPUHSATHI
u3 psaa 0,05; 0,15 0,2; 0,5; 1; 2; 5 u 10 mc. MccnenoBanus IpoBEACHBI IPU TEMIIEpaType aeKTponuTa 30
n 90 °C.

BunHO, 4TO NOJIy4YEHHBIE 3aBUCUMOCTH JUJIsl KaXJO0r0 U3 3HAYCHUHN TEMIEpaTypbl UMEIOT CXOXKUU
xapakrtep. B Hauane ¢ yBenuyeHueM JIMTEIbHOCTH UMITYJIbCA BHICOKOT'O HANPSIKEHUS A0 fypy = 0,5 MC
Ha0JI0AaeTCs TIOBBIILICHUE CheMa MeTalljla 0 CIIeAYIOIMX MaKCHMallbHbIX 3HAUCHUI: IpHU TeMIiepa-
type 80 °C — Am = 5,3 % u nipu remneparype 90 °C — Am = 2,0 %. Jlanee cieayeT miIaBHOE CHHKEHHUE
BEIIMUMHBI cheMa (cM. puC. 3, @). B nuana3oHe QIUTENbHOCTH WMITYJbCAa BBICOKOTO HAIPSIKEHUS
tupn = 0,05—1,0 Mc moka3aTenu KauecTBa MOBEPXHOCTH UMEIOT Onuskue 3HaueHus. [Ipu nanpHeiimem
YBEJIMUCHUH JJTUTEIBHOCTH UMITYJIbCA BHICOKOT'O HANPSDKEHUS 3HAUCHUSI H3MEHEHHUS IIEPOXOBATOCTH,
JMIOCTHTaeMble Ipu TemmepaType aekTponura 80 °C, CHMIKAIOTCS 10 CPaBHEHHIO C IMTOKAa3aTeIIMHU
npu temmeparype 90 °C (cm. puc. 3, b).
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Puc. 3. BiusiHue JUIMTEIBHOCTH UMITYJIbCA BEICOKOTO HAIIPSKEHUS HAa H3MEHEHHE cheMa MeTaiia ()
u mepoxosatocTH (b); / — 006paboTka Ha MOCTOSTHHOM TOKe MpH TemmepaType saekTponurta 80 °C;
2 — 00paboTKa Ha OCTOSTHHOM TOKE MpH TemIepaType aaekTponuta 90 °C

Fig. 3. Effect of high voltage pulse duration on changes in metal removal () and roughness (b);
1 — direct current treatment at an electrolyte temperature of 80 °© C; 2 — direct current treatment
at an electrolyte temperature of 90 °C

Jist pacueta 3HayeHud ko3dunuenta a¢dexrusHocty U0 E, ,, NO3BONISIOMIETO OLEHUTD Lie-
HeCOO6pa3HOCTB IMIPUMCHCHHUA B IPOLCCCax IMOJUPOBaHUA, YCTAHOBJICHO BJIMAHUC TJIUTCIBHOCTU UM-
IyJIbCa BBICOKOI'O HANPSDKEHUS HAa PacXoll 3IeKTpodHepruu ((;) 3a BpeMs o0pabOTKU HCCIIeNyeMBbIX
00pa3uoB (puc. 4). [TomydyeHHBIE 3aBUCMOCTH XOPOILIO KOPPETUPYIOT C 3aBUCUMOCTSIMU ChbeMa MeTaJl-
Ja OT JUTUTEIHHOCTH UMITYJILCA BRICOKOTO HAMPSIKEHUS (CM. puc. 3, ).

3naueHus kodpdunnenta 3pHeKTUBHOCTH £, p, B 3aBUCUMOCTH OT JUIMTEIBHOCTH UMITYJIbCA BBICO-
KOT'0 HaNpsDKCHUS B Auanazone ot 1 1o 10 Mc, B KOTOpOM 00ecrieunBarOTCs BEICOKUE MTOKa3aTeu Kaye-
cTBa (popMHpPYyEeMOIl OBEPXHOCTH, MPEACTaBICHBI Ha puc. 5. B meiom sHeproszarpaThl Ha Ipolecce
NIIIO Beimie, yeM mpu 0OpabOTKe HA MOCTOSIHHOM Toke. OMHAKO MPH TEMIIEPAType IJIECKTPOTUTA
90 °C 1 nIUTEeTbHOCTH UMITYJIbCa BBICOKOTO HampspkeHus S u 10 Mc oOecrieunBaeTcs CHIDKEHHE K03 (-
¢dunpmenra £, p, COOTBETCTBEHHO Ha 5 U 8 % 110 CPaBHEHHUIO ¢ 00pabOTKOM Ha IIOCTOSTHHOM TOKE.

Takum o6pazom, mpolecchl MOBHIIEHHUS KauecTBa NoBepxHOCTH Ha ocHoBe MDIIO nenecoobpaszno
BBITIONHATH MPHU 00Jiee BHICOKOM 3HAYCHHH TEMIIEpaTyphl deKTposnta. KpoMe Toro, ¢ yueToMm 00ib-
IIero cheMa MeTaylia B UMIYJIbCHOM PEXKHME MOXKHO JOOUTHCS YMEHBIICHUS MPOJOKHTEIHHOCTH
00paboTKH, U, COOTBETCTBEHHO, OOIITHUX HEPTO3aTPaT Ha MPOIECCHI CHIKEHUS IMEPOXOBATOCTH J0 TpPe-

O, kBru/ 05, kW-h
0,07
0,06
0,05
0,04

0,03 — 80 °C
0,02 —@ 90 °C
0,01 2

0,00 + T T T T T ]
0 2 4 6 8 10 12,

typrs MC / typy, MS

Puc. 4. BiiusiHUe IUINTEIBHOCTH UMITYIJIBCA BEICOKOTO HAIIPSKEHHS Ha PACXO AJIEKTPOIHEPT HH;
1 — 06paboTKa Ha OCTOSTHHOM TOKE TP TeMIieparype annektponuta 80 °C;
2 — 06paboTKa Ha HOCTOSTHHOM TOKE MPH TemIepaType saekTponuta 90 °C

Fig. 4. Effect of high voltage pulse duration on energy consumption during sample processing;
1 — direct current treatment at an electrolyte temperature of 80 ° C;
2 — direct current treatment at an electrolyte temperature of 90 °C



Becui HaupisinanbHait akansmii HaByk benapyci. Cepbis ¢i3ika-TaxHiuHbIX HaByK. 2026. T. 71, Ne 1. C. 39-47
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2026, vol. 71, no. 1, pp. 39-47 45

Ejpy Bra/MxM / Epg,, W-h/um
500 1 1
450 o
400
350
300
250
200
150
100
50
0

80 °C 90 °C

Puc. 5. BinsiHue TeMnepaTypsl 2JI€KTPOINTA U ITUTEIbHOCTH HMITYJIbCa BBICOKOT'O HAIIPSIKEHUST
Ha ko3 dunnent spdexTuBHOCTH 00pabOTKH £, f,; I — 00pabOTKa HA TIOCTOSHHOM TOKE
pu Temnepatype snextpoauta 80 °C; 2 — 06padoTka Ha HOCTOSTHHOM TOKE IIPH TemIeparype saekTponuta 90 °C

Fig. 5. Effect of electrolyte temperature and high voltage pulse duration on the processing efficiency coefficient £, ;
1 — direct current treatment at an electrolyte temperature of 80 °C;
2 — direct current treatment at an electrolyte temperature of 90 °C

Oyemoro 3HadeHud. [loaTomy ¢ 1enbio oueHKr o0mmel YHepro3(hHEKTHBHOCTH TAKUX MPOLECCOB HAMH
JIOTIOJIHUTENIPHO UCCIIEIOBANIACH JUHAMHUKA U3MEHEHHUS IepOoXoBaTOCTU NoBepxHocTH nipu UITIO. s
9TOTO BHITIONHSIACE 00paboTka o0pasmoB ¢ mponokutenbHocThI0O 10 10 mun (0,5; 1; 2; 3; 5; 7,5;
10 MUH) B UMITYJIBCHOM PEXHUME C JITTUTEIBHOCTHIO HMITYJIBCOB BBICOKOTO Hampsixkenus 1, 2, 5 u 10 mc
npu amruiutyzae 300 B, a takke Ha mocTostHHOM Toke mpu Hanpsokennn 300 B. OOpasis o0pabartbiBa-
JIUCh B DJIEKTPOIUTE ¢ KoHLeHTpanuel 4 % npu temneparype 90 °C.

YCTaHOBIJIEHO, YTO 3aBUCUMOCTH ChE€Ma METaJUla OT NPOAOJIKUTEIBHOCTH 00padOTKH MMEIOT JIU-
HelHbIN XapakTep (puc. 6, @). Ha rpaduke BbIACISIIOTCS UMITYJIbCHBIC PEKUMBI ¢ JuIHTeIbHOCThIO UBH
1 u 2 Mc, IpH KOTOPBIX ChEM MeTaJllIa B cpeiHeM B 1,4 paza Bbllle, YeM MPHU APYTUX UMIYJIbCHBIX
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3 TlocTosIHHBIH TOK /
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Puc. 6. BiusiHue nponoKuTeIbHOCTH 00paboTKH Ha H3MEHEHHe cheMa MeTaslia (a) u mepoxoBaTocTH (b)

Fig. 6. Effect of processing duration on changes in metal removal (a) and roughness (b)
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peKkHMax. JTO CBSA3aHO ¢ OOJIBIION COCTABISIOUICH 2JEKTPOXUMUYECKOTO TOKa B Mpejenax Meproa.
IIpu yBennyeHnn JUIMTENBHOCTH UMITYJIBCOB BBICOKOI'O HampsixeHus 10 5 u 10 mc cbeM MeTaia 61130k
K 3HAUYEHUI0, OIYyYaeMOMY IIPU ITOCTOSIHHOM TOKE.

Jns uccnenyeMbIX UMIYJIbCHBIX PEKUMOB 110 CPaBHEHHIO C PEKMMOM, OCHOBAaHHBIM Ha NMpHUMEHe-
HUU IOCTOSIHHOTO TOKA, XapaKTep AMHAMUKH U3MEHEHHU s IIePOXOBAaTOCTH B IIpouecce 00paboTKU 3Ha-
YUTENbHO oTiau4aercs (puc. 6, b). Tak, B UMIyIbCHBIX peXUMax Hanboliee CyIeCTBEHHOE H3MEHEHHUE
[IEPOXOBATOCTH OTMEYAETCs TpH 00padOTKe MPOIOIHKUTEIBFHOCTHIO 10 3 MUH. [Ipudem MakcumanbHas
WHTEHCUBHOCTh HAOJIIOAAETCs Ui PEKHMMOB C JUJIMTEIIBHOCTBIO MMITYJIbCAa BBICOKOTO HANPSKECHUS
1 u 2 Mc, Ipu KOTOPBIX o0ecrneunBaeTcs HanOOIBIINK CheM MeTallia.

C najpHEHIINM YBETHYEHUEM MPOJOIKUTEIBHOCTH 00paboTKH mapaMeTp Ra M3MeHseTcsl He3HaYH-
TesbHO. [Ipn 06paboTke Ha MOCTOSITHHOM TOKE C BO3pacTaHUEM IPOJOJKUTEIIBHOCTH MPOUCXOAUT Oostee
MJaBHOE U3MEHEHHE ILIEPOXOBAaTOCTH. B pe3ynbsraTe 00paboTKa B MMITYIbCHBIX PEKUMAaX C MPOJOIIKHU-
TETHHOCTHI0 3 MUH OOecredrBaeT BEINYNHY U3MeHeHHs mepoxoBaTtocTH (ARa = 0,122-0,138 Mkwm),
cornoctaBuMylo ¢ ARa npu o0OpaboTKe Ha NOCTOSHHOM TOKE HPOJOJIKUTENbHOCThIO 10 MuH
(ARa = 0,134 mxm). [Ipu 3TOM MakCHMaJlIbHOE MU3MEHEHUE IICPOXOBATOCTU B UMITYIBCHBIX PEKUMAX
JMOCTHUTAETCS TIPU JNTUTEITFHOCTH UMITYJIbCA BEICOKOTO HANpsikeHust 2 1 S Mc. [Ipu MeHBIITNX 3HAYEHUSIX
typy Ha cocTosiHUE (POPMUPYEMOH MOBEPXHOCTH HAUYMHACT OKa3bIBAaTh BIMSHUE 3JICKTPOXHUMHUUECKAS
COCTaBJISIIONIASI TOKA, & MPU OOJBIINX 3HAYCHUSIX MPOSBIISICTCS TEHJCHINUS K BOSHUKHOBEHUIO YCIIOBHH
00pabotkm, Om3kux K D110 Ha MOCTOSHHOM TOKE.

ComocTtaBiieHHE JaHHBIX O PACXO/E AIEKTPOIHEPIUH (CM. PUC. 5) U JTAHHBIX O IMHAMUKE U3MEHCHUS
IIIEpPOXOBATOCTH (CM. pHC. 6, b) MOKa3BIBAET, UTO MPUMEHEHHNE UMITYJILCHBIX PEKMMOB TIO3BOJISET CYIIE-
CTBEHHO CHU3UTH HHEPreTHUYECKHE 3aTPaThl Ha IOBBIIICHUE KAadeCTBAa MOBEPXHOCTH. Tak, s CHU-
KCHHUS IIEPOXOBATOCTU HA BEIIMYUHY, KOTOpas obecreunBaeTcsl Mpu 00padOTKe Ha MOCTOSSHHOM TOKE
C NIPOJOJIKUTENBHOCTBIO 5 MUH (ARa = 0,108 MKM), 3aTpaThl 3JEKTPOSHEPIUU HUKE: IIPU fyyp = 2 MC —
Ha 28 %, a npHu typy = 5 Mc — Ha 32 %. luda ciyyasi, Korga TpeOyeTcsi CHUKEHHE IEePOXOBAaTOCTH
Ha BEJIUYMHY, COTMIOCTAaBUMYIO C MU3MEHEHHEM ILEPOXOBATOCTU MPH 00pabOTKEe Ha MOCTOSHHOM TOKE
npoaokuTenbHOCThIO 10 MuH (ARa = 0,134 MKM), 3T TIOKa3aTeNH YBEJIMYNBAIOTCS COOTBETCTBEHHO
o 53 u 46 %.

3akoyenne. PazpaboTaHbl UMITYJIBCHBIE PEXKUMBI, TO3BOJISIOUINE TTOBBICUTH 3()(EKTUBHOCTH MPO-
LIECCOB JIEKTPOJIUTHO-TIIIA3MEHHONM 00pa0OTKH. 3a CUET IPUMEHEHUSI YIIPABIIsIeMbIX HMITYJIBCOB 00ec-
MEYUBAIOTCS YCIOBUS [UISI KOMIUIEKCHOTO 3JIEKTPOXMMHYECKOIO M 3JIEKTPOIUTHO-TIIIA3MEHHOIO BO3/CH-
CTBHA Ha 00pabaThIBaeMyIO IOBEPXHOCTh. JNEKTPOXUMHUYECKHUH MTpoLece ACHCTBYET B HAYAIBHOW CTa UK
HUMIIYJIbCa BBICOKOI'O HAIPSDKEHHUsSI, aMIINTYAa KOTOPOTO COOTBETCTBYET 3JIEKTPOJIUTHO-IIJIA3MEH-
HOl obnacT (B MOMEHT 00pa3oBaHus mapora3oBoil 00osouky). Ilosimenue 3¢ ¢pextuBHoctn UBIO
0 CPaBHEHHIO ¢ 00pabOTKOW Ha IOCTOSTHHOM TOKE CTAHOBUTCSI BOBMOXKHBIM 32 CYET OCHOBHOT'O MHTEH-
CHBHOTO Ch€Ma MeTajula IPHU MPOTEKAHUHU 3JIEKTPOXUMUYECKOro MPOoLEecca U ONTUMHU3ALUN IPONOII-
KUTEIBHOCTH 3JIEKTPOIMTHO-IIIA3MEHHOTO TpoLecca, P KOTOPOM 00eCreuynBaeTCsl BHICOKOE Kaue-
CTBO MMOBEPXHOCTH. YIIPaBJIEHNE IMHAMHUKON aHOAHBIX U TETUIOBBIX MporieccoB B npouecce MO ocy-
LIECTBISETCS IIyTEM PEryIUpOBaHUS IEPHOIA, AMIIIUTY bl U JJIMTEILHOCTH UMITYJIBCOB.

[IpumMenenune cxeMbl, TP KOTOPOH yNpaBisieMble HMITYJIbChI BEICOKOTO HAIMPSKEHUS C T TEIBHO-
CTBIO fypy = 2—5 MC U aMILIUTYJI0H, COOTBETCTBYIOLIEH IEKTPOIUTHO-IIa3MeHHOH obuactu (300 B),
YepenyIoTCs ¢ YIpaBIsieMbIMH O€CTOKOBBIMHU May3aMu JIUTeIbHOCTHIO 0,05 Mc, 3a CUeT NMpOTEeKaHUs
HEYTPaBJISIEeMOr0 JMHAMUYECKOTO AIEKTPOXMMHUYECKOT0 Mpoliecca B Ha4aIbHOW CTaIuu UMITYJIbCa BbI-
COKOT'0 HalpsDKEHUS 00€CTIeYnBaeT CYIIECTBEHHOE MOBHIIIIEHNE HHTEHCUBHOCTH CHIKEHHUSI ILIEPOXOBa-
TOCTH II0 CPAaBHEHMIO C 00pabOTKON Ha IIOCTOSIHHOM TOKE. B pe3ynbrare 115l CHUKEHUS LIEpOX0BaTo-
CTH Ha BEJIMYHMHY, SKBUBAJICHTHYIO 00pabOTKe Ha MOCTOSTHHOM TOKE C MPOAOJIKUTEIBHOCTHIO 5 MUH,
o0mre 3aTpaThl AIEKTPOIHEPTUN YMEHBIIAOTCA Ha 28-32 %, a mimst ciaydasi, Korma TpeOyeTcs CHU-
KCHHE LIEPOXOBATOCTH Ha BEJIMYMHY, COMOCTABUMYIO C H3MEHEHHEM IIEPOXOBATOCTH MpU 00paboTKe
Ha TIOCTOSHHOM TOKE MPOAOIKUTEIbHOCTRIO0 10 MIH, YMEHbIIIEHHE dHEpro3aTpaT coctaBisieT 46—53 %.

[IpakTHueCKUM pe3yJbTaTOM BBIIIOJIHEHHBIX HCCIICIOBAHMN SIBISIETCA pa3pabOTKa Ha MX OCHOBE
1 BHEJIPEHHE B MPOU3BOACTBO 3HeprodpdpexTuBHbIX npoueccos UBIIO miist moBbIlIeHNs KayecTBa 1o-
BEPXHOCTH U (HOPMOOOpA30BAHUS M3ICIHH MEIUIIMHCKOTO HA3HAUYCHUS M M3ACTHI MalIMHOCTPOCHUS
13 METAJNTNIECKUX MAaTEPHUAJIOB.
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OpueunaﬂbHaﬂ cmamovA

B. II. Fonyﬁenl, H. E. lHeBtmlcl, . B. I[erTepOBl, A. H. Acantmﬁl, C. B. BacuaeBnu’*
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HOJYYEHMUE JPEBECHOI'O YIJVIA ITYTEM IMUPOJIN3A JTPEBECHUHBI
B ITPUCYTCTBUU CBEPXBBICOKOYACTOTHOI'O
SJEKTPOMATI'HUTHOI'O ITOJIA

AnnoTanms. PazpaboTaHo sKcriepuMeHTaIbHOE 000PYyI0BAHHUE IS IIOJIyYEHHS JPEBECHOTO YTIISl U3 OCTaTKOB JIECOIH-
JICHUST METOZIOM TEPMOXUMHUECKO KOHBEPCHH OnoMacchl B OecKucIopoiHoi cpene. OCOOEHHOCTBIO JaHHOTO 000py10Ba-
HUS SIBJISIETCSI TIPOBEICHHE MPOIIECCa TEPMOKOHBEPCUH JIPEBECHOTO ChIPhSI B KaMepe MHUPOJIN3a, OCHAICHHON HCTOYHUKAMHU
CBEPXBBICOKOYACTOTHOTO 3neKTpoMarHuTHoro nois (CBY). [TuponusHoe o0opynoBaHne BKIOYAET B ce0st OOK MOTYUYSHHS
TeHEePAaTOPHOTO Ta3a U3 OPraHUIeCKUX OTXO/0B, OJOK MHPOITH3a JPEBECHHBI, CHCTEMY MPOTyBKM KaMephl MHPOIN3a HHEPT-
HBIM T'a30M, KaMepy JOKHTa ra30BOH CMECH TeHepaTOPHOTO raza U IMHporasa, OJI0K perylInpoBaHUs TeMIepaTyphl MPOAYK-
TOB TOPCHHMS, TEIUIOOOMECHHHUK, JIBIMOCOC, CHCTEMY YIIPABICHUS M KOHTPOJIS 32 pabOTOI MUPOIN3HOH YCTAHOBKH H JBIMO-
ByI0 TpyOy. B kauectBe ncrounnkoB CBY ncnonbp3oBann MarHeTpoHsl. IIpuBeseHO onmcaHue METOAMKH IPOBEICHHBIX
UCIIBITAaHUI 000pYJOBaHMUS MO IOJIYYSHHIO APEBECHOT0 YIIIsl B IPUCYTCTBUM U B oTcyTcTBue CBU. B Xoze ucnbiTannii
UCIIOJIb30BaJIach JIPEBECHHA TBEPIOJUCTBEHHBIX MOPOJ (KOJIOTHIE JpoBa KieHa). Pe3yabTaThl HCCIIEIOBAHUS yKa3bIBAIOT
Ha TO, 4TO Hcnonab3oBanne CBY no3BonsieT MoBBICUTH CKOPOCTH MPOIIECca TEPMOXUMUYECKOH JECTPYKIIUU IPEBECHHBI, yBe-
JHYUTH MPOU3BOAUTENBHOCTS 000PYAOBAHUA AT BEIPAOOTKH APEBECHOTO YT, a TaKXKe MOTYyUNTh OONBIINH BBIXOJ Ape-
BECHOTO YIJIsl Ha €AWHHMILY MAcChl MCXOJHOM JIPEBECHHBI, CBIPhE MM NMPOAYKT C OOJNBIICH TEIUIOTBOPHON CIIOCOOHOCTHIO
U MEHbIIEH 30/1bHOCTBI0. Tak, IPOU3BOIUTEIIBHOCTh SKCICPUMEHTAIbHON MUPONHU3HON ycTaHOBKHU I1pu orcyTcTBuu CBY co-
craBuia 1,42 kr/4, a B npucyrcreun CBY — 1,73 kr/4, yBennuenue cocraBuio 22 %. PazpaboTanHast TEXHOIOTUS OTYUCHHUS
JIPEBECHOT'0 yTJIsi TEPMUYECKUM MTUPOIU30M B ipucyTcTBUH CBY sBiIsieTCsl 5)KOHOMHYECKH M SHEPreTHUECKH TTIePCHEKTHBHOI.
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KOYaCTOTHOE 3JIEKTPOMArHUTHOE 1oJIe
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PRODUCTION OF CHARCOAL BY PYROLYSIS OF WOOD IN THE PRESENCE
OF AN ULTRAHIGH FREQUENCY ELECTROMAGNETIC FIELD

Abstract. Experimental equipment for producing charcoal from sawmill residues using thermochemical conversion
of biomass in an oxygen-free environment has been developed. This equipment features thermal conversion of wood raw
materials in a pyrolysis chamber equipped with microwave sources. The pyrolysis equipment includes a unit for producing
generator gas from organic waste, a wood pyrolysis unit, a pyrolysis chamber purging system with inert gas, an afterburner
for the generator gas and pyrolysis gas mixture, a combustion product temperature control unit, a heat exchanger, a smoke
exhauster, a pyrolysis unit control and monitoring system, and a chimney. Magnetrons were used as microwave sources.
A description of the testing methodology for the equipment for producing charcoal in the presence and absence of a micro-
wave field is provided. Hardwood (split maple firewood) was used in the tests. The results of the study indicate that the use
of microwave technology can increase the rate of thermochemical destruction of wood, increase the productivity of equip-
ment for the production of charcoal, and also obtain a higher yield of charcoal per unit mass of the original wood, raw material
or product with a higher calorific value and lower ash content.For example, the productivity of the experimental pyrolysis unit
without microwaves was 1.42 kg/h, while with microwaves, it was 1.73 kg/h, an increase of 22 %. The developed technology
for producing charcoal by thermal pyrolysis in the presence of microwaves offers economic and energy-efficient potential.
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Beenenne. B HacTosiee BpeMsi HCCIEAOBaHUS YHEPrETUYECKH BO30OHOBISIEMBIX PECYPCOB psla
cTpaH, B ToM unciie benapycu n Poccuu, HanpaBiieHbI Ha yBeIHMUEHHE BHIPAOOTKH IEKTPUUECKON U Te-
TJIOBOM SHEPTHH 32 CUET UCTIOJIB30BaHMU ST HOBBIX BUJIOB TBEPAOTO TOILIIMBA M BOBIICUEHHS B 000pOT pas-
JINYHBIX BUJIOB BO30OHOBIISIEMBIX pecypco [1; 2].

OpauM U3 3(PPEeKTUBHBIX MPOIECCOB TEPMOXHUMHUUYECKON MepepabOTKH OPraHMYEeCKUX COeIHHE-
HUH siBisieTcs mupoiu3 [3]. OH mpeacTaBisieT Co00i Mporece TEPMOXUMHUYECKON MepepadOTKH OpraHu-
YECKUX COCIMHEHHH, KOTOPBIH IPOUCXOIUT ITPH NOBBIIICHHBIX TEMIIEPAaTypax 0e3 y4acTHs KUCIOpoa.



Becui Haupisinanbnait akagsmii HaByk benapyci. Cepbis ¢i3ika-TaxHiuHbIX HaByK. 2026. T. 71, Ne 1. C. 48-56
50 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2026, vol. 71, no. 1, pp. 48-56

TeopeTnueckue ¥ MpUKIAAHBIE HCCICIOBAHUS MUPOIH3a OMOMACCHl YCIEUTHO Pa3BUBAIOTCS Ha IMPO-
TSDKEHUH TocHeqHuX aecatuiietuii B Benmukoopurtanuu [4], CHIA [5], Unaauu [6] u npyrux crpaHax
mupa [7], a TaK)Ke TPEACTABIAIOT 3HAYUTEIBHBIN HHTEpeC 1 bemapycu.

WnTtencuBHoOe pazBuTHe OHOHEPreTHKHU B benapycn 00ycinoBieHO HEOOXOAMMOCTBIO TOCTHKCHHS
OTIPEICTICHHOTO YPOBHS DHEPTETHYECKON OE30MaCHOCTH W CO3/IaHUSI B WTOTE TOILTMBHO-dHEpPreTHYe-
CKOTO IIMKJa Ha BO30OHOBIISIEMBIX BHAAX OHOTOIJIMBA C YYETOM OKOJOIMUYECKHUX M SKOHOMHUYECKUX
MIPEUMYIIECTB JAaHHOT'O HAIPABJICHHUS.

OnHUM U3 OCHOBHBIX BO30OHOBIISEMBIX MPUPOIHBIX PECYPCOB SBISIOTCS Jieca, KOTOPBIE MOKPHI-
BalOT okojo 38 % TEeppUTOPHUM CTPAHBI, UTO MPEBOCXOJUT CpEelHEEBpONEHCKUIl ypoBeHb — 32 %.
[pu cpeHeM IPHPOCTE APEBECHOI GHOMACCH OKOIO 25 MIIH M° B roj (6osee 6,25 MIIH T Y. T.) OLEHKH
MOTECHIIMAIBHBIX PEe3epBOB OnoToILIMBa B benapycu konedmtorest ot 6 10 10 MaH T y. T. B rox [8]. Dtu
OILIEHKHM YYUTHIBAIOT HECTPOEBYIO IPEBECUHY, OTXOJIbI JIECO3ar0TOBOK, JePEBOOOPaOOTKH, PUTOMACCY
OBICTPOPACTYIIUX KYCTAPHUKOB M TPAB.

CymiecTBYIOT pa3JIMuHbIE CIOCOOBI MCIIOIB30BaHMsI OMOMACChl B KAYeCTBE MCTOYHHMKA DHEPTHH:
TPaAUIIMOHHOE C)KUTAHWE TIPH TTOYUYEHUH AIIEKTPUUYECKON 1 TEIJIOBOH SHEpruu (ApoBa, Iierna, meie-
ThI, TBEPJIbIe OBITOBBIC OTXO/bI PACTHTEIBHOTO MPOUCXOKICHHUS); aHAdPOOHOE COpaKMBAHHE CEITHCKO-
XO3STICTBEHHBIX PAacTeHUM (KYKypy3a | Jp.), OTXOJIOB CENbCKOXO3SHCTBEHHOTO ITPOU3BOJICTBA, & TAKKE
OTXOJIOB >KMBOTHOBOJICTBA M NMTHUIIEBO/ICTBA; TIOJyYEHHUE MOTOPHOTO TOIJINBA (OMOIN3ETb) U3 CEMSH
CEJIBCKOXO3AMCTBEHHBIX pacTeHHH (parc). YKka3aHHbBIE TEXHOJIOTHH JaBHO OTPA0OTAaHBI U MOJIYYHIIH
IIUPOKOE pacpoCTpaHEeHHE.

[lepepaboTrka cyxoii 6momacchl (BJaXHOCTBIO 10 15 %) BO3MOXKHA C UCIOJIB30BAaHUEM TEPMOXUMHU-
YECKUX TeXHONOrui (rasudukanus, nuponus). Takue mpormecchl 00agal0T BEICOKHMH CKOPOCTSIMHU
KOHBEPCHH, HU3KOW UYBCTBUTEIBHOCTBIO K COCTABY UCXOHOTO CBIPhSI, HO TPEOYIOT BRICOKHUX TeMIIepa-
TYp U XapaKTepU3YIOTCsS HU3KON CeIeKTUBHOCTHIO [9].

Cpenu COBpEMEHHBIX TEXHOJOTHH IHEPreTHYEeCKOr0 HCIIONh30BAHUS PACTUTENBHON OMOMAaccCh
HanboJiee yHUBEPCAIBHOM, dPPEKTUBHOMN U ACUIEBOH, IO MHEHUIO SKCIIEPTOB MeXkKTyHAPOTHOTO HEP-
retudeckoro areHTcTBa (International Energy Agency), siBisieTcsi TEPMOXUMHYECKasi KOHBEPCHUSI METO-
oM nmponusa [10]. B pesyneraTe muponnsa o0pa3yeTcsl TOPIOUHi ra3, BEICOKOIHEPTeTHUSCKHUE KU~
KHUE TPOAYKTHI U JPEBECHBIN yroib. KoIW4ecTBO MPOAYKTOB TEPMOXUMHYSCKHUX IMPEeoOpa30OBaHuUi 3a-
BHCHUT TIPEXK/IE BCETO OT TeMIIepaTyphbl H BPEMEHH IPOIIecca, CKOPOCTH HarpeBa M mapaMeTpOB Ta30BOM
cpensl. Kpome TOro, Ha cOCTaB M CBOMCTBA MPOIYKTOB MUPOIN3a BIUSIOT TOPOJIAa M KAUECTBO JIPEBECH-
HBI, pa3Mephl YaCTHI] CBIPhS M €r0 HadaJibHasl BIAXKHOCTbh, CKOPOCTh UPKYJISIUH Ta30BOTO IMOTOKA Ye-
pe3 cioit npeBecHHsbI U Apyrue haxTops! [11].

Ha ceromgns nmambosiee BOCTpeOOBAaHHBIM LIEJIEBBIM MPOAYKTOM MHUPOJIN3a JPEBECHUHBI SIBIISETCS
JIPEBECHBIN YTOJIb — TBEPABIA IOPUCTHIN TPOAYKT MHPOJIH3a PACTUTEIHHON OMOMAacChl, KOTOPHIH 00pa-
3yeTcs Hapsiy C KUJIKHMH MPOAYKTaMH (CMOJaMH) U TOprourMu razamu. OH HaxoJUT IpUMeHe-
HHE B KauyeCTBE BBICOKOKAYECTBEHHOTO BO300HOBISEMOr0 TBEPIOTO TOILIMBA (TEIJIOTA CTrOpaHUS
30-35 MJIk/kT), a TakXe B MPOMBINIJICHHOCTH, HAPUMEP TPH MOTYICHUH TEXHHUUECKOTO KpPEeM-
nus [12]. B HacTosiee BpeMs paciiupsieTcsi UCIOJIb30BaAHUE IPEBECHOTO YISl B MPOU3BOACTBE yTJic-
POIHBIX COPOCHTOB, KOTOPHIE MPUMEHSIOTCS B Pa3JIUYHBIX TEXHOJOTHSIX aJICOPOIMOHHON OYNCTKHU
u pazaenenus [13; 14].

[10O0YHBIM MPOIYKTOM IIPH MOIYUYSHUH JIPEBECHOTO YIJIS SBIISIOTCS T'a3bl, COACPIKAIINAE OpraHuye-
CKHe TIPUMECH (OT HU3KOMOJIEKYIAPHBIX A0 MOTHIIMKINIECKAX apOMaTHIeCKUX cMoI). CMOJIBI CO3/1at0T
3HAYHUTEIbHBIC MPOOJIEMBI B CHCTEMaX MUPOSM3a OuoMacchl [15], B 4aCTHOCTH OHU KOHACHCHPYIOTCS
B BBIXOJTHBIX T'a30X0/1aX (00pa3yroTcs OTIOKEHUS U KOPPO3us), Ha (puiIsTpax, MPUBOAS K UX 3aCOPEHUIO.
B nacrosmiee Bpems pa3paboTaHO MHOKECTBO TEXHOJIOTUH CHUKEHHS COACPKAHMUSA CMOJ B IIPOIYKTaxX
nupou3a ornomMacchl. KOHCTPYKIIMOHHO MX MOYKHO Pa3JIelITh HA MEPBUYHBIC, KOTJA CMOJIbI YAAISIOTCS
HEMOCPENICTBEHHO B MUPOJIN3HOM peakTope [16], m BTOpHYHBIE, HCITONB3YOIINE BEITHECEHHBINH yYacTOK
OUUCTKHU MUPOTU3HOTO Taza [17].

[lo cBoeit CyTr METOBI CHUKEHHUS COZIEPIKAHKS CMOJT B ITUPOJTM3HBIX T'a3aX MOXKHO Pa3/IeIuTh Ha Tep-
MOXUMHYECKHE (KATAJUTHUYCCKUU M TEPMHUUYCCKHI KPEKUHT) u ¢usndeckue (agcopOuus u adbcopo-
nwsi) [18]. Haubonee mpocThIMU ¢ TEXHHYECKOM M SKOHOMUYECKON TOYEK 3PEHUS SBISIFOTCS (hU3MUe-
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CKHe Croco0bl OYUCTKH MUPOJHM3HBIX Ta30B. bonee Toro, anmaparel, B KOTOPBIX UCIOIB30BaH JAaHHBIH
CIOCO0 OUYMCTKH, TEXHUUECKH IIPOCTHI U JIErKO MaclTadbupyrorcs. K Takum ycTpoicTBaM OTHOCAT (PUIIBT-
PbI, FPaHyYJIMPOBAHHBIE CJIOU, BPAIIAIOIIMECS CeNapaTopbl, AIEKTPOCTaTHUECKUE (QUIBTPBI, CKPYOOEpHI.
[Mpumenenune GU3NYECKIX METOMIOB MO3BOJISIET yaaBiuBath oT 50 10 74 % nepBoHaYaIbHBIX CMOJL.

bonee 3 pekTUBHBIMU C TOYKH 3PEHUS JOIH YIAAJIECHUS CMOJ SIBIISIIOTCS TEPMOXMMHUECKUE METO-
Ibl (HallpuMep, MpsIMOE TEPMHUUECKOE Pa3IokKeHHe, KOTOpoe TpedyeT MpoBEeIeHHS MpoLecca MPH TeM-
nepatype mopsiaka 1200 °C).

Lenv uccnedosanus — pa3paboTKa SKCIEPUMEHTAIBHOTO 000PYIOBaHUS IS TIOJIyYE€HHSI JPEBECHOTIO
YIS, UCHOJB3YOILIET0 MPOLECC TEPMOKOHBEPCUH JPEBECHOIO ChIPbsl B KaMepe MUPOJIN3a, KOTopasi OCHa-
IIeHa UICTOYHUKAMHU CO3/IaHUS JIEKTPOMArHUTHOTO TI0JISI CBEPXBBICOKOM YaCTOTHI C IIETTBI0 JOCTHKEHU S
JOCTAaTOYHBIX TEMIIEPATyp IS yAAJICHUS [I0Jy4aeMbIX CMOJL.

Onucanue 000pyA0BaHUSI MO MOJY4YeHHUIO ApeBecHOro yrisi. Ha ocHOBe pe3ynbpTraToB HccienoBa-
HUS TEPMOXHMHYECKON KOHBEPCHH APEeBECHHBI Ha 0a3e MHcTUTyTA 3HEpreTnky HarmonansHOH akaze-
Muu Hayk benapycu Obu1a pa3paboTaHa M M3roTOBJICHA TUPOJIM3HAS YCTAHOBKA 110 TIOJIYYEHHUIO APEBeC-
Horo yris (puc. 1).

JlanHas ycTaHOBKa MO3BOJISIET PEAJIM30BBIBATH MPOIECC TEPMOKOHBEPCHH JPEBECHHBI MPU BKIIIO-
yeHHBIX pexxumax rerepanuun CBY. Ona BkitoyaeT B ce0sl OJIOK MONYUYEHUs TEHEPATOPHOTO ras3a
M3 OPraHUYeCcKMX OTXOAO0B, OJOK MUPOJIN3a IPEBECUHBI, CUCTEMY NMPOYBKH KaMepbl MUPOIN3a HHEPT-
HBIM T'a30M, Kamepy JO)KHra CMECH TeHepaTopHOro ra3a u muporasa, 0JIOK peryJinpoBaHus TeMIepaTy-
PBI IPOIYKTOB TOPEHH S, TEIUIOOOMEHHUK, ABIMOCOC, CUCTEMY YITPaBICHUSI U KOHTPOJIS 32 paboTOH mu-
POJIHM3HOI ycTaHOBKH (Ha cXeMe He MI0Ka3aHa) ¥ JBIMOBYIO TPYOy.

Briok monmy4enust reHepaTopHOro raza U3 OpraHu4YeCKUX OTXOAOB, HIIM ra30reHepaTop sl CKHUTa-
HUS CBIITYYero TOIUTHBA, HAIIPUMEp IPEBECHOH IIETHI, MPEICTABISIET CO00H TONKY (/) ¢ YyCTaHOBIEHHBIM
cBepxy OyHkepoM (2) momaun 6uomaccsl. [Ipu ropeHnn 6rnoMaccsl B TONKE B YCJIOBUSIX OTPaHMUCHHOH
MOAAa4YM KUCJIOpoJa 00pa3yeTcsi TeHEpaTOPHbIN ra3, KOTOPbIH CMEIINBAETCS ¢ 00pa3yIOINMCs B peak-
Tope (3) MUPOJIM3HBIM ra3oM, TIOCJIE YeTro cropaet B kamepe noxura (8). ['azoreneparop o0opynoBan
CTeLMaJIbHBIM YCTPOHCTBOM, KOTOpOE OOECIeYMBAaeT PAaBHOMEpPHOE paclpelielieHHe IIENbl B TOIKE
Y 1I0Jja4y HOBOM IapTHH LLIEIbI OCIE BHITOPaHUs Npeablayeil. meeTcst ycTpoilcTBO, KOTOPOE MO3BO-
JSET Pery1upoBatb 00beM BO3yXa, OCTYMAIOUIET0 B TOMKY, ISl TOJyYEeHHUsI ONITHUMAJIBHOTO KOJIHYe-
CTBa T€HEPATOPHOI'0 Ta3a B COOTBETCTBUHU C YCIOBUSMHU PabOThl YCTAHOBKH.

13 14

]
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===
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Puc. 1. Cxema nupoNM3HON YCTAaHOBKH JUIS TOJYUYSHHUS IPEBECHOT0 yIJiIsl: / — TONKa ra3oreneparopa; 2 — OyHkep
3arpy3ku Ouomaccsl; 3 — peakTop; 4 — 3arpy304Has margopma ¢ BpamaomuMes THoM; 5 — petopra; 6 — CBU-
H3ITydaTelb; 7 — yCTPOUCTBO MPOAYBKH KaMephl MIMPOIH3a HHEPTHBIM Ta30M; § — KaMepa JOKHTa (CMEeCHTEIbHAs YacTh);
9 — TeIION30IALUOHHBIHN 9KpaH; /() — MoJaromnii KOJIEKTOp (OCHOBHAS 4acTh); // — OJIOK BO3IYIIHOTO OXJIaXKICHUS
¢ GuapTpanneit oXIaxk 1aloIero Bo3ayxa; /2 — noJaromuii KOJUIeKTOp (XBOCTOBAs 4acTh); /3 — TeI000MEHHBIH y3el
¢ GaitmacHoit TMHUeH COPOLIMOHHON OYMCTKY ABIMOBBIX I'a30B; /4 — IbIMOBasi TpyOa ¢ JHIMOCOCOM

Fig. 1. The scheme of the pyrolysis plant for the production of charcoal: / — gasifier furnace; 2 — biomass loading bin; 3 —

reactor; 4 — loading platform with rotating bottom; 5 — retort; 6 — microwave emitter; 7 — device for purging the pyrolysis

chamber with inert gas; § — afterburner chamber (mixing part); 9 — heat-insulating screen; /0 — feed manifold (main part);

11 — air cooling unit with cooling air filtration; /2 — feed manifold (tail part); /3 — heat exchange unit with a bypass line for
sorption purification of flue gases; /4 — chimney with a smoke exhauster
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Biiok muposu3a IpeBeCUHbBI — 3TO TUPOJIM3HBIN peakTop (3), BKIIOUAIOLIUHN B ceOst KaMepy peakTopa,
000pyIOBaHHYIO TPyOUaThIMU dJIeKTpoHarpeBaTenssMu (TOHammu), ycTpolicTBaMU CO3MaHUs JIEKTPOMa-
rauTHOro noist CBY (6), 3arpy3ounyto miaTgopMmy ¢ BpamaromuMcs THOM (4) u peTopTy (3).

B cuctemy npojyBKkH Kamepbl TUPOJIN3a HHEPTHBIM Ta3oM (7) BXOAAT 0ajlsIOH ¢ MHEPTHBIM Ta-
30M (CO,), perynsTop pacxoia rasa, ra30Bbli KOJUICKTOP M BEHTHIIb. [IpomyBKa mo3BoJsieT OBICTPO
yIAJIUTh TOPIOYHME OCTATKH IMHPOJIU3HOIO ra3a U3 KaMepbl peakTopa, 4To 00ecrneurnBaeT BO3MOXKHOCTD
MIPOM3BECTH 3arpy3Ky HOBOM MapTHUU MUPOIU3NPYEMOT0 MaTeprala, He JOXKUAAsICh ITOJTHOTO OXJIaxIe-
HUs KaMepsl peaktopa. CokpallleHre BpeMeH! Ha pa3orpeB KaMephl MUPOIU3HOTO PEAKTOpa YCKOPSIET
MUPOIH3 cleqyromux oopasnos Ha 30—45 MuH.

Kamepa moxura ra3oBoit cMecH (8) BKIIIOYaeT B ce0s1 yCTPOMCTBO CMEITUBAHUS T€HEPATOPHOTO Ta3a
Y mporasa s o0ecredeHus paBHOMEPHOTO TOPSHHSI CMECH Tra30B, TEPMOIIAPHI JIJIs ONPEIETICHUS TeM-
nepaTyphl TOPEHUSI TEHEPaTOPHOro rasa, TEPMOMaphl IJIsl ONPEAeSICHHS TeMIIEPaTypbl TOPEHUS CMECH
TeHEePaTOPHOT'0 rasza ¥ MUporasa, CMOTPOBYIO TpyOy. KOHCTpyKIIMsS KaMephl JOJKHTA MTPEACTABIISIET COOO0M
METAJTHYECKHA KOPOO, BBITIOTHEHHBIN U3 JKapOITPOYHOIN W KACIIOTOCTOMKON HEepIKaBeIoIel CTalu ¢ IBO-
HBIMHU cTeHKamu. Temneparypa ropeHus B kamepe noxura Moxet gocturats 1300 °C, aTo cmocoOcTByeT
3(PeKTUBHON OYHCTKE Ta30BOH CMECH OT BBICOKOMOJICKYIISIPHBIX coequHeHni (cmom). Kamepa moxura
Y NIoAaroIuid KoyuiekTop (10, 12) uMeroT oOIIuii Teraon30IsSUOHHbBIN 3KkpaH (9) TonmuHoH 100 M.

Bbnok Bo3mynIHOTO OXJNaxKeHHs ¢ QHIBTpalneil oXIakaaromero Bo3ayxa (//) odecreuynBaet mo-
CTYTUJICHHE B TETUIOOOMEHHUK MPOAYKTOB CTOPAHHUSI TA30BOM CMECH ONTUMAIIbHOW TEMIIepaTypsl. DTOT
OJIOK COCTOMT U3 CIEAYIOIINX IEMEHTOB: KaMepa OXJIAXKICHH S, CEPBOIIPUBOA PETYIUPYIOLICH 3aJI0HKH,
TepMoIapa, pyKas IMoJauy OXJIaxJaloIlero Bo3ayxa, 0JIok GpuisTpyroux sneMeHToB. [logadya Bo3nyxa
B OJIOK BO3IYIITHOTO OXJIAXKICHUS MTPOU3BOIUTCS BEHTHIATOPOM paanainbHbiM BP 80-75 Hu3koro masie-
HUS OJTHOCTOPOHHETO BCACBIBAHUS C 4aCcTOTOM BpaieHus 1500 06/mMuH u MmoiHocThO ABuratens 0,25 kBr.

Bo3aymnsiii pexynepaTuBHBINA TEII00OMEHHUK (/3) M3rOTOBJICH U3 Hep:KaBeromei cranu. Ha BoI-
XOJIe U3 TETI00OMEHHUKA YCTaHOBJICHBI IBIMOCOC U ABIMOBas TpyOa (/4).

Cuctema ynpaBlieHHS] U KOHTPOJISl paOOTHI MUPOIHU3HOM YCTAHOBKM BKIJIIOYAET B ceOs TEPMOMApHI,
MaHOMETPBI U OpPraHbl YIIPaBICHUs (TUTAHUE BCEX DIIEMEHTOB YCTAHOBKH, MOJIBEM/OITyCKaHHE 3arpy304-
HOM TUTaT(OPMBI, BKIIFOUEHUE/OTKIIFOUEHUE BEHTUIIATOPOB CUCTEMBI TIOaYH OXJIAXKIAFOIIETO BO3IyXa,
neiMococa, TOHoB 6110ka nupomnu3a (peakTopa), yCTpOUCTB CO3Janus AeKTpoMarauTaoro noist CBY),
pacmosoXeHHbIe Ha MHTe mKada yrnpaBiIeHus.

Br1Opoc 1BIMOBBIX Ta30B B aTMOC(epy, TPOXOIANINX Yepe3 peKyepaTHBHBIN TEIIOOOMEHHUK CH-
CTEMBI HarpeBa TEXHOJIOTMUECKOH BOJIbI CUCTEMBI OTOIIEHHU S, TPOU3BOAUTCS JBIMOCOCOM Uepe3 JIbIMO-
BYIO TPyOy.

VYipasneHue 1 KOHTPOJIb 38 PadOTON MUPOJU3HON YCTaHOBKH OCYIIECTBIISIETCS C pabovero Mecra
oreparopa, KOTOpoe B HeJsIX 0e30MacHOCTH HAXOMUTCS B OTACIBHOM moMeleHnu. Opranel ynpas-
JICHHS PACIIONIOKEHBI Ha ImuTe mikada yrnpaBieHus. Buzyaansanns OCHOBHBIX pa0OYMX TapaMeTpOB
YCTaHOBKH peasin30BaHa MOCPEACTBOM CHelHaIbHO pa3paboTannoii mporpammsl ais [1K, obecneunsa-
IOIIeH CHATHE OCHOBHBIX XapaKTEPUCTHK IIpoliecca (TeMIrepaTypHble 3HaY€HUs B OCHOBHBIX TOYKAX,
IoKa3aTely JIaBIIeHHsI, CKOPOCTH Ta30BOTO ITOTOKA, MOIITHOCTHBIX XaPaKTEPUCTHK) B PeaIbHOM BPEMEHH
U 1yOnupyIoT paboTy KOHTPOJIBHO-U3MEPUTEIBHBIX TPHOOPOB.

B kauecTBe KOHTPOIBHO-M3MEPUTEIBHBIX MPHOOPOB HaMH HCIONb30BaINCh TepMomapsl KTXA,
tun K (nnanazon Temneparyp ot —40 1o 1200 °C) ans uamepeHus remmepatypsl, 1 depeHnanbHbIH
MaHOMETP IJIsl U3MEPEHUsl JaBJICHUs, JaTYUK MOTOKA ISl U3MEPEHHUS! CKOPOCTH MOTOKA, PEryisiTop
HampsoKeHus I yrpasiaeHus TOHamu peakTopa.

B 3aBuCHMOCTH OT THPOJIU3UPYEMOTO CHIPhsI B KOHTpOJLIEpe 1Kada yrnpaBieHus yCTaHABINBACTCS
3ajaHHas pabodas mporpaMma (Bcero paspadorano 10), cormacHo KOTOPOH OCYIIECTBISETCS yIpaBlie-
HHE ¥ KOHTPOJIb OCHOBHBIX ITapaMeTpOB TEXITpoIiecca:

— CKOPOCTH HarpeBa U JUITUTENBHOCTH paboTsl TOHOB peakTopa ¢ KOHTPOJIEM TeMIIepaTypsl B pas-
JMYHBIX TOYKAX ra30BOT0 TPAKTa YCTAHOBKH;

— MOUIHOCTH U ANUTeNbHOCTH padoTel CBY-nznyuarenei;

— TeMIiepatypsl (BO3YyIIHOHN 3aCJIOHKOH C CEpBOIPHUBOIOM) Ha BBIXOJIE M3 KaMEPHI JOXKUTa U MarHe-
TPOHOB, CUCTEMBI OXJIAKICHUS;

— TeMIIepaTypbl Ha BBIXOJIC U3 TEINIOOOMEHHHKA, Ha BXOJIE B ILIMOCOC.
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PaGora muposm3HOi ycTaHOBKH. B Xozme ucnbITaHuN yCTaHOBKHM HCIOJIb30Bajach JPEBECHHA
TBEPAOIHUCTBEHHBIX MOPOA (KOJOTHIE IpoBa kjeHa). [lepen HauamoM MCHBITAHUM OMpPEaCsiach BiIaxk-
HOCTBh APEBECUHBI U MPOU3BOAUIOCH KOHTPOJBHOE B3BEUIMBAHUE MYCTOM U 3arpy>kKeHHON PETOPTEHIL.
Brnaxxnocts npeBecunsl coctaBuia 12,2 %, mioTHOCTh ApeBecuHbl — 590,2 KF/M3, 3016HOCTE — 0,23 %.

Macca IpeBecHuHBI U yTJIs ONpeelisiiach ¢ OMOIIBE0 BecoB HamonbHbIXx MU MJIA 518-T (kmacc 111,
norpemrHocTh = 10—20 1). OTHOCUTENBHAS MOTPENTHOCTh U3MEPEHHSI MacChl PEBECUHBI COCTaBU-
na 0,07 %, npu B3BemmnBanuu yris — 0,13 %.

ITocne B3BemIMBaHMS PETOPTa YCTAHABIMBAJIACH HA 3arpy304YHYIO IJIaTGopMy OJIOKa MUPOIIH3a.
Konctpyknus miaargopmbl UMeeT MPUBOIHONW MEXaHHU3M, 00SCIeUNBAIOIINNA BpaIlleHHE PETOPTHI BO-
KPYT BEPTHKAIBHOW OCU. 3aTeM MPOU3BOIUIICS TIOIBEM IIATPOPMBI ¢ YCTAHOBJICHHOW PETOPTOi B pabo-
4YyI0 KaMepy peakTopa.

VYipaBiieHHE 0BEMOM PETOPTHI B KaMepy OJIOKa MUPOJIM3a OCYLISCTBISACTCS aBTOMATHICCKH C T10-
MOIIBI0 CHCTEMBI YIPABJICHUS U KOHTPOJIS paboThl MUPOJIU3HONW yCcTaHOBKU. Ha HadanbHOW craguu
MEXaHW3M MoabeMa paboTaeT Ha MAKCUMATFHOU CKOPOCTH JIJISI COKPAIIEHUS] BPEMEHH TOATOTOBKY TTH-
POJM3HON YCTaHOBKH K pabote. Ha KoHeUHOU cTaauu mobemMa STOT MEXaHU3M padoTaeT Ha MUHUMAIlb-
HOM CKOPOCTH, UTOOBI 00€CTIEYNTh MAaKCHMAIBLHO TepMETHIHOE TIprkaTue miatdopmel. [lepexmoucHue
C MaKCHUMaJbHOU Ha MUHUMAJIbHYIO CKOPOCTB 3arpy3KH, a TAK)KE€ OCTAHOBKA MEXaHU3Ma MOIbEeMa MPo-
M3BOASTCS aBToMarnuecku. [locie 3arpy3ku ceipbs nmpousBoauTcs BKitoueHne TOHoB 6ioka mupoiu-
3a, YCTPOUCTB CO3/laHus AMeKTpoMarauTHoro nojs CBY B Oiioke nuposninsa u KaMepsl J0XKHUTa Fa30BOM
CMecCH, BEHTIIISITOpa OJI0Ka peryJIupoBaHUs TeMIEpaTypbl MPOAYKTOB TOPEHUs, AbIMOcoca. Takxke
MPOU3BOAUTCS MOKUT TOILIMBA B TOIKE razoreHeparopa. Ha mpoTsbKeHHU BCEro LUKJIA MUPOIU3a
OCYIIIECTBIISCTCS BU3yaIbHBIN KOHTPOJb TapaMeTpoB padoTsl Ha [1K 1 ¢ momMoIsto cMOTpPOBOM TPYyOHI,
pacIoJIOKEHHOW B KaMEPE JI0KUTIa ra30BOM CMECH.

Hawano craamm 3HIOTEPMUYECKOTO MUPONH3a JPEBECHHBI B OJIOKE MHUPOIIN3a XapaKTepru3yeTcs
TIOTJIONIEHNEM TeIlIa, CHIKEHHEM pOocTa TeMIIepaTyphl B paboueil kamMepe 0JI0Ka MUPONIn3a, OTCYT-
CTBHEM BBIPA)XKEHHOTO TOPEHHUSA B KaMepe MokuTa. J[pIMOBBIE Ta3bl MMEIOT Oenblii 11BeT. B Havane
CTaUN PK30TCPMHUIECKOTO TIpoIlecca MPOUCXOAUT BhIJACICHNE TEIUIa — HAOIIOAACTCs POCT TeMIIepa-
TYyphl B paboueil kamepe OJI0Ka MUPOJIN3a, BhIICACHHE OOJIBIIOr0 KOJHMYECTBA FOPIOYMX MTHPOIU3HBIX
ra3oB. Ha0sro1aeTCsl MHTEHCUBHOE TOPEHUE B KaMePe JIOKUTa, MOSBJICHHUE JIBIMOBBIX ['a30B CEPOTO IIBE-
Ta U3 JILIMOBOH TpyObl. 3aBEpIIICHUE MPOIIECcCa MTUPOIN3a COITPOBOXKIACTCS OTCYTCTBUEM BBIPAKEHHOTO
TOPEHHS B KaMepe MOKHUTa U OTCYTCTBUEM JBIMOBBIX I'a30B, BRIXOMSIINX U3 ABIMOBOHN TpyOsL. [locme
OKOHYAHMS MpoIlecca MUPOIN3a MPOU3BOAUTCS MIPOKAJIKa (TeMIepaTypa U JJIUTEIBHOCTh ONpPEAeIIsIeT-
Csl OTIEPATOPOM C TTOMOIIBI0 CHCTEMBI YIIPABJICHUS U KOHTPOJIsl paOO0ThI MUPOJIU3HOM ycTaHoBKH). [Tocie
MPOKAJIKU MPOUCXOAUT OTKItoueHne TOHOB M MarHeTpOHOB 0JiIOKa MUPOJIU3a U BKIIOYCHHE IMOJIAUH
uHepTHOro rasza (CO,) IS BBITECHEHUS TOPIOUUX ra30B U3 paboueil kamepsl O10Ka nuposinsa (Jiu-
TEIBHOCTh IPOYBKHU — 15 MHUH) U JaTFHEHIIIETO OCTHIBAHUS TOTOBOTO IPEBECHOTO YTIISA U €T0 CTaOUIIH-
3apuu. [Ipu 3TOM OTKIIOYAIOTCS BEHTHIISITOPBI IBIMOCOCA M CUCTEMbl OXJIAKJICHMSI KaMephbl JI0KUra
0JTOKa peryIMpoBaHUs TEMIIEPaTyphl MPOAYKTOB ropeHus. Ilocie momHOTo OCThIBaHUS PEeTOpTa C TMO-
JIYYEHHBIM APEBECHBIM YIJIEM U3BJIECKACTCS U3 KaMEPhl PEaKTOpa U B3BECIIUBACTCS.

Bonpiioe BHMMaHMe B X0O71€ TIPOBEICHHBIX Pa0OT OBLIO yETIEHO CPAaBHUTEIHHOMY aHAN3Y IPOIECCOB
MTUPOJTU3a JPEBECHHBI B OTCYTCTBHE 1 B IpucyTcTBIH CBY.

B nmanHOU cepuu SKCTIIEPUMEHTOB B Ka4eCTBE TEHEPATOPHOTO ra3a MCIIOIh30BAIH CMECh MponaH-0y-
TaH. Temmneparypa TOpeHus! TaHHON CMECH MOCTOSHHA, YTO TO3BOJISIET CO37aTh YCTOMUYUBBIC PEIICPHBIC
TOYKH JIISI ONPE/IENICHUs BKJIajia MApOora3a B CyMMapHYIO TeMIepaTypy TOpeHHs MponaH-0yTaHOBOM
cMecu U nuporasa. Mcnonp30BaHue TeMneparypbl FOPEHHUs IPONaHa B KaueCTBE PENEPHON TOYKH IO-
3BOJISICT JIOCTATOYHO TOYHO BBISBIIATH JIaXKe HEOOJIBIINE TEMIIEPATYPHbIC U3MEHEHHU S [IPH TOPEHUHU CME-
CH TCHEPaTOPHOI'0O ra3a U MUporasa.

Taksxe HEOOXOAMMO YUUTHIBATh, YTO B HAYAIHHOUM CTaINN MTUPOJIN3a BBIXOJ] TOPIOYMX Ta3000pa3HbBIX
MIPOAYKTOB €IIIe CITUIIKOM MaJl, YTOOBI IO PKUBATh CAMOCTOsITEILHOE TOPSHHE, B 3aBEpIIAIONICH cTa-
JIMY TIUPOJIU3a BBIXOJl TOPHOYUX Ta3000pa3HbIX MPOIYKTOB yXKE CIUIIKOM MaJjl, 4TOObI MMOJJICPIKUBATH
caMoCTOsITeIbHOE TopeHue. [103ToMy MoCTOSIHHBIN (hakesl OrHsl IPOIaHa MO3BOJISET CKEUb MaJIbIe KOJIH-
YecTBa MUPOra3a U 00ECIeYNTh HAUISKAIUN YPOBEHB KOOI HUECKOM OE30IMacHOCTH.

IIpu cpaBHUTEIBHOM aHAIHN3E B dKCIIEpUMEHTax B mpucyTcTBuu CBY mpoBonmniu 3aAepKKy B Teue-
Hue 10 MuH BrItoueHus: MarHeTpoHoB U TOHoB. Takas 3anep:kka Ha Ha4YaJIbHOM CTaquu SKCIEPUMEHTA
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1200 MO3BOJISIET M30EKATh «HAJIOKEHHS» T'paduKOB
1000 TeMIepaTyp u 0oJiee MEeTaIbHO MTPOBECTH CPaB-

\_,_-/\/\ - HUTEJIbHBIM aHaJIu3 MUPOJIU3a APEBECUHBI AJIS
£y 0 777777\ 1T MOJIyYEHHUsI JIPEBECHOIO0 YISl B OTCYTCTBHE

%é 600 —ph AN : < u B npucyrcreun CBY.

g% 00 ~ V./ ' \\ W3 skcnepuMeHTaIbHBIX JaHHBIX (pHC. 2)

ST W 'I';:' N BHUJIHO, YTO HA HAYaJbHOW CTAaIUH MUPOJIU3a
R (U 6e3 CBY HabmonaeTcs SHEPrUYHbIA POCT TEM-

0 nepatypsl 10 420 °C, 3aTeM IPOUCXOJUT pe3Koe
0 50 100 150 200 250 300
Bpexs, s camxkenne 10 102 °C ¢ BBIX00M Ha HEOOJIBIIIOE
Time, min miaTo. B naHHOM ciiydae JOrM4YHO IPEeAnoio-
Puc. 2. 3aBucuMocTh TeMIIepaTypbl HarpeBa padoueii cpebt KUTb, YTO NPOUCXOAUT NOCYHINBAHUE NPCBCCH~
OT BPEMEHH B KaMepe J0KUra B oTcyTcTsue (/) HBI ¢ 00pa30BaHUEM 3HAUYUTEIIHHOTO KOJIMIECT-

1 B IPUCYTCTBUH (2) CBEPXBBICOKOYACTOTHOTO

Ba BOJSIHOI'O I1apa, KOTOpLIfI " CHMKACT TEMIICpa-
DJIEKTPOMArHUTHOTO ITOJIA

) ) i Typy. [locne nocymmBanus o0pasua mpoUCXoIuT
Fig. 2. Dependence of the heating temperature of the working o .

medium on time in the afterburning chamber PE3KHH POCT TeMNepaTypsl 10 ypoBHel Gonee

in the absence (/) and in the presence (2) of a microwave 500 °C (unrepsan 25-50 muH). Mmeer mecto

electromagnetic field Hayalio TepMongquCKoﬁ JECTPYKIIMH BELICCTB

€O CJTAOBIMU XUMHYECKUMH CBSI35IMHU U BBICBOOO-

JKJEHUE Ta3000pa3HBIX MPOMYKTOB (HAIIPUMEpP, YKCYCHOH KHCIIOTHI). 3aTeM CHOBa HAOIONASTCS Caj

YPOBHS TEMIIEpATyp, TaK KaK B pe3yiIbTaTe XUMHUYECKUX ITPEBPAIIEHIH IIPOUCXOTUT 00pa30BaHUE BEIIECTB,

MIOJIEP’KMBAIONINX U HE MOAACPKUBAIONINX TOPEHHE (JIETKHE YTIIEBOJAOPO/bI, BOJA, OKCHJIBI YIJIEpo/a,

azota u T. 1.). C HauamoM HK30TEPMHUUYECKON CTaIUU MUPOJIK3a TeMneparypa nogaumaercs 10 800 °C

(196 mun). Io 3aBepuIeHNN K30TEPMHUUECKOM CTaIMU THPOIH3a HAYMHACTCS MPOKAJIKa, KOTOpask Xapak-
TEPU3YETCs NOCTEIICHHBIM IJIABHBIM CHU)KEHUEM TEMIIEPATYPhI.

B npucyrctBun CBY-mons HagaIpHBINA ATAIl THPOIN3a XapaKTePU3YEeTCs OTCYTCTBHEM PE3KUX ITepe-
najoB MobeMa-TaJIeHusl TEMIIepaTyp, Tak KaKk CBEPXBbICOKOYACTOTHOE JIEKTPOMArHUTHOE T0JIE CIIOo-
cOOCTBYET OJJHOBPEMEHHOMY MPOXOKJICHUIO BCEX MPOLECCOB SHAOTEPMUYECKON CTaIuN MUPOIIN3a, YTO
Y BbIpaBHUBaET rpaduk temneparyp. [Ipu s3ToM B mporiecce pabOTh MTUPOIU3HON YCTAHOBKH B 3K30TEP-
MHYECKON CTAITUU TEMIIepaTypa ropeHus B kamepe aokura mocturaia 1000 °C, aTo oOycmaBiauBaeT d¢-
(beKTUBHBIN JOXKHUT Ta30BOM cMecH. Bpems sx3oTepmudeckoii ctaann ¢ CBY meHblie, 4yemM aHaJIori9HON
craguu 6e3 CBY. Cranus 3aKanku TakKe COMpoBOXKAacTcs 0ojiee OBICTPBIM CHUKEHHEM TEMIIEPATYPhI.

OTH AaHHBIE OAHO3HAYHO CBHJETENILCTBYIOT O OoJiee BBHICOKOW CKOPOCTH MUPOIHM3a IPEBECHHBI
1 OoJiee BEICOKOM TeMIIepaType IOKUATa Ta30Boi cMecu B mpucyTcTBun CBY.

B xone niccnenoBanmii ObITN TOTY4YeHBI 00pa3Ibl JPEBECHOTO YIIISI TPH BKIIOYEHHBIX U BBIKJTIOYEH-
HBIX yCTpOMCTBaxX co3/ianus aaekTpoMarautHoro CBY-nons (tabnuna).

Hcxons 3 momy4eHHBIX pe3yIbTaToOB MOXKHO ClIeaTh BBIBOJ, UTO Hcnonb3oBanne CBY nmo3sonmio
MTOBBICUTH TIPOU3BOIUTENHFHOCTD MUPOJIU3HON YCTAaHOBKHU HA 22 %, IPH 3TOM XapaKTEPUCTHUKH TTOIY-
YCHHBIX 00PA3I0B COOTBETCTBYIOT TPEOOBAHHAM JUISl IPEBECHOrO YIIIs Mapki A,

XapakTepHUCTHKH 00Pa310B IPEBECHOr0 YIJIsl, OJy4YeHHBIX IPH BKJIIOUYEHHBIX H BBIKJIIOUEHHBIX YCTPOHCTBAX
co31aHud daeKTpoMaruutTHoro CBU-nous

Characteristics of charcoal samples obtained with the microwave electromagnetic field generating devices turned on and off

Hanuuune cBEpXBBICOKOYACTOTHOTO Macca UCToIb30BaHHBIX OrnocHTebHbif Macca Ocnonitbie XAPAKTEPHCTHIC
P 5 MacCOBbIi BBIXOJ] | OJIyYEHHOTO TOIY4CHHBIX 06PA3LOB yris
SJICKTPOMATHHTHOTO NOJIA FIPEBECHLIX 0DPASLOB, KI'| /b cnoro yrus, % | yros, kr Main characteristics of the obtained coal samples
The presence of an ultra-high- Weight of used wood Relative mass vield | Mass of coal S
frequency electromagnetic field samples, kg 3; S Y,E[enbl-laﬂ OHEpIi1s CrOPAHH, k/JIk/xr| 3onabHOCTD, %
of charcoal, % obtained, kg Specific combustion energy, kJ/’kg [Ash content, %
B orcyrcrBue CBY
Y . 31,0 ~229 7,1 30435,31 1,26
In the absence of a microwave
B npucyrcteun CBY
prey . 31,7 24,6 7.8 32066,77 1,12
In the presence of a microwave

"TOCT 7657-84. Yromns npesecusiii. Texuuuecknue ycnosus. URL: https:/meganorm.ru/Data2/1/4294822/4294822380.htm
(mara oopamenus: 10.01.2025)
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Memnbliiee 3HaYEHUE 30JILHOCTH B yTJIE, TOTYYEeHHOM ¢ ucnonb3oBanueM CBY, o0wsicHseTcs TeMm,
YTO XOTSl a0CONIOTHOE 3HAUYCHHE MACChl 30JIbl OCTAETCS HEM3MEHHBIM U He 3aBUCHT OT Hajmuuus CBY,
OTHOCHUTEJIBHOE COJICPIKaHUE 30JIbl PETYIIMPYETCsI KOHIIEHTPAIMEH OCHOBHOTO KOMIIOHEHTA B 00pasiie —
yraepona. M Tak Kak MaccoBbIi BBIXO yTJIsl Ipu ucnonb3oBanun CBY Belne, yem 6e3 Hero, cienoBa-
TEJIBbHO, A0COJIFOTHOE 3HAUCHHE COJIEPKAHUS yIIeposa B oOpa3uax yris, IOJIy4eHHBIX C UCIIOJIb30BAHHU-
em CBUY, Brite, yueM B ero orcyTcTBre. [1o 3TOM mpuuMHE OTHOCUTEIBHOE COJIEpKaHNe 30IIbI (OTHOCH-
TEJIBHO OOILETo COAepKaHUsI KOMIIOHEHTOB) B YIJIE, TIOJIy4EHHOM ¢ ncnosib3oBanueM CBY, Huke, yem
0e3 ero ucnoap30BaHus. Takike Helb3sl UCKIIIOYUTh, 4To nox aericteueM CBY mpouncxoxut 6omee mod-
Hasl TEpMHYECKasl JECTPYKIUS a30TCOAEPKAIINX OPraHNYECKUX COETUHEHUH.

3akirouyenue. IlonyueHHble pe3ynbTraThl OKa3bIBAIOT, 4TO Ucnosnb3oBaHue noias CBY nos3sosseT
YBEIUYHUTH MPOU3BOAUTENBHOCTH MpOLEcca MOTYyUYEHUs JIPEBECHOTO YT U MOBBICUTh KauyeCTBO MOy~
yaeMmoro nmpoaykra. Pacxon snekrpudeckoi sHepruu npu padore ycranosku (6e3 CBY) coctaBnseT
oT 3,5 1o 7 kBT'4 (B 3aBUCUMOCTH OT 3a/1a4 3KCIIEPUMEHTA), TP 3TOM JONOTHUTEIBHBINA PacXoj dJIeK-
TPUUYECKON 3HEPrUuM npu ucnonb3zoBannu CBY-uznyvenus — ot 2,0 1o 2,2 kBt-u. OnHako Oosnee BbICO-
Kasi IIPOU3BOIUTEIBHOCTh YCTAaHOBKH B TIpUCcyTcTBUH CBY W monmy4YeHHBIH APEBECHBIN YTIolb C CyIIe-
CTBEHHO OOJBIICH yIIeIBHON YHEPTrUeH CropaHus AENaloT 3Ty TEXHOJIOIHIO SHEPreTHUECKH U DKOHOMHU-
YyecKH BRIroAHOM. [1oaToMy pazpaboTka 000pyoBaHUS AJIs IOTYUYESHUSI APEBECHOTO YTIISI B IPUCY TCTBUH
CBUY sBisieTcst akTyaTbHOU 3a1a4eii.

Takke HEOOXOAMMO OTMETHTB, YTO OIMCAHHOE OOOPYAOBaHHE SIBISIETCS SKCIEPHUMEHTAJBHBIM,
U TIPU CO3JAHUH MPOMBIIUICHHBIX YCTAHOBOK JOIOJIHUTENBHBIE 3aTPaThl dJIEKTPOIHEPTUN HA MOIJEP-
xanue CBY OynyT, HECOMHEHHO, YUUTHIBaThes. [Ipy BBIMOTHEHWN JAaHHOW pabOTHI TIIABHOM 3ajauei
ABIISIIOCH N3yueHue BinusiHre CBY Ha mporecc nonydeHus IpeBecHOro yIiis, a B JaJbHEHIINX UCCIIe-
JIOBAHUSAX — €r0 (PU3UKO-XMMHUYECKUX XapaKTEPUCTHK.

Cnucok ucnojb30BaHHBIX HCTOUYHHKOB

1. Kopcak, E. I1. DopMmupoBaHye cucTEMBI yTpo3 SHepreTudeckoii 6ezomnacnoctu Pecriyonuku benapycs / E. I1. Kopcax /
OHepretuka. V3BecTrsi BRICIINX y4eOHBIX 3aBeAeHUU U dHepreTmdyecknx oOwvenmueHuit CHI. — 2019. — T. 62, Ne 4. —
C. 388-398. https://doi.org/10.21122/1029-7448-2019-62-4-388-398

2. ®opros, B. E. Cocrostnue pa3BuTns BO30OHOBISIEMBIX HCTOUYHUKOB PHepruu B Mupe u B Poccun / B. E. dopTos,
O. C. Ilonens // Tennosuepretuka. — 2014. — Ne 6. — C. 4-13.

3. Jloctok, 1O. A. HekoTopsle acriekTsl TepMoxumuieckoit konsepceuu topda / FO. A. Jlocrok, C. B. XKubpuk, C. B. Kopun-
HEHKO // DHepreTHKa. I3BecTus BRICIINX yUeOHBIX 3aBeieHIH 1 sHepreTndeckux ooveaunenuit CHI. —2008. — Ne 5. — C. 60—-66.

4. Bridgwater, A. V. Biomass Fast Pyrolysis / A. V. Bridgwater / Thermal Science. — 2004. — Vol. 8, Ne 2. — P. 21-49.
https://doi.org/10.2298/TSCI10402021B

5. Mohan, D. Pyrolysis of Wood/Biomass for Bio-Oil: A Critical Review / D. Mohan, Ch. U. Pittman, P. H. Steele Jr. //
Energy & Fuels. — 2006. — Vol. 20. — P. 848—889. https://doi.org/10.1021/ef0502397

6. Chan, W. R. Modeling and experimental verification of physical and chemical processes during pyrolysis of large biomass
particle / W. R. Chan, M. Kelbon, B. B Krieger // Fuel. — 1985. — Vol. 64. — P. 1505—1513. https://doi.org/10.1016/0016-2361(85)90364-3

7. Catalytic supercritical water gasification of biomass waste using iron-doped alkaline earth catalysts / R. Bakari,
T. Kivevele, X. Huang, Y. A. C. Jande // Biomass Conversion and Biorefinery. — 2024. — Vol. 14, iss. 6. — P. 7487-7506. https://
doi.org/10.1007/513399-022-02800-x

8. MakpoKHHETHKa U TEIUIOMaCCONEePeHOC B MPOIeccax TepMOXUMuYeckoil kouBepcun 6uomaccst / I. W. IanbueHok,
H. T Xyrckas, U. B. SIauesuy, T. M. MomuHa // Bo300HOBIIsieMbIe HCTOUHUKY SHEPTHH: TIOTCHITNAI, TOCTHKEHUS, IEPCIICK-
THBBI: MaTepuaisl MexayHap. ceMuHapa dKkcrepToB (MuHCk, 22-24 ¢esp. 2011 1) / mox pen. A. A. Muxanesuya. — MH.:
Ben. HaByka, 2011. — C. 206-220.

9. ITuponu3s roprounx crnanies Typosckoro mectopoxaenus / [1. JI. @amromm, K. B. lo6pero, B. M. Kpaiiko, E. B. Any-
¢puesa / UnxenepHo-pusndecknii xypHair — 2011. — T. 84, Ne 3. — C. 583-589.

10. Ipeobpaszosanue sHepruu duomaccel. OmbiT Poccuu / E. C. Ilannxasa, B. A. Tloxapuos, JI. B. 3bicun [u ap.] /
Tennosuepreruka. — 1996. — Ne 5. — C. 33-38.

11. Kocusuos, 0. 1O. Texnonorus nuponusa opranndeckux matepuaion: monorpadus / 0. 0. Kocusmos, 5. M. Cynb-
MmaH. — Teps: TI'TY, 2010. — 124 c.

12. HoBbIif CTIpaBOYHHMK XMMUKA U TeXHOJOTa. CHIPhe M MPOTYKTHI MPOMBIIUICHHOCTH OPTaHUIECKUX U HEOPTaHMIECKUX
BemiecTs: B2 4./ C. A. Anocrosos, C. E. babam, A. J1. Bepe [u ap.]. — CI16.: AHO HITO «IIpodeccuonany, 2005. —Y. 2. — 1144 c.

13. O630p pbiHKa aKTUBUPOBaHHOTO (akTUBHOTO) yris B CHI' / O0benuHeHe He3aBUCUMBIX 3KCIIEPTOB B 001aCTH MU~
HEPAJIBHBIX PECYPCOB, METAJLTYPrUU H XMMHYECKONW TPpOMBIIUIeHHOCTH. — M., 2019. — 193 c.

14. Activated Carbon, Biochar and Charcoal: Linkages and Synergies across Pyrogenic Carbon’s ABCs / N. Hagemann,
K. Spokas, H.-P. Schmidt [et al.] / Water. — 2018. — Vol. 10, iss. 2. — P. 182. https://doi.org/10.3390/w10020182



Becui Haupisinanbnait akagsmii HaByk benapyci. Cepbis ¢i3ika-TaxHiuHbIX HaByK. 2026. T. 71, Ne 1. C. 48-56
56 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2026, vol. 71, no. 1, pp. 48-56

15. Dayton, D. A. Review of the Literature on Catalytic Biomass Tar Destruction. Milestone Completion Report. NREL/
TP-510-32815 / D. Dayton. — National Renewable Energy Laboratory, 2002. — URL: https://www.nrel.gov/docs/fy030s-
t1/32815.pdf (date of access: 10.11.2020).

16. Devi, L. A review of the primary measures for tar elimination in biomass gasification processes / L. Devi, K. J. Ptasinski,
F.J. J. G. Janssen // Biomass and Bioenergy. — 2003. — Vol. 24, iss. 2. — P. 125-140. https://doi.org/10.1016/S0961-9534(02)00102-2

17. Anis, S. Tarreductionin biomass producer gas viamechanical, catalytic and thermal methods: A review/S. Anis, Z. A. Zai-
nal // Renewable and Sustainable Energy Reviews. —2011. —Vol. 15, iss. 5. — P. 2355-2377. https://doi.org/10.1016/j.rser.2011.02.018

18. Performance of tar removal by absorption and adsorption for biomass gasification / A. Paethanom, S. Nakahara,
M. Kobayashi [et al.] // Fuel Process Technology. —2012. — Vol. 104. — P. 144—154. https://doi.org/10.1016/j.fuproc. 2012.05.006

References

1. Korsak, E. P. Formation of the System of Threats to Energy Security of the Republic of Belarus. Energetika. Izvestiya vys-
shikh uchebnykh zavedenii i energeticheskikh obedinenii SNG = Energetika. Proceedings of CIS Higher Education Institutions and
Power Engineering Associations, 2019, vol. 62, no. 4, pp. 388—398 (in Russian). https://doi.org/10.21122/1029-7448-2019-62-4-388-398

2. Fortov V. E., Popel’ O. S. The current status of the development of renewable energy sources worldwide and in Russia.
Thermal Engineering, 2014, vol. 61, no. 6, pp. 389—-398. https://doi.org/10.1134/S0040601514060020

3. Losyuk Yu. A., Zhibrik S. V., Korchinenko S. V. Some aspects of thermochemical conversion of peat. Energetika.
Izvestiya vysshikh uchebnykh zavedenii i energeticheskikh obedinenii SNG = Energetika. Proceedings of CIS higher education
institutions and power engineering associations, 2008, no. 5, pp. 60—66 (in Russian).

4. Bridgwater A. V. Biomass Fast Pyrolysis. Thermal Science, 2004, vol. 8, no. 2, pp. 21-49. https://doi.org/10.2298/TSCI10402021B

5. Mohan D., Pittman Ch. U, Steele Jr. P. H. Pyrolysis of Wood/Biomass for Bio-Oil: A Critical Review. Energy & Fuels,
2006, vol. 20, pp. 848—889. https://doi.org/10.1021/ef0502397

6. Chan W. R., Kelbon M., Krieger B. B Modeling and experimental verification of physical and chemical processes
during pyrolysis of large biomass particle. Fuel, 1985, vol. 64, pp. 1505-1513. https://doi.org/10.1016/0016-2361(85)90364-3

7. Bakari R., Kivevele T., Huang X., Jande Y. A. C. Catalytic supercritical water gasification of biomass waste using
iron-doped alkaline earth catalysts. Biomass Conversion and Biorefinery, 2024, vol. 14, iss. 6, pp. 7487-7506. https://doi.org/
10.1007/513399-022-02800-x

8. Palchenok G. 1., Khutskaya N. G., Yantsevich I. V., Moshchina T. M. Macrokinetics and heat and mass transfer in the pro-
cesses of thermochemical conversion of biomass. Mikhalevich A. A., ed. Vozobnovlyaemye istochniki energii: potencial,
dostizheniya, perspektivy: materialy Mezhdunarodnogo seminara ekspertov (Minsk, 22-24 fevralya 2011 g.) [Renewable
energy sources: potential, achievements, prospects: Proceedings of the International Expert Seminar (Minsk, 22-24 February
2011)]. Minsk, Belaruskaya navuka Publ., 2011, pp. 206—220 (in Russian).

9. Falyushin P. L., Dobrego K. V., Kraiko V. M., Anufrieva E. V. Pyrolysis of oil shales of the Turov field. Journal of Engi-
neering Physics and Thermophysics, 2011, vol. 84, no. 3, pp. 631-637. https://doi.org/10.1007/s10891-011-0515-7

10. Pantskhava E. S., Pozharnov V. A., Zysin L. V., Farberov V. G., Shramkov V. M., Mayorov N. ., Shkola I. I. Conversion
of biomass energy. Experience of Russia. Teploenergetika [Thermal Power Engineering], 1996, no. 5, pp. 33-38 (in Russian).

11. Kosivtsov Yu. Yu., Sulman E. M. Technology of Pyrolysis of Organic Materials: Monograph. Tver, Tver State Techni-
cal University, 2010. 124 p. (in Russian).

12. Apostolov S. A., Babash S. E., Berents A. D., Borutskii P. N., Vasil’ev Yu. V., Vasil’ev S. N. [et al.]. New Handbook
of Chemistand Technologist. Raw Materials and Products of the Industry of Organic and Inorganic Substances. Part 2. St. Pe-
tersburg, ANO NPO “Professional” Publ., 2005. 1144 p. (in Russian).

13. Association of Independent Experts in the Field of Mineral Resources, Metallurgy and Chemical Industry. Market
Overview of Activated (Active) Carbon in the CIS. Moscow, 2019. 193 p. (in Russian).

14. Hagemann N., Spokas K., Schmidt H. P., Kégi R., Bohler M. A., Bucheli T. D. Activated Carbon, Biochar and Char-
coal: Linkages and Synergies across Pyrogenic Carbon’s ABCs. Water, 2018, vol. 10, iss. 2, p. 182. https://doi.org/10.3390/w10020182

15. Dayton D. A Review of the Literature on Catalytic Biomass Tar Destruction. Milestone Completion Report. NREL/
TP-510-32815. National Renewable Energy Laboratory, 2002. Available at: https:/www.nrel.gov/docs/fy030sti/32815.pdf
(accessed 10 November 2020).

16. Devi L., Ptasinski K. J., Janssen F. J. J. G. A review of the primary measures for tar elimination in biomass gasifica-
tion processes. Biomass and Bioenergy, 2003, vol. 24, iss. 2, pp. 125-140. https://doi.org/10.1016/S0961-9534(02)00102-2

17. Anis S., Zainal Z. A. Tar reduction in biomass producer gas via mechanical, catalytic and thermal methods: A review.
Renewable and Sustainable Energy Reviews, 2011, vol. 15, iss. 5, pp. 2355-2377. https://doi.org/10.1016/j.rser.2011.02.018

18. Paethanom A., Nakahara S., Kobayashi M., Prawisudha P., Yoshikawa K. Performance of tar removal by absorption and
adsorption for biomass gasification. Fuel Process Technology, 2012, vol. 104, pp. 144—154. https://doi.org/10.1016/j.fuproc. 2012.05.006



Becui HaupisinanbHait akansmii HaByk benapyci. Cepbis ¢i3ika-TaxHiuHbIX HaByK. 2026. T. 71, Ne 1. C. 57-66
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2026, vol. 71, no. 1, pp. 57-66 57

ISSN 1561-8358 (Print)
ISSN 2524-244X (Online)

PA/THOSJIEKTPOHHUKA, IPHBOPOCTPOEHHUE
RADIOELECTRONICS, INSTRUMENT-MAKING

https://doi.org/10.29235/1561-8358-2026-71-1-57-66 _
UDC 519.23+004.932.2+629.7.05 (@) BY 4.0

Original article

Sergei V. Tsuprik'*, Andrei S. Solonar’, Petr A. Khmarskiy’

"Military Academy of the Republic of Belarus,

220, Nezavisimosti Ave., 220057, Minsk, Republic of Belarus
2JSC “KB Radar” — Managing Company of “Radar Systems” Holding,
64a, Partizansky Ave., 220026, Minsk, Republic of Belarus
I Belarusian State University of Informatics and Radioelectronics,

6, P. Brovka St., 220013, Minsk, Republic of Belarus

STATISTICAL SYNTHESIS OF A BAYESIAN ALGORITHM IMAGE SEGMENTATION
AND MEASUREMENT OF AERIAL OBJECT COORDINATES

Abstract. This paper presents the results of a statistical synthesis of an algorithm for segmenting images of aerial objects
based on the Bayesian criterion of maximum posterior probability. The key feature of the algorithm is the use of information
about the operator’s initial choice of the object to form a priori spatial distribution of coordinates, which allows effectively
taking into account geometric constraints on the movement of the object between adjacent frames of the video sequence. A two-
stage approach has been developed to jointly solve the tasks of pixel classification and object position estimation, in which
spatial information is directly integrated into the segmentation decision rule through a Gaussian model of probability distri-
bution. Analytical expressions for the optimal decision rule are obtained in the form of a threshold comparison of the log-like-
lihood ratio, which includes both intensity and spatial components. The resulting algorithm improves the quality of segmenta-
tion and the accuracy of coordinate measurements under varying lighting conditions, which is critically important for auto-
matic tracking systems of aerial objects in the tasks of airspace monitoring and flight trajectory management.

Keywords: image segmentation, Bayesian algorithm, statistical synthesis, aerial objects, automatic tracking, spatial
distribution, posterior probability, likelihood function, computer vision, interframe processing, state vector estimation, pixel
classification

Acknowledgements: the authors would like to thank A. S. Khramenkov (Military Academy of the Republic of Belarus)
for invaluable assistance in the formulation and correction of the concept of the work, as well as for valuable recommenda-
tions that contributed to the improvement of the quality of the research.

Conflict of interest: the authors declare that there is no conflict of interest.

Information about the authors: Sergey V. Tsuprik — Cand. Sci. (Engineering), Associate Professor of the Department
of Automation, Radar and Transceiver Devices at Military Academy of the Republic of Belarus, https://orcid.org/0009-0006-
0080-4713, e-mail: Serhio.Observer@yandex.ru; Andrei S. Solonar — Cand. Sci. (Engineering), Professor of the Department
of Automation, Radar and Transceiver Devices at JSC “KB Radar” — Managing Company of “Radar Systems” Holding,
e-mail: andssnew@yandex.ru; Petr A. Khmarskiy — Cand. Sci. (Engineering), Associate Professor, Associate Professor
of Information Radioengineering Department at Belarusian State University of Informatics and Radioelectronics, https:/
orcid.org/0000-0003-3404-3917, e-mail: pierre2009@mail.ru

Contribution of the authors: Sergey V. Tsuprik — collection and systematization of data, computer and mathemati-
cal modeling, comparative analysis, writing the text of the manuscript; Andrei S. Solonar — substantiation of the rese-
arch concept, formulation of ideas, research goals and objectives, development of methodology and research model;
Petr A. Khmarski — generalization and interpretation of the results of the study, editing the text of the manuscript, working
with graphic material.

© Lymnpuk C. B., Cononap A. C., Xmapckuii I1. A., 2006
* Corresponding author / ABTOp, OTBETCTBEHHBIH 3a MEPEIHUCKY.



Becui Hanpisinanbhait akagsmii HaByk benapyci. Cepbis ¢izika-taxHiuHbIX HaByK. 2026. T. 71, Ne 1. C. 57-66
58 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2026, vol. 71, no. 1, pp. 57-66

For citation: Tsuprik S. V., Solonar A. S., Khmarskiy P. A. Statistical synthesis of a Bayesian algorithm image segmen-
tation and measurement of aerial object coordinates. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya fizika-tekh-
nichnykh navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2026, vol. 71, no. 1,
pp. 57-66. https://doi.org/10.29235/1561-8358-2026-71-1-57-66

Received: 22.01.2026

Modified: 12.02.2026

Approved for publication: 05.03.2026

Signed to the press: 12.03.2026

OpueuﬁaﬂbHa}z cmamovi

C. B. Lynpuk'*, A. C. Costonap?, I. A. Xmapckuii®

!'Boennas axademus Pecnyonuxu Benapycs,
np. Hesasucumocmu, 220, 220057, Munck, Pecnybnuxa Berapyce
2040 «Kb Paoapy — ynpasnarowas komnanus xonounea « Cucmemvl paouoiokayuuy,
np. llapmu3sanckuil, 64a, 220026, Munck, Pecnyonuxa benapyco
?Benopycckuii 2ocydapemeennbiii ynusepcumen uHGopMamuKi u paduoIIeKmpoHuKi,
ya. [lempycs Bpoexu, 6, 220013, Munck, Pecnybnuxa Benapyco

CTATUCTHYECKHI CUHTE3 BAMECOBCKOTO AJITOPUTMA CETMEHTAITM A N306PAKEHU A
U U3MEPEHU S KOOPAUHAT BO31YIHbBIX OBBEKTOB

AnHoTanus. [IpeacraBieHs! pe3ynbTaThl CTATUCTUYECKOTO CHHTE3a alTOPUTMa CErMEHTAIlNN N300paKeHNH BO3TyII-
HBIX 00BEKTOB, OCHOBAaHHOTO Ha GaleCOBCKOM KPUTEPUH MaKCHMyMa arocTepHopHoOii BeposiTHOCTH. KitoueBoil ocobeHHO-
CTBIO QJITOPUTMA SBIISETCS HCIONb30BaHNE MH()OPMALINU O HaYaJIEHOM BBIOOpE 00BEKTa OnepaTopoM Aisi pOopMUpPOBAHUS
AIPHOPHOTO MPOCTPAHCTBEHHOTO PACHPECICHN ST KOOPAUHAT, YTO MO3BOISACT () (HEKTUBHO yUUTHIBATH T€OMETPHUECKHE OTrpa-
HUYCHUS HA MEPEMEIICHUE 00BEKTa MEKIY COCCAHHUMH KaapaMH BHJICOMOCICIOBATEILHOCTH. Pa3paboTan ABYX3TalmHbBIN
MOAXOJ K PEIICHHIO 3aa4X KJIACCH(UKAINY ITHKCEIeH U OLCHUBAHUS KOOPAWHAT 00BEKTa, NP KOTOPOM ITPOCTPAHCTBEH-
Has HHPOpPMAIHS HHTETPUPYETCs] HETTOCPEACTBEHHO B PEIIalollee MPABUI0 CETMEHTAI[NH Yepe3 TayCCOBY MOAETb pacipe-
JieNieHns BeposiTHoCcTel. [lomyueHbl aHaTUTHYeCKIe BBIPAXKEHHS JIsl ONTHMAJIBHOTO PEIIAIOIIEero paBiia B BUIE CPaBHe-
HUs JoTapr(Ma OTHOIICHHU S IIPaBIOIOR00H S, BKIIOUAIONIETO SIPKOCTHYIO ¥ IPOCTPAHCTBEHHYIO KOMIIOHSHTEHI. [1omydeHHbIiH
aJITOPUTM MO3BOJSET MOBBICUTH KAaYECTBO CETMEHTALMU M TOYHOCTh M3MEPEHUS KOOPAMHAT B YCIOBHSIX H3MEHSIOIIETOCs
OCBEIIEHU S, UTO KPUTUIECKH BaXKHO IS CHCTEM aBTOMaTHYECKOTO COIPOBOXKACHUS BO3AYIIHEIX 00BEKTOB B 3a/1a4aX MOHHU-
TOPHHTA BO3AYIIHOTO IIPOCTPAHCTBA U YIIPABICHUS TPACKTOPUSMH I0JIETA.
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Introduction. Modern information technologies, in particular computer vision, play a key role
in airspace monitoring tasks. The development of such fields as the defense industry, air traffic control
systems, surveillance, and search-and-rescue operations demands the creation of highly efficient systems
for automatic detection and tracking of aerial objects: fixed-wing aircraft, helicopters, unmanned aerial
vehicles, and other airborne craft [1]. The task of automatic tracking of aerial objects comprises two pri-
mary stages: a single one-frame detection of the target by an operator on the first frame of the sequence,
and automatic interframe tracking of the target in subsequent frames without operator involvement. The first
stage is referred to as the one-frame processing (OFP) stage, and the second as the interframe processing
(IFP) stage. A key requirement for successful interframe tracking is the reliable generation of single
coordinate estimates (SCE) of the target’s coordinates in each frame of the video sequence [2; 3].
The system must determine the current position of the target under varying external conditions: fluctuat-
ing illumination, changing observation angles, partial occlusion of the target by clouds or other objects,
as well as the self-motion of the carrier platform of the optoelectronic system.

One approach to determining target coordinates involves solving the image segmentation problem
followed by computing the centroid of the extracted segment. Segmentation enables accurate delineation
of the target boundaries by separating the target from the background, thereby providing the basis for
computing the target’s center-of-gravity coordinates and generating control signals for the guidance sys-
tem or flight trajectory tracking. Traditional segmentation methods, such as thresholding [4-8], gradi-
ent-based methods [9; 10], and clustering [11], frequently exhibit insufficient robustness under complex
background conditions and varying observation environments. Modern approaches based on deep neu-
ral networks [12—16] require substantial computational resources and large volumes of training data,
which may limit their applicability in real-time systems. A special place in the segmentation methodolo-
gy is occupied by Bayesian approaches based on the statistical synthesis of optimal decision-making
algorithms [17-21]. These approaches allow for a rigorous treatment of a priori uncertainties, effective
utilization of the available operator-provided information, and adaptation to varying observation condi-
tions. The practical challenge of implementing such algorithms lies in the fact that the statistical charac-
teristics of target and background brightness values are a priori unknown and may vary considerably
throughout the observation process.

This paper presents the results of the statistical synthesis of an image segmentation algorithm for
aerial objects and the estimation of their coordinates for the purposes of automatic interframe tracking.
The proposed algorithm is based on the Bayesian maximum a posteriori probability criterion, incorpo-
rating spatial information provided by the operator and a dedicated methodology for estimating bright-
ness distribution parameters under conditions of a priori uncertainty. The issues of practical implemen-
tation of the derived algorithm, its experimental verification, and a comparative analysis of its perfor-
mance relative to existing segmentation and coordinate estimation methods will be addressed in detail
in subsequent publications.

Initial Data and Problem Statement. Consider a generated video sequence of the aerial target-
background scene f; = {f},f;,....,f;} (Figure 1), which contains all observation-available information

at the k-th frame, where k =0,1,2..,K —1 is the frame index of the video sequence and K — is the total
number of frames. By virtue of the Markov property of the target motion model, it is sufficient to use
only the current observations f; = { f(x,v,k),(x,y) e Q}, when solving the segmentation problem
at the k-th frame, where f(x, y, k) is the brightness of the pixel with coordinates (x, y), defining the known
set of coordinates Q of all pixels with a deterministic image structure.

At the first frame k£ = 0, the operator selects a rectangular region belonging to the object of inte-
rest. At this moment, two gates are formed: an inner gate and an outer gate [23]. The inner gate

in in in in in
S =ka Vi wi o hg

The coordinates of its center are included in the observation vector 0, =

T
‘ characterizes the region in the image f, belonging to the object of interest.

and are deter-

in in r
Xk Yk

mined from the segmentation results at the i-th frame. The inner gate dimensions wi,hit ) are set
by the operator at the automated workstation according to the physical dimensions of the observed
object. As a rule, the inner gate dimensions are chosen such that the object image fits within it with
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Figure 1. Sequence of discretized images of aerial background-target environment

a margin. The margin value should be selected based on the maximum possible change in object dimen-
sions per frame [24].

The outer gate S =

T
oyt w2l represents the object search region in the image f,

X y w
k k k
and characterizes the dynamic parameters of the object. The coordinates of its center are included
T
and are formed on the basis of previous estimates and the dyna-

out out
e Vi

mic model of the motion of the object. This provides protection against false alarms and abrupt changes

in the gate center coordinates. The outer gate dimensions (w]?Ut Jh ,?ut) are selected based on the condition

of a high probability that the coordinates of the object of interest fall within it, and may be adjusted
at the interframe tracking stage [1].

In the object segmentation problem, each pixel of the image must be classified as belonging either to
the object or to the background. To formalize this problem, two hypotheses are introduced: 9, — the hy-
pothesis that the pixel belongs to the “background” class, and 9, — the hypothesis that the pixel belongs
to the “object” class. It is assumed that the classification problem is solved independently at each pixel.
The set of classification results for all pixels within the outer gate region forms the segmentation matrix

in the state vector a; =

J= {J (x, y),(x, y) € Som}, where J(x, y) — is the result of binary classification of the pixel with coordi-

nates (x, ). The result J(x, y) = 1 corresponds to the acceptance of hypothesis 9, and J(x, y) = 0 —
to the acceptance of hypothesis 3, respectively.

The maximum a posteriori probability criterion is chosen as the statistical synthesis criterion, which
ensures the minimum Bayesian risk for a simple loss function [23]. Thus, the problem consists in syn-
thesizing a device that jointly solves two tasks. The first task involves classifying all image pixels
by choosing between the competing hypotheses of belonging to the object 9, and the background $,,.
The second task is aimed at estimating the state vector @, in the current frame taking into account previous
measurements.

Statistical Synthesis of the Algorithm. Solving the segmentation and coordinate estimation prob-
lems requires the selection of an appropriate optimality criterion. The Bayesian approach provides
the possibility of theoretically justified incorporation of prior information about the state distribution
and observation uncertainties. The maximum a posteriori probability criterion ensures the minimum
Bayesian risk for a simple loss function and is formulated as a joint optimization problem [20; 21]:
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Joz

where p(J,04,[f;) — joint posterior probability density function (PDF) of the segmentation matrix

and the state vector; J — optimal segmentation matrix; &, — optimal estimate of the state vector.

In order to ensure computational efficiency and applicability of the algorithm in real-time systems,
the practical implementation employs a sequential optimization scheme, in which the segmentation
problem is first solved based on the Bayesian decision rule, followed by the estimation of the object coor-
dinates. This approach provides a balance between the rigor of the theoretical model and the processing
speed requirements, while maintaining high object localization accuracy under conditions of limited
contrast and complex background environments.

Applying Bayes’ formula to the joint posterior PDF of the segmentation matrix and the state vector

p(J,a;,[f;) yields:

p(fi|d,04)-p(J,0%)

b

p(fi) o

p(Jaak7|fk):

where p(fi |J,0) — likelihood function (LF) of the pixel brightness observations conditioned on the seg-
mentation matrix and the state vector; p(J, o) — joint prior PDF of the segmentation matrix and the state
vector; p(f,) — normalizing factor.

Since the normalizing factor p(f,) does not affect the optimization result, criterion (2) simplifies
to the following expression:

0, |fi) = p(fi [J,0r) p(J,0p). 3)

The key feature of the model is that the likelihood function of brightness observations P(fk [J,0)
does not directly depend on the coordinates of the object center a,, since the brightness of a pixel is de-
termined solely by its belonging to either the object or background class. As a result, the likelihood func-
tion of brightness observations can be simplified to p(fx [J,0x) = p(fx |J). Substituting this simplification
into expression (3), we obtain:

pJ 0 [fr) = p(fe1 [T)- p(J, o). 4)

In practice, the likelihood function p(fx |J) can be estimated by various methods, including non-
parametric approaches using brightness histograms or parametric models with adaptation to varying
illumination conditions [23; 24].

The prior PDF of the segmentation matrix and the state vector p(J,0;) can be expressed as a pro-
duct of the conditional distribution of the segmentation matrix given the object center coordinates
and the prior PDF of the state vector:

pd,04)=PJ|a)- plag), Q)

where PWJ| @) — conditional probability of the segmentation matrix given the object center coordi-
nates; p(0g) — prior PDF of the state vector containing the object coordinates.

To describe the conditional probability of the segmentation matrix P | @) given the state vector,
a model is employed that accounts for the spatial structure of the image and assumes statistical indepen-
dence of decisions across individual pixels:

P(J|(Ik)= H P(J(X’J/)Wk » X)),
(x’y)esout (6)

where P(J (x, y) |a x,x,y) —conditional probability of classifying the pixel with coordinates (x, y) given
the state vector a.
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T
As the state vector at the segmentation stage, its extrapolated estimate @y =0y, o = HX 0k Yok H

is used, which is formed at the IFP stage based on a dynamic model of object motion (e.g., the constant
velocity model), taking into account previous estimates of the coordinates and their accuracy, as well as
the noise of the motion model and measurements [25]:

Gok =Bay, 7)

where B — deterministic dynamic state transition matrix that recalculates the state vector increments
from the (k —1)-th to the k-th frame, whose structure is determined at the IFP stage; @x_1 — is the state
vector estimate at the (k —1)-th frame.

Thus, for the hypothesis 9, the conditional probability of pixel classification P(J(x,y) =
=9 |ay =@k ,x,») is described by the expression:

. 1
P81 ]6ox %) ey J I Tt : ®)

where o,, 6, standard deviations (SD) of the Gaussian model of the spatial probability distribution of object
membership along the x and y coordinates, respectively.

The approximate equality of the Gaussian model in expression (8) is explained by the fact that pixel
coordinates are discrete, whereas the Gaussian model is continuous, and when o, o, > 1, the value
of P |éox ,x,y) can be used as an approximation to the probability of a pixel belonging to the object.

In accordance with the three-sigma rule [21], the SD values o,, o, are determined by the follow-
ing relations:
wit hin

cx—6, c, P

©

Since the shape of the target image is not defined in advance and can have an arbitrary form, the
prior probability density function (PDF) of the state vector under the condition of target absence 3,
obeys a uniform distribution:

1
hwi

P(SO |&0k ,X,y) =

The prior information about the location of the object is formed at the IFP stage based on a dynamic
model of object motion and previous coordinate estimates. In this work, it is assumed that the Gaussian
PDF of the extrapolated state vector estimate is used as prior information (Figure 2):

N -1/2 1 . N 1 n -
PO = Gox)=[2nR o | exp{_E(QOk — )" R (Gox — dk)}, (10)
G(z)x 0

where @, — extrapolated state vector estimate at the k-th frame; Ry, = — diagonal covari-

2
0 Goy
. . . 2 2
ance matrix of the state vector extrapolation errors with elements Gox, G0,.

Thus, the proposed approach to object segmentation allows implementing a dual-function decision
rule that performs optimization sequentially in two stages. The first stage consists in determining the
optimal segmentation matrix J for a fixed state vector @ =@ox. The second stage consists in finding
the optimal state vector @ for a known segmentation matrix J.

For a fixed state vector, the prior PDF of the object coordinates becomes a constant p(@ )= const
and does not affect the optimization result with respect to the segmentation matrix J. This problem
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Figure 2. Image of aerial background-target environment with Gaussian probability density of observed object coordinates

corresponds to the use of a simple loss function [21], in which the misclassification error of each pixel
has equal weight. Furthermore, the classification problem reduces to independently solving hypothesis
testing problems for each pixel:

J(x,y) =argmax p(f (x,y,k) | J(x,))- P(J (x,y)| 04, ), (11)

where p(f(x,y,k)|J(x,y)) — values of the conditional PDF p(fi11|J) at the point with coordinates
(x, ¥) under the acceptance of hypothesis J(x, ).
Applying criterion (11) to an individual pixel leads to the rule of selecting the hypothesis with the hig-

her posterior probability. In practice, the LF p(f(x,y,k)|J(x,)) is not available in explicit form [25].
Instead, either the likelihood ratio A(x, y), or a monotonic transformation of it is formed:

p(f(x,3.k)191)-P(S1] ok, x,)
p(f(x.9.k)[90)-P(S0 | as,x,y) (12)

A(x,y)=

The most common transformation is the log-likelihood ratio InA(x, y), which ensures computational
stability and simplification of arithmetic operations [24]:

p(f(x,y,k)ISI)}m(M],

lnA(x,y)zln(

p(f(x..k)190) P(80|as,x,y) (13)
Brightness component Spatial component
The decision rule for an individual pixel is formulated based on the log-likelihood ratio (13):
A( ) 1, if lnA(x,y)>0
XY)= . 14
Y70, nA(x,)<0 (14)

Expression (14) contains two components, each of which contributes to the decision-making pro-
cess. The brightness component reflects the differences in the brightness distributions of the object
and the background based on the gates. The spatial component accounts for the position of the pixel rela-
tive to the presumed center of the object, where the parameters o, and o, are associated with the fixed
dimensions of the inner gate S™. Applying the decision rule (14) to all pixels of the outer gate region S°*
yields the optimal estimate of the segmentation matrix J, where the decision for each pixel is made
independently based on the analysis of the two aforementioned components.
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The second stage of synthesis is aimed at determining the optimal state vector for a known segmen-
tation matrix J, obtained at the first stage. Since the LF p(fx |J) does not depend on the value of o,
it is excluded from the optimization expression (4). Thus, for a fixed matrix J the problem reduces
to maximizing the criterion with respect to the state vector only:

o= argmaXP(j o) plog).

uk (15)

In practice, for the measurement problem it is convenient to transition to an equivalent minimization
problem by introducing the negative logarithm [21]:

a; =argminIT(ay),
%k (16)
where TT(az)=—InP(J |ay)—In p(ay) — loss function.

Thus, the problem of likelihood maximization transitions into the problem of minimizing the loss
function IT(a).In this case, likelihood maximization and loss function minimization are mutually
inverse operations [21; 22]:

Substituting expressions (8) and (10) into (16), we obtain:

A 2 A 2 ~ _ pout 2 ~ _ sout 2
ORI (x—xzok) +(y—y20k) +(X0k 2xk ) +(,V0k zyk ) . an
J(x,y)=1 (O Gy Gox Goy

The loss function (17) represents a weighted sum of squared deviations, which is a standard quadratic
form for Bayesian estimation problems under Gaussian prior distributions of the object center
coordinates. The first term characterizes the correspondence of the object center coordinate estimate
to the pixels classified as belonging to the object, with weights inversely proportional to the corresponding
variances of the spatial model. The second term provides regularization through prior information from
the Kalman filter.

The coordinates of the center of mass of the segmented region are determined by the following
expression:

] ]
Aln A1
Xk =— Z X, Vi =— 2 Y, (18)
N j(x.p)=1 N jep=t

where N — number of object pixels.
By transforming expression (17) taking into account (18) and computing the partial derivatives with
respect to the object center coordinates and setting them to zero, we obtain:

8 _N()e,in_)eok) (;c;;ut_fcok)_ 5 _N(ﬁ/i“—ﬁOk) (ﬁzut_m)_
a)AC;;ut - G)ZC i G%x =0, aj}ltc)ut - Gf; + 0_(2)y =0. (19)

aout

Solving equations (19) with respect to the object coordinate estimates x; ﬁ,?“t the expression for
calculating the state vector estimate takes the form:

0 =00k +K(6k—Hﬁ0k), (20)

~out ~ out r

where &kz‘xk i

— state vector estimate containing the object coordinate estimates;

0, =

coordinates of the segmented region; H — identity static recalculation matrix of state vector changes into
Noj§y

sin ~in . . .. . .
X Yk H — observation vector estimate containing the one-time estimates of the center of mass

X

observation vector changes; K =
0 K,

— gain coefficient matrix with elements K, =

2
K. = N(Soy

y_ .
NG%y +G§;
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Figure 3. Structural diagram of the algorithm for joint segmentation and coordinate estimation of the object

As a result of statistical synthesis, the structure of a device for the joint solution of image segmenta-
tion and aerial object coordinate estimation problems has been obtained (Figure 3). The algorithm pro-
cesses the video sequence frame by frame. The input data for processing the k-th frame is the extrapolated
state vector estimate @o from the IFP block.

The extrapolated estimate @o is used to set the positions of gates S™ and S°*' on the current image
frame f,. Further processing of the video sequence is carried out by three main blocks. The block for
forming the conditional PDF of the object image brightness computes the value of p(fi |81) from the set
of pixels within the inner gate, whose center is aligned with @ox. Similarly, the block for forming the
conditional PDF of the background image brightness estimates the distribution parameters of P(fx [ $0)
from the pixel sample in the annular region between the boundaries of the outer and inner gates S°
and S™ respectively. Simultaneously, the block for computing the conditional coordinate PDFs forms
the set of probabilities P(3; @, x,y) for each pixel of the search region based on the two-dimensional
Gaussian function (8).

The outputs of all three blocks are fed into the segmentation and one-time coordinate estimation
block. This block implements the decision rule (14), which for each pixel of the outer gate region S°*
computes the log-likelihood ratio by combining the brightness and spatial components. Application
of the decision rule (14) results in the formation of the binary segmentation matrix J. Based on the ob-
tained matrix, the center of mass coordinates of the segmented region 0, are computed, which together
with the extrapolated estimate @ and the gain matrix R, are used to compute the final state vector es-
timate @ in accordance with expression (20). This extrapolated estimate is fed into the interframe pro-
cessing block to initialize the computational cycle for the next frame. The presented structure implements
a closed-loop recursive information processing scheme with prediction and correction of estimates,
which ensures adaptation to object motion and enables accounting for the spatiotemporal relationship
between adjacent frames of the video sequence.

Conclusion. The presented algorithm for statistical synthesis of joint segmentation and coordinate
measurement of aerial objects provides a theoretically justified solution to the automatic tracking prob-
lem based on the maximum a posteriori probability criterion. The key feature of the developed approach
is the joint solution of pixel classification and coordinate measurement problems, taking into account
their interrelation through spatial information, which outperforms traditional sequential processing
methods in terms of overall solution quality and ensures optimal utilization of all available information
about the geometric structure of the object. The synthesized decision rule can be effectively applied
in automatic tracking systems for aerial objects of various types, ensuring robust determination of their
coordinates under challenging observation conditions and opening prospects for further development
of adaptive segmentation methods. The issues of software implementation of the developed algorithm,
experimental investigation of its characteristics on real video sequences, and comparative analysis of its
effectiveness relative to existing segmentation and coordinate measurement methods will be presented
in subsequent publications.
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BJIUAHUE PEXKUMOB TEPMOOBPABOTKHU HA CTPYKTYPY
U OITUYECKHUE CBOHUCTBA CJIOEB KPEMHMUSI,
I'MIEPAOIINPOBAHHBIX CEJTEHOM

Awunoranus. MorHoit nmmianTamueii Se (3,1 - 10°° em2, 140 k3B) ¢ moce Ay FOIMMUMHI TPEMSs THITAMH H30TEpPMHUYECKOH Tep-
MOOOPaOOTKH U C MCIIOJIb30BaHUEM NMITYJIbCHOTO J1azepHoro orxura (MJIO, 70 ue, 2 ,H)K/CMZ) I10JIy4€Hbl TUIIEPAOIUPOBAH-
HBIE CEJIEHOM CJIOM KpeMHHMs Ha Kpemuun. Pesepdopnosckoe o6parHoe paccesnue (POP) nonos He' B cryuaiinom u xana-
JUPOBAHHOM PEKUMAX U IPOCBEUUBAIONIAS AIEKTPOHHAsI MuKpockomnus ([I9M) ncrons3oBanuce A aHaIU3a CTPYKTYPHO-
TO COCTOSIHUSI, pacrpeelIeHns KOHICHTPAIluM BHEIPEHHOI MPUMECH M MPHUMECH B y3J1aX KPUCTAJIMYECKOH pemeTku Si
1o TIIyOMHE 10 | mociie TepMooOpadoTok. Pedynbrarsl, monydenHbie MeTogoM POP, cBHAETETBCTBYIOT O TOM, YTO MOCIHE
MNJIO 72 % BHeapeHHOU MpUMeCH HaXOJUTCS B 3aMEIIAOLIEM [TOJIOKEHHUHY, 4acTh €€ YXOAUT Ha NoBepXHOocTh. [Tpu nzorep-
MHUYECKUX 0TX)Urax ~ 50 % aToMoB Se nonajaer B y3Jbl peleTky Si, 4acTh UX YXOJHUT Ha CTOK Ha IIyOHHE, COOTBETCTBYIO-
meil ucxogHOMY HHTepdeiicy aMop(HBIH clIoi — KpUCTaIT IO TepMOOOpaOOTKH. 3aMETHOE YBEJIWYCHHE OMTHUYECKOTO
noryomenus (~ 20 %) B UK-nnanasone (1,1-2,5 Mxm) 3apeructprupoBato Toabko npu VJIO uMIIaHTHPOBAHHOTO CJIOS, A JIs
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HEAaKTUBHBIX COCTOSHUAX. Takol 3dPeKT MOKHO 00BICHUTH (HOPMUPOBAHHEM OOJIBLIOTO KOJIMYECTBA HEHTPAIBHBIX KOM-
IJIEKCOB aTOMOB CE€JIeHa, KOTJ[a OHU BCTPAUBAIOTCS B COCEIHUE Y3JIbI KPEMHUEBOI PEIIeTKN 1 00pa3yioT KOBaJICHTHBIE CBSI3H
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B 3aIPEIICHHON 30HE KPEMHUSI.
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EFFECT OF HEAT TREATMENT MODES ON THE STRUCTURE AND OPTICAL PROPERTIES
OF SILICON LAYERS HYPERDOPED WITH SELENIUM

Abstract. Selenium hyperdoped silicon layers were obtained by Se ion implantation (3.1 - 10"° cm™, 140 keV) followed
by three types of isothermal heat treatment and using pulsed laser annealing (PLA, 70 ns, 2 J/em?). Rutherford backscattering
spectrometry (RBS) of He' ions in random and channeled modes and transmission electron microscopy (TEM) were em-
ployed to analyze the structure, concentration depth distributions of the implanted impurity and impurity in the Si crystal
lattice sites before and after heat treatments. The results obtained by the RBS method indicate that after PLA, 72 % of the in-
troduced impurity is in a substitutional position, and part of it goes to the surface. At isothermal annealing ~ 50 % of Se atoms
get into the Si lattice sites, a part of them goes to the drain at the depth corresponding to the initial amorphous layer — crystal
interface before heat treatment. A noticeable increase in optical absorption (~ 20 %) in the IR range (1.1-2.5 um) was regis-
tered only at PLA of the implanted layer, and for isothermal annealing it did not exceed 1-2 %. The results of the studies indi-
cate that most of the Se atoms in the sites of the silicon matrix lattice are in electrically inactive states after equilibrium heat
treatments. This effect can be explained by the formation of a large number of neutral complexes of selenium atoms, when
they are embedded in neighboring sites of the silicon lattice and form covalent bonds with each other. Selenium supersaturat-
ed silicon layers are a promising material for the fabrication of efficient broadband photodetectors and solar cells with an em-
bedded intermediate subzone in the silicon forbidden zone.
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BBenenue. B HacTosee BpeMs uccie1oBaTeNIN BCE Yalle MPUOEraroT K paJuKaabHbIM MI0JX0JaM
JUTSL peaJIn3allii HOBBIX BO3MOXKHOCTEH YIIpaBiIeHUs CBOICTBAMM HOIYIIPOBOAHUKOB. OTHUM U3 TAKUX
TIOJIXOJIOB SIBJISIETCS BHEAPEHUE B MOJIYTIPOBOAHUKH MpUMeEcei, KOHIIEHTPAIUs KOTOPHIX MPEBbIIIAeT
PaBHOBECHYIO PaCTBOPUMOCTD (TUIIEPIOTUPOBAHUE).

[lo mporuo3am, HOBbIE CBOMCTBA TMNEPAONUPOBAHHOTO KPEMHHUS MO3BOJISAT CYLIECTBEHHO PaCIIU-
pUTH 00JIaCTH €ro MpUMEHEHUs. | nrepmonupoBanne KpeMHUs XanbkoreHamu (S, Se, Te) mpuBoguT
K 9 (GEeKTUBHOMY MOTJIONICHUIO W3NydeHus B ommxaeM MK-nnanazowne [1; 2]. [Ipu mupuHe 3anperieH-
HOU 30HBI 1,12 5B caM KpeMHHI SIBIsE€TCS MPO3PauyHbIM B CIIEKTPAJbHOM JIMANa30He JJIMH BOJH 0O-
nee 1,1 mxM. BeneacTBue 3Toro coBpeMeHHbIE KpEMHUEBBIE (POTONETEKTOPBI HEUYBCTBUTEIBHBI B 00-
JTACTH OCHOBHBIX IOJIOC ONTOBOJIOKOHHBIX TEIEKOMMYHHUKAIIMOHHBIX cuctem: S (1,46—-1,53 Mkm),
C (1,53-1,565 mxm) u L (1,565-1,625 mxm).

s co3nanus TUIEPAOIMPOBAHHBIX CJI0€B OOBIYHO MCHOIB3YIOT HOHHYIO UMITJIAHTAIMIO C MOCe-
JIYIOIUM UMITYJIbCHBIM OTKUTOM. UTOOBI aKTUBUPOBATH IPUMECH M YCTPAHUTh PauallMOHHbIE Je]ek-
ThI, TPX OOBIYHOM JIETHPOBAHUU KPEMHUS AJI1 TPUOOPOB MUKPOIJIEKTPOHUKH Yallle BCEr0 HCIONb3YIOT
JOCTaTOYHO JJIMTEJIbHbIC U30TEPMHUUCCKUE BHICOKOTEMIIEpAaTypHbIE OTKUIH. IIpy 3TOM KOHIEHTpaLus
MIPUMECH B BH/JIE TBEPJOTO PacTBOpa B KPeMHHUH OyJIET OTpaHMYMUBATHCS MPEAETbHON PaCTBOPHUMOCTBIO
IpH TeMIepaType OTKHUra, a U30BITOYHAs MPUMECh BBIJACIUTCS B BUJE MPEHUNUTATOB WIH yiHaeT
Ha CTOKH (1e()eKThI CTPYKTYPbI, IOBEPXHOCTH). I XaIbKOreHOB XapaKTepeH HU3KUH Mpeesl paBHO-
BECHOH pacTBOPUMOCTH (< 107 CM’3). VYBeNUYUTh KOHIIEHTPALUIO PACTBOPEHHOW B KPEMHUU IPUMECH
Ha HECKOJIBKO TOPSIKOB MO3BOJISIET MCIIOIB30BaHNE UMITYIBCHOTO JazepHoro oTxura (MJIO) B nuana-
30HE JUIMTEIBHOCTEH UMITYJIbCa HaHO-, peMTocekyH/T [1-3] B peskuMax ¢ pacriaBiIeHUEM MPUIIOBEPX-
HOCTHOT'O MMIJIAHTUPOBAHHOTO HOHAMH cJ10s1. BEIOOD pexuma TepMooOpabOTKH SABIISIETCS] BECbMa KpH-
TUYHBIM (PAKTOPOM ITPpH (HOPMUPOBAHUH KAUCCTBEHHBIX THIEPAONHUPOBAHHBIX CIOEB KPEMHUS ISl CO-
30aHus (POTONPUEMHHUKOB U COJIHEUHBIX HJICMEHTOB.

KonTponupyemoe yrpasieHue NoriaouaoimumMu cBoiicteamu kpemuns B K-ananazone oGycnos-
JeHo (OPMHUPOBAHHEM MPUMECHOH MOJ30HbI B 3aMPELICHHON 30HE KPEMHUS, €CITM KOHLECHTPALUS JIETH-
pyIoLie mpuMecH MpeBbIIacT 10" em [4]. Do CBUJICTENBCTBYET O TOM, YTO JJISI CO3JAHUSI BEICOKUX
YPOBHEH JIErupoBaHus TPEOYIOTCSI HEpaBHOBECHbBIE METOIbI TePMOOOpaboTOK. BTOphIM npensTcTBueM
B peaM3alii BBICOKMX KOHLIEHTpAIUi TaKuX MpuMecei, Kak XaJlbKoreHs (S, Se, Te) nunu nepexoanbie
METaJUIBL, SIBJISETCS MX BBICOKAs TU(Py3nOHHAS TOABHIKHOCTD B Si B TBEPAO(PA3HOM COCTOSIHUH, KOTOPAS
Ha MOPSAKH BEJTMYMHBI IPEBBIILIACT MOBUKHOCTh TPAIUIUOHHBIX JISTHUpYOMuX npumeceii B, P, As, Sb.

Crienyer oTMETUTh TaKXe, 4TO AJs 00eCHeUeHNsI YCIOBUN CEPUIHHOIO IPOM3BOACTBA KPEMHHUEBbIX
(OTONTPHEMHHKOB TMPOKOTO CIIEKTPAIIFHOTO JUaNa30Ha HA THIIEPIOMPOBAHHBIX CIIOSX LIerecoo0pas-
HO pa3palboTaTh PSKUMBI TEPMOOOPAOOTKH ¢ OJHOBPEMEHHOI 00pabOTKOM Beel MOBEPXHOCTH UMITIAH-
TUPOBAHHBIX TJIACTHH.

B nanHOl paboTe nccienoBaHbl Pa3IUvYHbIC PEKUMBI H30TEPMHUUECKOTO H JIA3€PHOTO OTKUIOB
MMIUTAHTHPOBAHHBIX CEJIEHOM CJI0€B KPEMHUs, 00€CIeUNBaIOIINe BOCCTAHOBICHUE KPUCTANINYECKOH
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CTPYKTYPBI M IOCTaTOYHO BBICOKHH YPOBEHbB JISTHPOBAaHUS B C(HOPMUPOBAHHBIX CBEPXIIEPECHIIICHHBIX
MPUMECHIO PYHKIIMOHATBHBIX CIOSX (POTONPUEMHHUKOB.

JkcnepuMeHT. MIMIuTaHTaIns HOHOB cenieHa B p-Tuma nomioxku (100)-opuentaruu (p =10 OM - cm)
TIOJIMPOBAHHOTO C JABYX CTOPOH KPEMHHMS TIPOBOAMIACH TIPH KOMHATHOW Temrmeparype ¢ sHeprueii 140 x»B
u drmoercom nonos 3,1 - 10" e 2. Tlocmeayomas TepMHyecKkas 06paboTka UMILTAHTHPOBAHHBIX HO-
HaMH Se KPEMHHEBBIX 00pa3loB BBIIIOIHSAIACH B TPEX PA3JIMYHBIX PEKUMAX H30TEPMUYECKOTO OTKUTA
u ¢ ucnonszoBanuem MJIO. B mepBom ciydae ObLT MCIOIB30BAH OAHOCTYIIEHYATHIN PEXXUM OBICTPOMA
tepmuueckoit 0opadotkm (BTO, 850 °C, 8 ¢, B cpene Ar). B 1ByX Apyrux — MpoOBOAMIIACH NBYXCTYIICH-
yaTasi TepMooOpaboTKa ¢ MpeBapuTEIbHBIM IporpeBoM 0opasios mpu 550 °C B Treuenue 30 MuH ¢ 11e-
JBIO PEKPUCTAIIIN3AINH aMOP(HU30BaHHBIX HOHHOW UMILIAaHTAIMe! clioeB KpeMHusl. [1pu sToM oxuia-
J0Ch, uTO npu nocieayoomux pexumax bTO (850 °C, 8 c, B cpene Ar u 850 °C, 5 muH, B cpeae Ar)
JOJDKEH HPOXOAUTH JIMIIB OTXKHUI BTOPUUYHBIX IE(PEKTOB CTPYKTYpPbI, KOTOPbIE MMEIOT KaK MPaBHIIO
JucnokannoHHbi Tui. MJIO uMITaHTHPOBaHHBIX 00Pa3IOB OCYIIECTBIISIICS HMITYJILCOM PyOHHOBOTO
nazepa (A =694 am, FWHM = 70 HC) ¢ paBHOMEPHBIM pacrpeiesieHUeM SHepr il UMITYJIbCca MO YYacTKy
muameTpoM 4 Mm. TII0THOCTS SHEPIUM B UMITyJIbce BhIOpaHa paBHoit 2 [Ix/cm”. [Ipoueaypa 1a3epHOro
OT)KHTa TIPOXOJIUIIA C ONITHKO-TMPOMETPHUUYECKON THATHOCTHKOM in situ (ha30BBIX MpeBpaIeHui [5].

OmnpeneseHne KOHLEHTPALUU BHEIPEHHON IIpUMeECH O INIyOMHE, AO0JIM aTOMOB CEJIEHa B y3jax
KPUCTAJNIMYECKON PEIIeTKH KPEMHHUS U CTENeHW KPUCTAJIINYECKOTO COBEPIICHCTBA UMILIAHTHPO-
BAaHHBIX CIIOEB MPOBOAUIOCH MMYTEM KOMIBIOTEPHOI'O aHAJIU3a CHEKTPOB pe3epopAoBCKOro odpaT-
Horo paccesHus (POP). Cnextpet POP Obliu 3apeructpupoBaHbl Ha YCKOPHTEIHHOM KOMILIEKCE
AN-2500 (Hunepnanzsl) ¢ ncrnonb3oBanueM HoHoB He' ¢ sHeprueii £ = 1,5 M3B npu yriie peructpa-
nuu 170° B pexkrMax KaHaJIMpPOBaHUs BIOJIbL HampaBieHus kpuctaiia <100> (POP/K — xananupo-
BaHHBIC CIIEKTPHI) U 0e3 kaHanupoBaHus (POP/C — ciiyuaiinbie criekTpsbl). [TyOuHHBIE poduiin KOH-
LEHTpAIlMU aTOMOB CEJICHA pacCYUTaHbl myTeM 00paboTku cnekTpoB POP ¢ ucnonb3oBaHuem mnpo-
rpammHOro kona HEAD-6 (paspaboran B UHCTHTYTE MpUKIAIHBIX (U3UYECKUX MPOOIEM WMEHH
A. H. CeBuenko bemnopycckoro rocyiapcTBEHHOIO YHUBEPCHUTETA), a TAaK)Ke C MCIIOIH30BAaHUEM TIPO-
rpammuoOro nakera SIMNRA'.

CTpyKTypHBIE HCCIEeI0OBaHUS TPOBOJUIUCH METOJIOM MPOCBEYNBAIONIEH IMEKTPOHHON MUKPOCKO-
nuu (II9M) B reoMeTpusiX IIAHAPHOTO U HONEPEUHOr0 CEYCHUH Ha MPOCBEUMBAIOLIEM 3JICKTPOHHOM
mukpockorne Hitachi H-800 (SImonwms) mpu yckopsiromeM HanpspkeHUH 150 k9B, CIieKTphI MpomyCKaHus
U OTpakeHust 00pa3ioB B OimkHeM MK-nuana3oHe peructTpupoBaiuck Ha criektpomerpe Lambda 1050 WB
(PerkinElmer, CIIIA) s ciektpanbHoro quanaszona 0,2—2,5 mxM. Ontudeckoe noriomieHue (4) B uc-
CJICZIOBAaHHBIX CIOSIX KPEMHMSI PACCUUTBIBAIH 10 criekTpaM npomyckanus (1) u orpaxenus (R):

A=100%—-R-1T. D

IloBepxHOCTHOE CONPOTUBIEHUE (R,) UMIUIAHTUPOBAHHBIX CJIOEB U3MEPSIIOCH UETHIPEX30HI0BBIM
MeTtosioM Ha yctaHoBke UYC-4 (Poccus).

Pe3yabraTsl nccaegoBanuii. Ha puc. 1, a—c npencraBneHs! ciiyyailHble 1 KaHaJIMPOBAHHBIC CIICK-
Tpbl POP 0T 00pa31oB nociie 0TxKUra B pa3iuyHbIX pexuMax. [ mydmei HarasJHOCTH Ha CIeKTpax
obmacth (aumanas3on ka"aioB 310—360), cooTBeTCTBYIOMAS ITYOHHE 3aJIeTaHUs aTOMOB CeJieHa B 00pa3-
nax, Obina ysenuueHna B 30 pa3. MoXHO OTMETHUTD, 4TO JJIs BCEX TPEX PEKUMOB U30TEPMHUUECKON
TepMo0oOPabOTKH B 00pa3uax NpOUCXOAUT MOJTHOE BOCCTAHOBJICHHE KPUCTAIINYECKON CTPYKTYPHI
HUMIIJIAHTUPOBAHHOTO CIIOSl KPEMHHU S, O YeM MOXKHO CYJUTh 110 00JbII0N pa3Huue Boixoga POP-curnana
oT kpeMHHUs (067acTh oT 240-TO0 KaHaNa B CTOPOHY MOHIKCHHS) B CIYUYaWHBIX M KaHAJTHPOBAHHBIX
crnektpax POP. TosiBienue nuka Bo Beex criekrpax POP/K Bonn3n 205-ro kaHaa 1uist H30TepMUYECKO-
ro oTkura (00JacTh KPEMHHUEBOW MaTpPHIIbI), BEPOSITHO, CBA3aHO C HAJUYHMEM B oOpaslax Ha riryou-
He KpeMHus (o ouenke nopsiaka 150—160 HM) octaTouHOro nedekTHOro cios (obiaacts nHTepdeiica
aMOp(HOTO CJI0S M KpHCTaia B HE OTOXOKEHHOM oOpasme). M3 cpasuenus cnekrpoB POP/C u POP/K
(puc. 1) ns ob6macTh BEIXOAA CUTHANIA OT aToMOB cesteHa (0T 310-ro mo 360-ii KaHaJIbI) IO pa3HUIIE I1JI0-
HlaI[eﬁ MHUKOB BUIHO, YTO NPUMEPHO IMOJIOBUHA ATOMOB IMPUMECHU HAXOAUTCHA B Y3JIOBBIX IMOJIOKCHUAX
KPUCTAJIINYECKON PEHIETKH KPEMHUS HJIH, BO3MOXHO, B KJIACTEPHBIX 00Pa30BAHMSIX B PEIIETKE.

! Mayer M. SIMNRA User’s Guide. Garching: Max-Planck-Institute fiir Plasmaphysik, 1997. 62 p.
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Puc. 1. CiekTpsl pe3epdopaoBCKOro 00paTHOro paccesHust (a—c) B peKUMax, a TAK)KE PACCUUTAHHBIC U U3MEPCHHbBIC
pacmpeneneH s KOHTIEHTPAINH aTOMOB TIpEMecH (d—f) TIociTe MMILTaHTauy HoHoB Se’ (140 k3B, 3,1 - 10 em?

u TepmoodpadoTok: 850 °C, 8 ¢ (a, d); 550 °C, 30 mun + 850 °C, 8 ¢ (b, e); 550 °C, 30 mun + 850 °C, 5 muH (c, f).
Ha rpadmukax d, e, f myHKTHPHO JTMHUEH TPEACTaBICH MOJCINPOBAHHBII KOHIICHTPAITHOHHBIH TPODUITH
aTOMOB CeJleHa MOCJIe UMILIAaHTALuN

Fig. 1. Rutherford backscattering spectra (a—c), as well as calculated and measured concentration distributions
of impurity atoms (d—f) after Se" ion implantation (140 keV, 3.1 - 10" cm ) and heat treatments: 850 °C, 8 s (a, d);
550 °C, 30 min + 850 °C, 8 s (b, e); 550 °C, 30 min + 850 °C, 5 min (c, f). In graphs d, e, f, the dashed line represents
the modeled concentration profile of selenium atoms after implantation

KonudecTBeHHBIN pacdeT CTENEeHW KPUCTAIMYECKOTO COBEPIICHCTBA IPUIIOBEPXHOCTHBIX JIETH-
POBaHHBIX CIIOEB KPEMHUS, & TAKKEe WHPOPMAIUS O JIOIH aTOMOB CelieHa B y3J1aX KPUCTAINYECKOM
peIIeTKN KPEMHHUS TIOTYyUICHBI C UCTIONB30BAaHUEM CIIETYIOMUX hopmyd [7]:

1 N XSi
f;(pHCT = I——mm >

1 _ XSe
f;'IP“M 1 _ Xmin

@

G)

3nech ¢ 1 1> — COOTBETCTBEHHO MUHUMAIIBHBIC 3HAYCHNUS BBIXONA KPEMHHS 1 CEIICHa, KOTOPIE OMpe-
JeNISIINCh KaK OTHOIICHHE BBIXOAOB KaHAJIWPOBaHHOIO W ciydvaitHoro crektpoB (POP/K + POP/C)
Ha TTyOHHAX, COOTBETCTBYIONIAX O0IACTH 3aJeTaHmMs IPUMECH; ¥™ " — COOTHOMICHHE ISl KA4eCTBCH-
HoU Si-pemeTku. B Hamem cirydae ¢ y4eToM MmapamMeTpoB YCKOPUTEIHFHOT'O KOMITJIEKCa M KadecTBa UC-
XOJHBIX MIACTHH KPeMHHUs 1ist ™" BeIGHpaock 3Hauenue 0,05. Pe3yIbTaThl pacyeTOB MPEICTABICHEI
B Talnuue.
Takoke B TabnuIe TPUBEACHBI 3HAYCHHU ST TOBEPXHOCTHOTO COMPOTUBIICHUSI 00pa3IoB MOCIe TEPMO-
00paboTok. JIo TepMOOOPaOOTKH COMPOTURIICHUE UMILJIAHTUPOBAHHOIO CJI0sl cocTarisuio 71 = 1 Om/o.
YBennueHue COMpPOTHUBICHUS TOCIE TEPMOOOPaOOTOK CBHIETEIHCTBYET O (DOPMUPOBAHUH p—N-TIepe-
x0710B. Kak BUAHO M3 JaHHBIX TaOIUIIbI, CTETIEHb KPUCTAIITUYHOCTH U JIOJS MPUMECH B 3aMEIAIOIIIX
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MOJIOKEHUSX KPEMHEBOH PEIIETKU JJIsl TPeX PEeKUMOB M30TEPMHUYECKOTO OT)KHTa 0OpasloB UMEIOT
Oonuskue 3Hauenus. ns oOpasua, monsepruytoro MJIO, xapakrtepHa Oonee BbICOKas 3aMeIlalOIIast
(paxnms cenena (72 %) u 6oJee BEICOKOE IEKTPOCOIPOTHUBIICHHE CIIOS TP MPAKTHIECKH OJTMHAKOBOH
CTENEeHH KPUCTAINTMYHOCTH JISTUPOBAHHOTO CJOS. MOKHO BBIJICIHUTH PAJl OCOOEHHOCTEH CTPYKTYPBHI.
Jlyumias crenenp kpucraiangHoctu (97,5 %) HabmrogaeTcs Jisl JISTHPOBAHHOIO 00pasiia ¢ caMbIM KO-
POTKUM BPEMEHEM H30TEPMHUYECKON TepMOOOPaOOTKH — HCIOIb30BAHUE OAHOCTYNEHYATOr0 PEeKUMa
BTO npu 850 °C B Teuenue § c¢. OOpa3ily ¢ HanOOIbIIEH J0JIel aTOMOB CelieHa B y3jaX KPEMHHUEBOU
pemetku (52,6 %) COOTBETCTBYET caMasl IIIMTEIbHAS TEPMOOOPaOOTKA — CTYNEHYATHI OTKHUT C BBI-
nepxkoi o0pasia B euenue 30 muH nipu temneparype 550 °C u peskum BTO mipu 850 °C B TeueHue 5 MUH.
Ho noBepxHOCTHOE CONPOTUBIICHUE TAaHHOTO 00pasiia BhILIE, YeM JIJIsl ABYX JIPYTHUX PEKUMOB OTXKHUTA,
YTO CBHJICTEIHCTBYET O MEHBIIIEM KOIWYECTBE ANEKTPUUSCKH aKTUBHOUM npuMecu. boree BrIcokoe co-
npoTuBJIeHHe (PyHKIIMOHATBHOTO cios mocie MJIO MoxeT ObITh CBA3aHO C OCOOCHHOCTSIMU BTOPHY-
HBIX JIE(EKTOB CTPYKTYPHI 1 KOHIICHTPAIIUU X B 3TOM CJIOE.

Crenens KPUCTAIIMIHOCTH (fip,c,) CI105T, 1OJISI IPUMECHBIX ATOMOB B IO3HIMHA 3aMeLUeHUs ()
1 OBEPXHOCTHOE CONpOTHRBJIeHHE (R,) mocJie pasin4HbIX TePMO0OGPAOOTOK JIETHPOBAHHBIX CEJIEHOM 00pPa3L0B KPEMHUSI

Degree of layer crystallinity, fraction of impurity atoms in the substitution position and surface resistance (R)
after different heat treatments of selenium-doped silicon samples

PesxximM TepmMoo6paboTku 06pasios
The heat treatment mode of the samples
ITapameTp
Parameter 850 °C, 8 ¢ | 550 °C, 30 mun + 850 °C, 8 ¢ | 550 °C, 30 mus + 850 °C, 5 munt | © “Cn"“;;;’:a;‘o“ri“o';ﬁiz““0“’
850°C, 8's | 550 °C, 30 min + 850 °C, 8 s | 550 °C, 30 min + 850 °C, 5 min o asep .
with using pulsed laser annealing
%
xpuer %0 o 97,5 91,3 89,1 93,6
Degree of crystallinity, %
-fllpldM’.% . .
Fraction of impurity atoms 50,7 50,7 52,6 72
in the substitutional position, %
R, Om/O
N . 397 +2 372 +4 426 £3 896 + 7

Surface resistance, Q/o

Ha puc. 2 npencrasinenst criektpbl POP 17151 000X pesxkuMoB perucrpanuu (puc. 2, @) 1 pacnpee-
JIeHH s O0IIeH KOHIICHTPAIlUK CeJIeHAa U KOHLIEHTPAIUHU IPUMECH B Y3JIaX KPUCTAIITMYSCKON pelIeTKu Si
o riryomHe obpasmua (puc. 2, b).

i : x T 12 Y T
1 - po NNO / as-implanted ’ 1 - no UNO / as-implanted
., 5000 ez 2 - cnyyanHbli / random 1od]l2 - gcero B erMHMa / total
T 3 - KaHanMpoBaHHbil / channe .o M[3-mopenuposaHue / simulation 3
£ 3 5000 Si 22> M|4 - B Mexy3sefbHbIX nonoxeHusix / interstitial
5 @ } E 0,84
oo 4000 Ugg
e 32 064 J
T 3000 8= ]
Oom =C
3 § 8044 .
@ 2000 gg ]
1000 Y‘g\_“ =702+ .
0 /. 0,0 )
50 100 150 200 250 300 375 0 250
Kanan / Channel Iny6uxa, Hm / Depth, nm
a b

Puc. 2. CriexTpsl pe3epdopaoBckoro o6paTHOro paccessHust (a), a TAaKKe pacCYUTaHHBIC U H3MEPEHHBIE PACIPEACICHUS
KOHIICHTPAIIMK aTOMOB CeJIeHa B Si 710 U 1MocjIe UMITYJIBCHOTO JIa3epHOro oTxKura (b, IITPUXOBas TMHUS XapaKTepH3yeT
pasHHIy MeX Iy o0Ieit KoHIeHTpaueit npumecu nociie MJIO u Haxomsiieiics B y3iiax pemeTku Si)

Fig. 2. Rutherford backscattering spectra (a), as well as calculated and measured distributions of the concentration

of selenium atoms in Si before and after pulsed laser annealing (b, the dashed line in Fig. 2, b characterizes the difference
between the total concentration of impurity after PLA and that located in the nodes of the Si lattice)
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Ha puc. 1, d—f'u puc. 2, b npencraBiieHbl pacCUUTaHHbIE TIO criekTpaM POP koHIIEHTpaIlMOHHBIC
npoduiu aTOMOB CeJieHa B 00pa3lax KpeMHUs, a TAK)KE paclipeAeIeHus] KOHIIEHTPAlluy aTOMOB CEJICHa,
HaXOSIIMXCS B y3JIaX KPUCTAINIMYECKON peleTKu Si, mocie pa3indHbix TepMooOpadoTok. [lyHkTup-
HOM JIMHUEH Ha rpadukax puc. 1, d—f moka3aH pacueTHBI KOHLIEHTPAIMOHHBIH TPOQHIIb CelleHa cpa3y
MocJIe UMIUIAHTAIuU. PacdeT mpoBoAwIICS C UCIONIb30BaHUEM TIporpaMMHoro makera BEAM2HD [7],
pa3pabOTaHHOTO AJIT MOJACTHPOBAHUS YCIOBUI BBHICOKOIO3HON MOHHON MMILTIAaHTALlMM C YYETOM IpPO-
[IECCOB paCIbUICHUSI, pacITyXaHHs U BIMSHUS HAKOTUICHUS! paHee BBEJICHHON MPUMECH.

W3 cpaBHEHUS HCXOQHOTO UMIUIAHTALMOHHOI'O U IOJIYYEHHBIX KOHIIEHTPALMOHHbIX Npoduei ce-
JIeHa TI0CJIe TepMOOOPabOTOK CIIEAYET, UYTO OTKHUT 00pa3LoB MPUBOAMUT K 3aMETHOW JU(Qy3un nmpume-
CH, 0COOCHHO CHIIbHO BhIpaxkeHHoH juist MJIO (cMm. puc. 2, b). I3BecTHO, 4TO B KUJKON (paze KpeMHHUS
koo durmenT guddy3nun TPUMECHEIX aTOMOB HE3aBHCHMO OT MX THIa cocTaBseT ~10~* em/c [8]. Kak
MOKa3bIBAIOT PE3YyJIbTAaThl PACUETOB, AJISI H30TEPMUUYECKHX TEPMOOOpPabOTOK B TBEPIOM COCTOSIHHH
naxe mpu Temmeparype 1000 °C kosbdurment xuddysnn cocraBmser Toasko 9,3 - 107 em?/c [9]. Tpu
M30TEPMHUYECKOM OTXKHUI€ HAaOII0AAETCS CMEILICHUE MAaKCUMYMOB Npoduiieil 1 NOosBICHNE SBHO BbIpa-
JKEHHBIX NHU((Y3HOHHBIX «XBOCTOB» BIIIyOb 00pa3loB, TO €CTh B CTOPOHY CYLIECTBOBABLICH MOCTC
UMIUTAHTAIUN TTPUMECH TPAHUIBI «aMOP(HBIH KpeMHHI — KpUCTAJITNYECKas MOJJIOKKay. MakcCuMyM
KOHLICHTPALMOHHOTO MPOQUIIS CeJIeHa IT0CIIe OAHOCTaAUHHOI0 OBICTPOro TEPMHUUECKOTI0 OT)KHTA C IITYy-
Oounbl 80 HM ()11 UMILIAHTAIIMOHHOTO MpOoQuIIs) nepemenaercs Ha rryouny ~ 90 HM, a ocne IByX-
CTaIMHHBIX OT)KUTOB 3HAUCHUE MaKCUMyMa IPOMUITSI TpUMECH yKe PuKCHpyeTcs Ha TiryouHe ~ 110 aM.
MOXHO OTMETHTb, YTO IOCJIE TaKUX TepMooOpaboTok auddy3noHHOE mepepacupencicHue aToOMOB
ceJieHa B CTOPOHY MOBEPXHOCTH KPEMHHUS MPOSBIISAETCA HE3HAUUTEIBHO.

BbI3bIBaeT HHTEpEC CHIIBHOE Pa3INdKie MaKCUMYMOB IIOJTHOI'O KOHLIEHTPALUOHHOIO POl aTo-
MOB CeJieHa M MPO(QMIIs celeHa B Y3JIOBBIX MOJOKEHUSIX, HaOmogqaemMoe 1ist 00pas3ia KpeMHHUS 1ocie
CTYIIEHUATOTO OTXKHTA ¢ Hcmonb3oBanueM pexkuma bTO mpu 850 °C B Teuenue 8 ¢ (cm. puc. 1, e).
B sTOM ciiydae mmpokuii MakcuMyM Npoguiis pacipeneseHusl KOHIEHTPalui aTOMOB CeJIeHa B y3Jax
peweTku Si pukcupyercs Ha rayouHe ~ 70—80 HM, 4TO OJIMKE K TTOBEPXHOCTH, YeM JIAXKE MOJI0KEHHUE
MaKCHMyMa UMIUIaHTaIIHOHHOTO mpoduist. B 1o ke Bpems s Oosiee JIUTENBHON ABYXCTYIEHYATON
TepmMoobpadboTku ¢ pexxumoM bTO mipu 850 °C B TedeHne 5 MUH, a TaKXKe ISl OTHOCTATUIHHOTO OTKUTA
npu 850 °C B TeueHue 8 ¢ 3TH MaKCUMyMBI TPO(QUIeH KOHLIEHTPALUU CelieHa B y3JlaX pemeTKu Si Xo-
POLIO COOTBETCTBYIOT CPEJHEMY IIPOCLIMPOBAHHOMY NIPOOEry HOHOB (R) NMIIAHTUPOBAHHBIX ATOMOB
cesieHa. IlpennonoxurensHo Takoi 3G ¢exT (cMeleHne KOHIEHTPAlul aTOMOB IPUMECH B y3Jax pe-
HIETKH B CTOPOHY IOBEPXHOCTH) MOKET OBITH CBSI3aH C MpoLeccoM aeekTooOpa3oBaHus Ha oIpe/e-
JICHHOW TITyOmHEe 00pasiia B TCUCHHUE OTXKHUTA, 00yCIOBICHHBIM TIepepacipeneIcHueM BaKaHCUH U/UITH
MEJKI0y3€JIbHBIX aTOMOB.

B YCIOBHSIX BEIOPAHHOM MIOTHOCTH SHEPIUHU TA3ePHOr0 UMITyIIbca 2 Jlk/cM® 0TkUr aMop(HU30BaH-
HOT'O MMIIJIAHTAIMEl HOHOB CEJICHA CJI0sI IPOUCXOAUT € PacIlJIaBICHUEM BEPXHETO CJIos Si U ¢ IOCIeqy o-
el SMUTAKCHAJIBHON KpHcTauin3anued. Bpemst xu3Hu pacmiiaBieHHol obnactu kpemuus 0,27 Mkc
OTIpEeJIeISIOCh U3 U3MepeHus: Kod(Q(UIUMEHTa OTPaKEHUSI U3ITYUCHHS 30HUPYIOIIET0 HElIPEPHIBHOTO
nmazepa [5] oT moBepxHOCTH 0Opa3na. CoOTBETCTBYIOMAs TOJNIIWHA pacIijiaBlieHHON oOmactu 0,4 MKM
BBIUMCIISIACH C HUCIOJIB30BAHUEM METOZA, OCHOBAHHOI'O Ha PEIICHHH YPaBHEHUH TEIJIONPOBOAHOCTH
Credana [10]. YuursiBas nonxyuennsie 3HaueHus (0,27 mxc u 0,4 MKM), CpeiHsISl CKOPOCTh MEPEKPH-
CTAJNTM3AIINH PaCIlJIaBICHHOM 00IacTH oleHuBaeTes kak 1,48 m/c.

WMy ibCHBIN Ta3€pHBIA OT)KUT UMILUIAHTHUPOBAHHOT'O CJIOSI IPUBOJAUT K CYIIECTBEHHOMY Tiepepac-
NpeeNICHHI0 TPUMECH KaK K TIOBEPXHOCTH, TaK U BIIIyOb KpeMHHUS (cM. puc. 2, b) ¢ popMupoBaHuem
001acTH KOHIIEHTPAIIUiA Ha YPOBHE 5 10°-1,5- 10 em> mc AKKyMYJIMPOBAaHUEM YaCTH IPUMECH B IPU-
MOBEPXHOCTHON 001acTH. DTO CBHJETEIBCTBYET O TOM, YTO 32 CUET CErperaluu 4acTH MPUMECH JBU-
KYIIUMCS (POHTOM KPHCTAJTU3AINN PACIIJIABIIEHHON 00JIacTH OHA BBITECHSETCS K TMOBEPXHOCTH.
3a BpeMs CyIeCTBOBAHUS pacIlyIaBJICHHON 00JacTH OHa BhITECHsIETCs AU Dy3Hsl IPUMECH KaK MOBEPX-
HOCTH, TaK u BriIyOb kpemHuUs. Kak oTmevanoch panee, koapduuneHT nuddy3un ceneHa B KHIKOH
¢aze Si cymecTBEHHO MPEBHINIACT BEIUUNHY €TI0 B TBEPIOM COCTOSHHH [8].

O0cy:xaeHue pe3yabTaToB. Ha OCHOBaHMM 3KCIIEPUMEHTAJIBHOIO 3HAYCHUS OBEPXHOCTHOI'O CO-
npotuBieHus (~ 400 OM/0) OLIEHOYHBIN pacyeT Mo KpuBbIM VpBHHA (3aBUCHMOCTH YJEIIBHOTO COIPO-
TUBIICHHSI OT KOHIIGHTPAIIMH IIPUMECH) B TIPEATIONIOKECHNH, YTO BCS DIEKTPUIECKU aKTHBHASI TTPUMECH
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B y3JlaX KPEMHHEBOH pelIeTKH PacIooyKeHa B cpeHeM B ToiuHe oOpasia 200 HM, JaeT 3HaueHHe KOH-
LEHTPALMU HOCUTEINeH 3apsiia (3JeKTPOHOB) B 00pasLax nocie oTKura ~ § - 10" em. 910 Ha 1,5-2 mo-
PA/IKa PEBBIIIACT TIPEIE] PABHOBECHOI PACTBOPHMOCTH ceneHa B kpemamu (~ 10'°~10"7 em™) [11]. D10
CBHJIETEJICTBYET O JOCTATOUHO BBICOKOM HEPaBHOBECHOW PaCTBOPUMOCTH aTOMOB CEJICHA B YCIOBHSIX
TBepao(a3HOH peKpucTain3anud aMmop(ru30BaHHBIX HOHHOW MMIUIaHTauuei cioeB Si. Ciexyet oT-
METHUTh, YTO MAaKCUMaJIbHO BO3MOKHAsI KOHIIGHTPALMsI HOCUTEIICH 3apsiaa ¢ y4eTOM J03bl UMIUIaHTa-
LIMH CeJIeHA, IPOLEHTA IPUMECH B y3JIaX peleTKH KpeMHus ~ 50 % U B MPEANOJIOKEHNH, UTO KaX bl
BCTPOCHHBIH aTOM CeJIeHa MOKET JaBaTh Ba JIEKTpoHa, coctasisier 1,55 - 10%° cm . Takum o6pasom,
MOJTyYeHHOE HAMU 3HaYeHUE KOHIICHTPAIMKM HOCHTENCH 3apsjia MEHBIIE, YeM OKHJaeMoe, Ooyee yem
Ha MOpsZIOK. B kauecTBe OLIEHKU TNIOTHOCTH HOCUTEINEH BEIYHCIsIeTCs O popmye [12]

1
n :[—ND Ne jz exp ALp , @)

" 2kgT

rae Np, Ne, AEy, kg, T — COOTBETCTBEHHO KOHLEHTPALUs JOHOPOB, 3((PeKTUBHAS MIIOTHOCTb COCTOSI-
HUH B 30HE MPOBOJUMOCTH, aKTUBALMOHHAS SHEPIrusi (OPMHUPOBAHMUS HOCHUTENECH TOKA, MOCTOSHHAS
Bonbumana u remneparypa (8 K). [l nsmepenHoro ypoBHs jgerupoBanus Si aToMaMu Xajabkoresa AEy,
0sin3Ko K HyJ110 [ 13]. Pe3ynbTaThl TAaKOM OLIEHKH [TOKA3bIBAIOT TPUMEPHO Ha ITOPSI/IOK BEJIHYUHBI 00JICE BbI-
COKHeE 3HaYCHU I HOCUTEJICH, YeM U3MEPEHHBIE SKCIEPUMEHTaIbHO. OTCIO/IA CIIEAYET, YTO aTOMBI CelieHa
B y3JlaX KPEMHHMEBOW MaTPHIIBI HAXOASTCS OONBLICH YaCThIO B 3JIEKTPHUYECKN HEAKTHBHBIX COCTOSTHUSX.
Takoit 2QPexT MOKHO 0OBSICHUTH (POPMHUPOBAHHEM OOIBIIOTO KOJTUIECTBA HEUTPATBHBIX KOMITJIEKCOB
aTOMOB CE€JICHA, KOT1a OHU BCTPaNBaOTCsI B COCEIHUE y3J1bl KDEMHUEBOMU peIIeTKU M 00pa3y 0T KOBAJICHT-
HBIE CBSI3U IPYT C IPYTOM, YTO 0COOCHHO MPOSIBISETCS TPH OOIBITNX KOHIIEHTPALUAX CeJIeHa B KDEMHHH
(~10% CM_3) [14]. BropuuHbie nedeKThl CTPYKTYPBI B OTOXIKEHHBIX 00pa31ax MOTyT ObITh JIOBYILLIEYHO-
r'o TUIA ¥ TAKXE YMEHbLIATh KOJINUECTBO HOCUTEIICH TOKA, TO €CTh BBIKJIIOUATh UX U3 MPOLECcca 3JIeK-
TPOIEPEeHOCca UM YMEHbIIATh HOABUKHOCTD HOCUTEIEH.

PesynbraThl CTPYKTYPHBIX HCCIIEOBAHUI METOJOM ITPOCBEUHBAIONICH DJIEKTPOHHONH MHKPOCKO-
nuu (II9M) uMIUIaHTHPOBAHHBIX CEJICHOM OOpPa3loOB KPEMHHUs IOCIE Pa3UYHBIX TEPMOOOpPabOTOK
npeacTaBiieHbl U 00001eHb! Ha puc. 3. Hamu yctaHoBIeHO, 4TO nocie oqHocTaauiHoro pexxuma bTO

E
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300iHM /Anm:

=‘:’._—.:::=. 250 HM / nm AT TR ET SN, 250 HM / nm Sy e s wa mes 250 HM / NM
B b g - .- e e -

d e f

Puc. 3. Csetnononsasie [I9M-n306paxenus momnepevqHoro (a—c) u nia"apHoro (d—f) cedeHuit ciroeB KpeMHUs
nocite nMruIanTamun HouoB Se’ (140 ©oB, 3,1:10" ev ) i TepmoobpaboTok: 850 °C, 8 ¢ (a, d);
550 °C, 30 mun + 850 °C, 8 ¢ (b, e); 550 °C, 30 mun + 850 °C, 5 muH (c, f)
Fig. 3. Bright-field TEM-images of cross-sectional (a—c) and planar (d—f) sections

of silicon layers after Se" ion implantation (140 keV, 3.1-10"> cm™?) and heat treatments:
850 °C, 8 s (a, d); 550 °C, 30 min+850 °C, 8 s (b, e); 550 °C, 30 min+850 °C, 5 min (c, f)
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B 00pasiie MPOUCXOIUT TIOJIHASL PEKPUCTAIIN3ANNS UMILIAHTUPOBAHHOTO cliost (cM. puc. 3, a). Ha rimy-
oune ~ 150—155 HM dhopMupyeTCsS TOHKUN CITON BTOPHYHBIX Me(DEKTOB CTPYKTYpPHI. AHanMu3 neheKToB
B 3TOM CJIO€ B IJIaHAPHOM CEYEHMH (CM. puc. 3, d) moka3aj, YTO B HEM IPEUMYIIECTBEHHO COACPIKATCS
MeJKHe JUCIOKAIMOHHbBIE MTeTIN co cpexHuMu pazmepamu ot 10 mo 30 um. HempaBunbHas (Hecumme-
TpuuHas) Gpopma OTAEIbHBIX IETEIb MOXKET CBUAETEILCTBOBATH O IEKOPUPOBAHUN aTOMaMH IIPUMECH
JaHHBIX Je(EKTOB, TO €CTh O BKIIOYCHHH B CTPYKTYpY Ae]ekTa aTOMOB ceieHa, Ooyiee TSKENbIX
B CpaBHEHHH C aToMaMH KpemHudA. He nckitoueHo n popMupoBaHUe OTAETBHBIX MEIKHUX KJIACTEPOB
cesieHa B ie(heKTHOM cioe. Ha moBepXHOCTH M B TOHKOM KPUCTAJUIMUECKOM CJI0€ KPEMHUS 10 INTyOUHBI
150 M He HaOJIIOAIOCh BBIICTICHUH 3aMETHBIX KJIaCTEPHBIX 00pa30BaHUN MPUMECH, YTO COTIACYeTCS
¢ nanasiMu POP o Huskoit auddysun ceneHa K moBepxHOCTH 00pasiia.

[Ipu ucronp30BaHNM CTyNEHYATOH TepMOOOpadoTKH ¢ KopoTkuM pexkxumoMm BTO (8 ¢) B oOpasmax
KpeMHUSI HaOmrogaeTcs cxoxkas JedeKTHast CTpyKTypa (cM. puc. 3, d), Kak U IpHU OJHOCTYIEHYATOH
TepMooOpaboTke. Ha rimyoune hopMupyroTcs MeIKHe JUCIOKAITMOHHBIC TIETIH ¢ pazmepamu 10-25 M,
Ha KOTOPBIX MOTYT JIOKaJIN30BaThCS aTOMBI MpuMecu. Ho Ha CBETIONONBHOM CHUMKE IONEPEYHOro ce-
yeHus oOpasna (cM. puc. 3, b) OTYETIMBO MOXKHO Pa3IMUUTh ABa AePEeKTHBIX ciosi. [lepBblil B oOnacTu
~ 160 aM, BTOpOI — Ha TITyOmHE 80—90 HM OT oBepXHOCTH. Takas pa3BuTtas neexTHas CTpyKTypa, 1o
HallleMy MHEHHIO, JOPMHUPYETCs U3-3a TOTO, UTO B MIPOLECCE NIEPBOTO Iara TepMooOpabOTKH HE Mpo-
MCXOJUJIO TIOJIHOTO BOCCTAHOBJIEHHS KPHUCTAJUITMYECKOH pemeTkn KpemHus. Ho Ha rpanune pasaena
«aMOp(MHBIN CITOW — KPUCTATTHUSCKIH CII0» aTOMBI IIPUMECH TIEPEMEIIAINCh OMKe K TIOBEPXHOCTH.
[Ipu nocnenytomem pesxxume BTO Bropoii nedexTHbIi cnoit popmupoBascs Ha 310 rpanune. C yBenu-
YeHHeM JITUTeNbHOCTH pexnuma BTO 10 5 MUH B cityyae IByXCTyNEHYATOH TepMOOOPaObOTKH Je(eKT-
HBIH cioif Ha TiTyonHe 150—155 HM COCTOMT M3 MENKUX JUCIIOKAIIMOHHBIX TIeTeNb (B cpeqHeM ~ 3—10 HM),
KOTOpBIE elle YBEPEHHO pa3nnvaroTcsa. Ho HeKOTOpbie BIJICICHUS 32 CUET OUCHb MaJIbIX X Pa3MepoOB
TPYAHO HHTEPIPETUPOBaTh. OHU HMEIOT TEOMETPHYECKH HEPOBHYIO (JIaKe BBITSIHYTYI0) GOpMY, Mpe-
MOJIOKHUTEIBHO UX MOXKHO OLEHUTh KaK IPUMECHbIE KjacTepbl. DJIEKTpOHHast nudpakuus (34ech
HE MPUBOINTCS) HE BBISIBUJIA HUKAKUX Pe(IEKCOB, KpOME Pe(IIEKCOB KPUCTAIITNYECKOTO KPEMHHSL.

BBuy XpynKocTH UMILUIaHTHPOBAHHOTO 00pa3iia Mocie ia3epHoro oxura ero [I19M-uccnenoBanne
He mpoBoauiIock. [lo-BuauMomy, U1l penakcalii HalpsDKEHUH B CII0€ 11eJecO00pa3HO OCYIIECTBIIATh
NJIO npenBapuTenbHO HATPETHIX 00Pa3IIOB.

Ha puc. 4 nmpencraBieHbl CIEKTPBl HNOTJIOMICHUS
00pa3IoB mocie OTKWTa B Pa3IMYHBIX PEKHUMaX.
CriexTp o0pasua cpasy nocjie UMIIaHTaluK OTJInYa-
€TCs OTCYTCTBHEM Y3KHX MOJIOC NOorIomeHus B YP-00-
JACTH, CBA3AHHBIX C MEK30HHBIMH IE€pPEX0JaMH
B KPUCTAJJIMYECKOM KpeMHHUH. Taxkke MMIUIaHTaLus
MPHUBOIUT K YMEHBIICHUIO HHTEHCUBHOCTH TOTJIONIC-
HUSl B BUJUMOH OONIACTH M TIOSIBIICHHIO Psifia MAaKCH-
MYMOB, BBI3BaHHBIX HHTEp(EpeHIrel cBeTa Ha aMopd-
HOM ciioe kpeMHHus. Ilocie mpoBeneHHs Bcex BHI0B
TepMooOpaboOTKH cIeKTp moriomennss B YO- u Bu-
JUMOM 00J1aCTH MOJHOCTHIO BOCCTAHABIMBACTCS, UTO

Mornowerne, % / Absorption, %

500 1000 1500 2000 2500

MOJITBEPIKIAET PEKPUCTAIIIH3AINI0 aMOP(PHOTO CIIOS. A, HM / ,nm
VYBennuenus noriomenus Ha ~ 20 % 11 10361 HOHOB
Set 3,1 - 10" em? B 6nmxneli UK-061acTn yraercst Puc. 4. Cnexrpsl nornomenus Si, Si mociue

OCTHYb TOJIBKO II0CJIE JIA3EPHOr0 OTXKUTA, TOrAa Kak mMmIARTAGAH HOROB Se” (140 3B, 3,1 - 10° car™
A p i A (xkpuBas /) u repmoobpadorok: 850 °C, 8 ¢ (xpusas 2);
JUTSL IpyTUX BUAOB TEPMOOOPAOOTKH U3MEHEHUS HE ITpe- 550 °C, 30 wus + 850 °C, 8 ¢ (kpupas 3);
BeImaioT 1 %. OgHAaKO CTOMT OTMETHTH, YTO TIOTJIO- 550 °C, 30 mun + 850 °C, 5 Mun (kpupas 4)
menune B Ommkueit MK-o6mactu s obpasiia mocjae ¥ IOCHIe HMITYJIBECHOTO JIa3ePHONO OTXKUTa (Kpusas 5)
oTxwura (30 mun + 850 °C, 5 MHH) COCTaBIISIET OKOJIO Fig. 4. Absorption spectra of Si, Si after Se” ion
2 %, Torma Kak s OTKUTOB B pexumax 850 °C, implantation (140 keV, 3.1 - 10" cm ™) (curve /)
8 ¢ 1 550 °C, 30 Mun + 850 °C, 8 ¢ NOIVIOMECHHE MeHb- and heat tr'eatments: 850 °C, 8 s (curve 2);

1 o 6 N . 550 °C, 30 min + 850 °C, 8 s (curve 3); 550 °C,

e 0, UTO KOPPEJIUPYET C HEOONbIION pa3zHULIEH 30 min + 850 °C, 5 min (curve 4)

B KOJIMYECTBE NIPUMECEN B y3JIaX PEIICTKH. and after pulsed laser annealing (curve 5)
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JIONOTHUTENBHOTO YBEINYEHHU I TIOTJIOIEHHS U3TyYeHHs B CIIEKTpajibHOM auanasoHe 1,1-2,5 Mxm
u Oosiee JIMHHOBOJIHOBOM MOKHO JOCTHYb HAHECEHHEM TOHKOI'O aHTHOTpPAXKarowero nokpoitus (Sio,,
Si;N,) [5], mpenBapuTenbHBIM (HOPMUPOBAHHEM CTPYKTYpPHUPOBAHHON aHTHOTPAXKAIOMIEH MOBEPXHO-
ctu Si (black silicon) [15] n1n6o yBennyeHneM KOHICHTPAIMH JIETUPYIOIEH TpUMecH B yHKIIMOHATb-
HOM cnoe [5]. B aTom cimywae xkoadpdumument normomennss UK-u3nydennst Bozpactaet 10 60—80 %.
[Ipu 3TOM CrieayeT OTMETHTD, UTO B TPUOOPaX CO CTPYKTYPHUPOBAHHOM IIOBEPXHOCTHIO CJIOKHO MOTYYHUTh
BOCIIPOU3BOANMBIE (POTODIEKTPUUECKHIE XaPAKTEPUCTUKH, KOTOPbIE U3MEHSAIOTCS 3a BpeMs padoThl o-
tonmpueMHuKa [15]. OueHb BBICOKOMY YPOBHIO THIEPIONUPOBAHUS XapaKTEPHBI HU3KHE MapaMeTphI
(hOTOUyBCTBUTEIIBHOCTH TPHOOPOB U3-3a BIUSAHUA dPdekTa pekomOnHannu Hocurenen [loxknun—Puna—
XoJuia, CBUIETENBCTBYIOIIETO O TOM, YTO BPEMSI JKU3HU HOCUTEJICH CHJIBHO 3aBUCHT OT KOHLEHTPAaLUH
Jerupytomie npumecu B Kpemuuu [2]. [Tosromy B Hactosiieii paboTe BEIOpaH OTHOCHTEIHHO HEBBICO-
KHH ypOBEHb MEPECHILICHN S JIETUPOBAHHOTO CJI0S IPUMECHIO.

HecTtangapTHbIM SBISETCS MOBEIEHUE THNIEPAONMPOBAHHBIX CEJICHOM CJ0EeB Si Mociie TpexX pexu-
MOB H30TepMUUecKor TepMooOpadoTku. ChopmMupoBaHHBIN (HYHKIUOHAIBHBIH CIOH XapaKkTepu3yeTcs
JOCTaTOYHO BBICOKHUM CTPYKTYPHBIM COBEpLICHCTBOM. OOOralleHHbIH INCIIOKALMsIMU TOHKHUI CJOH
HaOIroaeTCs TOIBKO Ha TIyOMHE, COOTBETCTBYIOMIEH Mex(da3HOM TpaHule «aMOp(HBIH CIoi — Kpu-
CTa» 10 TepMOOoOPadOTKH MM 00JIaCTH KOHEYHOTO Mpodera HCXOIHOTO PacHpeeieHHs BHEIPEHHOM
MIPUMECH. 3apeTUCTPUPOBAH OTHOCHTENBHO BBHICOKMI yPOBEHB 3aXBaTa aTOMOB IPUMECH B y3JIbI KpH-
CTaJNIMYECKOM pereTkr KpeMHus (< 50 %), 0JHAKO ONTHYECKOE MOTIIOMIEHHE B CHOPMHUPOBAHHOM CJIOE
B OmmxHeM UK-nmmnamazone (1,1-2,5 MKM) TpaKTHISCKHA HE U3MEHIIIOCH.

Takoe moBeficHHE CBEPXIEPECHIILICHHON MPUMECHI0 00J1aCTH KPEMHHS MOXKET OBITH 00YCIIOBIICHO
00pa3oBaHMEM B HEH TOMOJIOTHYECKH 3aMKHYTBIX KOMIIJICKCOB aTOMOB CEJICHA, PACHOIOKEHHBIX B CO-
CeTHMX y3JaX KPUCTAJIMYECKOH pemeTKH. s 103 HOHOB cesieHa, HCIOJIb30BAaHHBIX B HACTOSIIEM HC-
clefoBaHuM, U Temneparyp tepmooopadotku 700—-800 °C pe3ynbraThl KBAHTOBOXMMHUECKUX pacye-
TOB [14] CBHAETENBCTBYIOT O IPEUMYILECTBEHHOM (POPMUPOBAHMH KOMILJIEKCA S€, COCTOALIETO U3 Ilie-
CTH aTOMOB CEJICHa, TOMOJIOTMYECKH 3aMKHYTHIX B KOJIbII0. Crienn(uKa npocTpaHCTBEHHON CTPYKTYPBI
3TOr0 KOMILJIEKCa — HAJIMYHUE TOJBKO ABYX COCEIHUX aTOMOB Si y BCeX IIECTH aTOMOB cesieHa. ITo 00y-
CJIaBJIMBAET 3HAUYNUTEIHFHO OOJBIIYIO SHEPTHUI0 00pa30BaHMS TAKOTO KOMIUIEKca (~ 2 3B) 1o cpaBHEHUIO
C IIPOCTPAHCTBEHHO HE3aMKHYTBIMU KOMILIEKcaMu (Se, ... Ses) [14]. XapakTep pacrnono:KeHus OIHO-
JIEKTPOHHBIX 3HEPIeTUUECKUX YPOBHEH 3TOr0 KOMILJIEKCA ITO3BOJISET O’KUIATh MPOSIBJICHUS UM CBOWCTB
HEUTPaIbHOTO IIEHTPa WM O4Y€Hb INTyOOKOro noHopa. [109ToMy KOHIIEHTpaust SJIEKTPOHOB MTPOBOIH-
MOCTH B 3TOH 00JIACTH KPEMHHUS 3HAUUTEIBHO MEHBIIIE, YeM KOHLIEHTPALINsI AaTOMOB CEJICHA.

O BO3MOXHOCTH (POPMHUPOBAHUS TAKMX KOMIUIEKCOB M POJM UX B IIPOLECCaX 3JIEKTPOIEPEHOCa
B THIIEPIONTMPOBAHHOM KPEMHHUH C MOCIEAYIOIUMU TEPMOOOpaOOTKaMH B TEMIIEPATyPHOM JHara3oHe
800—1000 °C coobmanocs B [13]. CiremyeT Takke OTMETHTH CBOWCTBA MOJOOHBIX CTPYKTYP Ha OCHOBE
HAaHOKJIACTEpOB aTOMOB MapraHlia U CUCTEM SiZSHMn** B peIIeTKe KpeMHUEeBOH marpuisl [16; 17].
ABTOpHI paboThI [17] MIPOrHO3UPYIOT BO3MOKHOCTD CO3/IaHUsI HOBOT'O Ki1acca (POTOMAarHUTHBIX MPUOO-
POB (POTOCIMHTPOHUKH HA OCHOBE TAKMX CUCTEM C IOJPELIETKAMHU.

3akmouenne. [UIepIOMHPOBAHHBIC CIIOM KPEMHHUS ¢ KOHIeHTparumsmu cenera (5 - 10°-1,5 - 102 cv ),
MIPEBBIIAIOLIMMHE MTPEICNIbHBIA yPOBEHb PABHOBECHONW PacTBOPUMOCTH IPU KOMHATHOM TeMIleparype
(~ 10" cm™), chopMHPOBAHBI HOHHON HMIIAHTAIMEH C MOCIEAYIOUIHMH H30TEPMHUECKAMU TEPMO-
00paboTKaM1 1 HAHOCEKYHIHBIM JIA3EPHBIM OTKHUTOM. MeTofom peructpauuu cnekrpoB POP B ciryuaii-
HOM U KaHaJMPOBAHHOM PEXXMMax OOHAPYX EHO (POPMUPOBAHUE CBEPXIIEPECHIILIEHHBIX CEJICHOM CIIOEB
KPEMHHUS C JOCTATOYHO BBICOKUM CTPYKTYPHBIM COBEPIICHCTBOM. [IpH M30TepMUUECKHX TepMOoOpa-
0oTkax HaOyrogaeTcst TOJAbKO HeOonbmoe nudQy3noHHOE NepepacnpencieHue UMILUIAHTHPOBAHHOM
npuMecH BriTryOb MaTpuuHoro kpemuus. s MJIO uMmiaHTHpOBaHHBIX ClI0EB HAOIIOaeTCs CUITbHOE
nepepacipesesieHie celeHa Kak BriyOb, TaK M K IOBEPXHOCTH 00pasla ¢ BBIXOIOM YacTH MPUMECH Ha
IIOBEPXHOCTH 3a cueT 3¢ deKTa cerperauuu ee ABMKYLIIUMCs (POHTOM KPUCTAUIM3ALUU pacIljIaBJIeH-
HOTO JIa3epHBIM UMITYJIECOM KPEMHHEBOTO CIIOS.

CymiecTBeHHOE yBeIu4YeHne onTudeckoro rnoromenus B UK-quanazone 1,1-2,5 mxm (1o ~ 20 %)
peanuzyetcs Tonbko nocie MJIO, Torma kak nmpu H30TEPMHUECKUX TEPMOOOPAOOTKAX MOTIIONICHNE U3~
MEHSIETCS HE3HAUNTENbHO. Pe3ynbTaTsl 3eKTpOU3NISCKUX U3MEPEHUI CBUETENBCTBYIOT O TOM, YTO
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00sbIIas YacTh aTOMOB Se B y3J1aX KPUCTAJUTMYECKON pemeTKH Si Mocie H30TepPMHUSCKIX TepMOoOpa-
0OTOK HaXOAMTCS B DIICKTPHUECKU HEAKTUBHBIX COCTOSIHHSX. 32 TAKOE MOBEJCHNE 3aMEIIAIONINX aTo-
MOB MPUMECH B y3J1aX PEUIeTKH Si MOKET ObITh OTBETCTBEHHO (POPMHPOBAHWE OMHAPHOW pPEHICTKH
Ha ocHOBe Si, I7ie aTOMBI Se (OPMHUPYIOT 3aMKHYThIE KOMIUIEKCHI THIIA S€s.

[Tony4yeHHbIE 3aKOHOMEPHOCTH MOTYT OBITH MCIIOJIb30BaHBI MPHU pa3paboTke MHppakpacHbIX (Ho-
TONMPUEMHHUKOB M JPYTHX ONTOZJICKTPOHHBIX CTPYKTYpP Ha OCHOBE THICPAONHPOBAHHOIO KPEMHHUSI.
OnuuM u3 3QPEeKTHBHBIX TTyTEH MOBBIIICHHS KOHIIEHTPALUN HOCUTENEH B CBEPXIIEPECHIIICHHBIX aTo-
MaMH XaJbKOT€HOB CIOSIX Si MOXKET OBITh cr10co0 ABOWHON MMIUTAHTAIIUU TAKUX MPUMECEH, KaK Xalb-
KOTEHBI ¥ a30T WJIN XaJbKOTCHBI U YTIIEPOI.
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BJIMSHHUE MOJEJBHOI'O MUHEPAJIM30BAHHOI'O PACTBOPA
HA JJUO®Y3HUIO *'Cs U **Sr B IVTIMHE MECTOPOXKJIEHU ST «<MAPKOBCKOE»
IIPU EE UCITOJIB30BAHUH B IPUIIOBEPXHOCTHOM ITYHKTE 3AXOPOHEHU S
PAJIMOAKTHUBHBIX OTXO/J0OB

Annoramust. MeTonoM npamoit mudydy3iu H3yueHa MUTPALS paTHORYKIHA0B ' Cs 1 St B 06pa3iie IHHb MECTOPOIKIE-
HuA «MapkoBckoe» ['omenbckoit obnactu (cyxas rioTHOCTh 1400 KT/M’) B 3aBHCHMOCTH OT MHHEpalu3aluyu MOpoOBOro
pactBopa. OOpa3ibl MIMHBI YBIAXKHUINA MyTeM J00aBICHUS AUCTHIIIMPOBAHHON BOABI M MOJCIBHOTO MUHEPAIH30BaHHOTO
pacTBopa. JlaHHBIN MUHEPAIU30BaHHBII PACTBOP MOACINPOBAT XHMHYECKHNA COCTaB TIOPOBOW BOJIBI 00pa3Iia IIMHEI B CIIYy-
Yyae MPOHUKHOBEHUS aTMOC(EPHBIX 0CaJKOB B ITyHKT 3aXOPOHEHUS pajnoakTUBHBIX 0TXxon0B (I13PO) n ux nocnenosateins-
HOT'O IIPOXOXK/ICHHUS Yepe3 Marepuabl pusndeckux 6apbepon: OetoH — Na-6enronut (Oydepnas 3aceinka) — 6eton. Ilo pe-
3yIbTaTaM KCIEPUMEHTOB OIPEIENeHbl 3HaYeHns Kaxyuxcs koddduunentos auddysun (D,) 7Cs i ¥Sr B 06pasue rmmmHsL,
KOTOpBIE COCTaBUJIM: JIJISI IUCTUIITUPOBaHHOM Boawl — (1,5 + 0,1) - 107 M*/c s ¥'Cs (3.840,2) - 107" m>/e s ¥Sr; s
MUHepann3oBaHHOro pactBopa— (1,6 £ 0,1) - 102 Mm% ans ¥'Cs m 6,3+0,3) - 107! m%/c nus 3Sr. Yeranosmneno, uto ¢ yBeIHue-
HUEM MUHEpaJM3aIuK TOPOBOro PacTBOpa 0Opasiia MHHbI cpeinee 3uaueHue D, *°Sr Bospacraer B 1,7 pasa, a cpejinee 3Haue-
uue D, *’Cs He m3MeHseTCS B Mpenenax MOrPEmIHOCTH SKCIEPUMEHTOR. BIHsHIEC MHHEPATH3AIME BIATH HA H3MEHECHHE
muddysun St B rumHe He0GXOIMMO YUHTEIBATH IIPH €€ HCIIOTH30BAHUHI B COCTABE MOACTHIAIONIEr0 SKPaHa TyHKTa 3aX0PO-
HEHHUS HU3KO- ¥ CPEIHEAKTUBHBIX 0TX010B ADC, Tak Kak 3TO Oy/eT CliocOOCTBOBATh yBEINYEHUIO BEPOSTHOCTH MUTPALIUH
CTPOHIIMSA 3a ero mnpezaessl. HeoOXoquMo mpeycMOTpeTh TEXHOIOTHYECKHUE PELICHNUS, TO3BOMISAIONINE OTPAHUYUTh U CHU-
3uTh noctyn Biaru B [13PO, a Takke yBenuunTh BpeMst 1uddy3un B IITHHE TOCPEICTBOM YBEINIEHHS TONIIHHBI TTOJCTHIIAIO-
mero skpaHa. IToaydeHHbIE SKCHEPUMEHTAJIbHBIC JAHHBIC MOATBEPXKIAIOT, YTO IIIMHA MECTOPOXICHHA «MapKoBCcKoe»
Tomernbekoit 061acTH NePCHEKTUBHA [UIs HCIIOJIb30BaHUS B COCTABE MOJCTUIIAIONICTO SKpaHa npu crpoutenscrse [13PO.

KioueBble ciioBa: riinHa, MOHTMOPWIIIIOHUT, COpOIHst, 1u(dy3us, e3nil, CTPOHIINI, MOJICIbHbBIH MUHEPAIHN30BaHHbIH
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7Cs u S rmnamu, npoBeeHHe HHCTPYMEHTATBHBIX HCCISIOBAHMIT H H3MEPEHHIT yAebHOM AKTHBHOCTH pacTBOPoB ' Cs
11 5Sr, IpUMeHeH e CTATHCTHYECKHX M MATEMATHUYECKIX METOZIOB /I aHAJIN3a Pe3y/IhTaTOB HCCIEOBAHNS, 0GOBIICHHE PE3yIlb-
TaTOB HCCIIEJIOBAHNUS, HHTEPIPETANlNs Pe3yJIbTAaTOB HCCIeoBaHus; Jleonmbesa Tamvana [ ennadvesna — aHaIH3 U 0000IICHNE
TUTEepPaTyPHBIX JAaHHBIX, IPOOOMOATOTOBKA 00pa3IOB ININH, IPOBEACHIE NHCTPYMEHTAIBHBIX HCCIIETOBAHUH 1 H3MEpEeHUit
yIeTbHOI aKTHBHOCTH PacTBOPOB "~ Cs 1 ©Sr, 06061meH e Pe3yIbTaTOB HCCICIOBAHMS, HHTEPIPETAIHS PE3yYIBTATOB HC-
cienoBaHusi, GopMyIMpPOBKa BBIBOJOB, paboTa ¢ rpad)MuecKuM MaTepHasioM, KPUTHUSCKUI MepecMOTp TEKCTa PYKOIHCH,
penakTHpOBaHUe TeKCTa pykonucw; Makosckas Hamanws Anexcanoposna — pa3padoTKa METOMOIOTHH UCCICIOBaHHUS, yya-
CTHe B HCCIEIOBAHMAX 110 H3ydennio quddysun *’Cs i Sr riunamu, nposeenue CpaBHHTENHHOr0 aHATH3a, POPMYIHPOBKA
BEIBOJIOB, KPUTUIECKUH IIEPECMOTp TEKCTA PyKOIHCH, PJaKTHPOBAHNE TeKCTa pykonucH; Onuwyk Anna Cepeeesna — mpo-
60moAroTOBKA 00PA3IIOB ININH, TPOBEICHHE HHCTPYMEHTATIbHBIX UCCIEOBAaHUH U U3MEPEHNUHN yAeIbHOH aKTUBHOCTH PacT-
BopoB *'Cs 1 ¥Sr, peakTupoBaHHe TEKCTA PYKOITHCH.

Jlast nuTHpoBanus: Biusuue MOICIBHOr0 MUHEPATH30BAHHOr0 pacTBopa Ha quddysmio ' Cs i °Sr B rimne mecto-
poxeHust «MapKoBCKOe» IIPH €€ HCHOIB30BaHHH B MIPUIIOBEPXHOCTHOM ITyHKTE 3aXOPOHEHUS PaJMOAKTHBHBEIX OTXOMOB /
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THE EFFECT OF MODEL MINERALIZED SOLUTION ON DIFFUSION OF *’Cs AND *Sr
IN THE CLAY FROM “MARKOVSKOE” DEPOSIT WHEN USED
IN NEAR-SURFACE RADIOACTIVE WASTE DISPOSAL

Abstract. The migration of radionuclides '*’Cs and *°Sr in a compacted clay sample from the “Markovskoye” deposit
of the Gomel region depending on the mineralization of its pore solution has been studied by the in-diffusion method. Distilled
water and model mineralized solution were added to clay; the mineralized solution was modeling the chemical composition
of pore water of the clay sample in case of atmospheric precipitation permeation into the radioactive waste disposal site and its
consecutive passage through the materials of the physical barriers: concrete — Na-bentonite — concrete. The apparent diffusion
coefficients (D,) of B7Cs and *°Sr in the clay sample were determined by the results of experiments: (1.5 + 0.1) - 10~ m%/s for
7Cs and (3.8 £ 0.2) - 107" m%/s for ®Sr in distilled water, (1.6 + 0.1) - 107> m?/s for "*’Cs and (6.3 = 0.3) - 107" m?/s for **Sr
in mineralized solution. It was found that with increasing mineralization of the pore solution of the clay sample D, *°Sr
increases by 1,7 times, and D, 137Cs does not change within the limits of the error of the experiments. This change of 0Sr dif-
fusion coefficient in clay should be taken into account in case of its use as a part of the underlying screen of the disposal site
of low- and medium-active waste of NPP, as it will increase the probability of *’Sr migration beyond its limits. There is a ne-
cessity to come up with technological solutions to prevent or decrease water permeation into the radioactive waste disposal
as well as increase the diffusion time by raising the thickness of the clay barrier. The results of the experiments in this stu-
dy confirm that clay from the “Markovskoye” deposit of the Gomel region is promising for use as a compacted clay barrier
in the radioactive waste disposal facility.

Keywords: clay, montmorillonite, sorption, diffusion, cesium, strontium, model mineralized solution, radioactive waste
disposal facility
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BBenenue. B mpaktuke oOpaiieHns ¢ paaioakKTHBHBIME OTX0aaMu Tu(h(y3MOHHBIM H COPOIIHOH-
HBIM TIpolieccaM, CBSI3aHHBIM C MUTPALIMOHHBIM MOBEACHUEM PaJUOHYKIUAOB B OKpY’KaloLlel cpene,
yzaenseTcs 3HauuTeIbHOe BHUMaHue [1; 2]. DTO cBA3aHO KakK C BBISBIEHHEM OCOOCHHOCTEH pacmpocT-
paHeHus paJUOHYKIMIOB B OKPY’KAIOIICH cpelie IPH Pa3IMYHbIX aBapusaX Ha MPEAIPUITHSIX SIACPHOTO
TOIIMBHOTO LUKJA [3], Tak ¥ ¢ HEOOXOAMMOCTBIO CO3JaHMs (PU3NUECKUX OapbepoB ISl yIACpKaHUS
PaAMOHYKIIUIOB B MECTaX 3aXOPOHEHHS paguoakTUBHBIX 0TX0A0B (PAO) [4]. Husko- u cpenHeakTHB-
HBIE paAHOaKTUBHBIC OTXO/bI, 0Opasytomuecs Ha ADC, moajexar 3aX0pOHEHHUIO B IIPUIIOBEPXHOCTHOM
MYHKTE 3aX0pOHeHUs pajnoakTuBHbIX 0TX0/10B ([I3PO) [5]. [ToaTtomy 0co0yr0 akTyaIbHOCTH prUOOpe-
TaeT mpodyieMa JOATOBPEMEHHOT0 U Oe3zomacHoro 3axoponenus PAO. Ha mpakTrke pereHne manHON
npoOJieMBbl CBSA3aHO € HCHOJIB30BAHUEM MHOTr00apbepHOM 3alIUTHON CHCTEMBI, OCHOBHON (hyHKIHEH
KOTOpOH sIBJISIETCS MPEIOTBPAICHNE WIH 3HAYUTENBHOE CHUYKEHHE BBIXO/Ia PaIUOHYKIIHU/IOB B OKPYIKato-
utyo cpeny [6].

K snemenTtam cuctemsl pusndeckux 0apbepos OezonacHocT [13PO oTHOCsTCS OydepHas 3achinka,
MOJICTUJIAIOIINI 1 TOKPBIBAIOIINI dKpaHbl [7]. s co3maHusi MOACTUIAIONMIETO YKPAHA HCIONB3YIOT
TJIMHY, KOTOPYIO YIJIOTHSIIOT IO TaKOH CTETeHH, 4TOObI 3HaYeHHe KOO PHUIneHTa (GUIbTpain COCTaB-
ns10 He Gonee 107 M/CyT, 4TO MO3BOJISET CO3AaTh YCIOBHS, IPH KOTOPBIX MUIPAIUS PaAHOHYKIIHIOB
B TJIMHE B ciiyuae nonaaanus Bojabl B [13PO Bo3MoxkHa ToNbKO mocpencTBoM auddysuu [8; 9]. Panee
ycTaHoBJeHO [9], uTo ko3hduuMeHT GuiabTpanuu B 00pasue ITUHBl MECTOPOKICHHs «MapKoBCKOe»
npu ee cyxoii miotHoctu 1380 kr/m’ cocrasmster 9,0 - 10°° m/cyrT. IIpoomkenye H3yYeHNs MUTPALIT
PaJMOHYKIIUJIOB B YIUIOTHEHHBIX TJIMHAX HEOOXOIMMO JJIsl ompeeneHus kodpdunueHta aupdys3un
PaZMOHYKJIMJOB U TOCJIEAYIOIEro 000CHOBAHUS JOITOBPEMEHHOIO ITPOrHO3a HOCJIEACTBUI 3aX0pOHe-
uus PAO B I13PO [10].

Ananus manusix [11; 12] mokasan, uro nuddysus 11006010 pagnoHyKINAA Yepe3 CIOM TIUHBI MO-
&KeT OBbITh OXapaKTepH30BaHA KakK KaKylumcs kodddunuentom aupdysuu (D,, M*/C), KOTOPBIH ydH-
ThIBaeT AP PEKT 3aMeJIeHUs] PaJUOHYKIIUAA 33 CUET COPOIMH Ha TIIHHE, TaK U () (eKTUBHBIM Kodddu-
nueHToM quddysuu (D,, M?/C), KOTOPBIH HE YIUTHIBACT 9TO 3aMeUICHHE. ]ISl Oy UCHNS 3HAYCHHS D,
HEOOXOIMMO YCTAaHOBJICHUE CTAMOHAPHON TU(QY3uH pagHoOHYKIHIA B CUCTEME IJIMHA — ITOPOBBIH
pacTBOp, UTO MPUBOIUT K OOJIBIION IITUTEIBHOCTH 3KCIIEPUMEHTOB JJIsI CHIIBHOCOPOU PYIOLIUXCS pajno-
HYKIHIO0B, B 9acTHOCTH ' Cs [11]. J/Ist ONIpe/iesIeH s 3HAYCHIs D, 137Cs wnu *°Sr B rmHax Heronb3yerT-
csl MeTOI IPAMOM TudPy3nn, B COOTBETCTBHH ¢ KOTOPBIM B CIIOSIX TIIMHBI PETUCTPUPYETCS H3MEHEHHUE
KOHIICHTPAIIUU PaIMOHYKIINIa OT BPEMEHH B 3aBUCUMOCTH OT IPOJAODKUTEIFHOCTH IKCTIepuMeHTa [12].

Birara moxxet nmponukats B [13PO ¢ aTMochepHBIME OcaKaMH H3-3a TTOTEPH IMOKPHIBAIOIINM dKpa-
HOM MPOTHUBOMUIBTPAIMOHHBIX cBOWCTB [13]. Ilpn B3auMopeHcTBHM MOBEPXHOCTHBIX BOA ¢ OETOHOM
(xorcTpykius [13PO) u Na-6enronntom (OydepHast 3achinka) MpOUCXOAUT yBennueHue pH u comepika-
Hust katronoB Na' i Ca®’ B nopoBoi Baare [14]. DTo MOXKET OTPULATENBHO MOBIUITH HA TPOTUBOMHU-
TpallMOHHBIE CBOMCTBA IMIMHBI B COCTaBE MOJCTHIIAIOIIETO dKpaHa npunoBepxuoctaoro I13P0O, yBenu-
yuBast Tuhdy3uto pagrnoHyKINI0B.

CornacHo pesynbraraM ucciienoBanus [14], obpasen rmuHbl MecTopokaeHus «Mapkosckoe» (I'o-
MeITbCKas 00MIacTh) 00/Ia/1aeT HAMITYYIIMMHU COPOLMOHHBIME CBOMCTBAMH 110 OTHOIICHHMIO K ' Cs cpean
00pas31oB IMIMH U3 CEMHU OEJIOPYCCKUX MECTOPOXKAeHHUH. [yl nanpHelero u3yyeHus BIUsIHUS MUHe-
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panu30BaHHOM MOPOBOH Biiaru Ha nu((y3uOHHBIE CBOWCTBA TJIMHBI 10 OTHOLICHUIO K PAJIMOHYKIUIaM
LIE3Usl U CTPOHIIHS UCIIONB30BAJICS 00pasell MNIMHBI YKa3aHHOTO MecTopoxaeHus. CormacHo padore [15],
TJIMHBI IMEIOT Pa3JIMYHBIH MUHEPAIbHBIN COCTaB, OT KOTOPOTO 3aBUCAT X (PUITBTPAIIOHHBIC, COPOITH-
OoHHBIE 1 UG (Py3UOHHBIE CBOMCTBA.

]eav dannoii pabomul — uccnenoBanue quddysun - Cs 1 *Sr B iiiHE MeCTOPOX IeHHs «MapKoB-
CKOC» IyTEM MOJACIHUPOBAHUS YCIOBUI MPUMOBEPXHOCTHOI'O 3aXOPOHCHHUS PaIMOAKTUBHBIX OTXO/IOB.

Martepuaabl 4 MeTOABI HccaenoBanus. [t ananm3a qudGy3nOHHBIX CBOMCTB UCIOIB30BAIIN 00-
pa3zer rmuHbl, oToOpanHbI B 2020 T. U3 MPOMBINIUICHHO pa3padaThiBaeMoOro Kapbepa MeCTOPOXKICHHS
«MapkoBckoe». MuHepaibHbIM cOCTaB 00pasiia MIMHBI OMPEACIISIIA METOIOM PEHTTeHO(ha30BOro aHa-
nu3a Ha qudpakromerpe Ultima-N (Rigaku, SInonus) ¢ ucnonszopanuem Cuk -u3iaydeHus: AUana3oH
cremku 20 (2—70°), mar 0,01-0,02°, Bpemst HakomuIeHUs curHaia — He MeHee 0,3 ¢ Ha TOYKy. AHAIU3
Pe3yIBTaTOB TIPOBOJIMIICS COTIIACHO PEKOMEH/IANUSIM, ONMUCAaHHBIM B [16; 17]. KonmnyecTBeHHBIN MUHE-
paTBHBIN aHATU3 OCYIIECTBIISLIA MeTooM PutBenbaa B mporpammuaom nakete PROFEX GUI nns BGMN
(http://www.bgmn.de) [17]. [1o pe3yabraram UcclieIOBAHUN YCTAaHOBJICH MUHEPAJIbHBIN COCTaB 00pasia
TIIMHBI MeCcTOpOoXKIeHusT «MapkoBckoe» (manee — ['M), mac.%: MOHTMOpUILUTOHUT — 39,6, ummut — 4,0,
KaoJIuHUT — 12,7, kBapu — 34,3, MuUKpokIHH — 6,3, anp0ut — 2,3 u anatas — 0,8.

Usyuenne murpamin °'Cs 1 St B 06pasue M poBouM METOIOM mpsiMoii 1uddy3un B COOTBET-
ctBuU ¢ Metonukoi [12]. st aToro ucnosnb3oBanu nuddy3noHHbIE sTYCHKU U3 HEPIKABCIOIEH cTain
C BHYTPEHHHM AuaMeTpoM 47 MM (puc. 1).

OCHOBHBIMH J103000pa3yONIMMH PaJIHOHYKJIHJIAMHU, BHOCSIIIUMHA BKJIAJ B aKTUBHOCTH HHU3KO-
¥ cpeaHeakTHBHEIX PAO, sBisirorest © Cs 1 *'Sr [5]. st u3ydennst nudydy3HOHHBIX CBOICTB 00pasia
IJIMHBL [0 OTHOIMICHHIO K [E3MI0 W CTPOHIHMIO B JaHHOI paGoTe MCIIONb30BATH PAIHOHYKIHABL ~ Cs
(nepuon nonypacnana T,, = 30,2 roga) u 5Sr (T,, = 64,85 cyt) coorBeTcTBEHHO. lIpMeHeHue 5Sr
CBSI3aHO C TEM, YTO 0 XHMHYECKHM CBOWCTBAM OH SIBJISICTCS aHAJTIOTOM ST, OJHAKO BBICTYIIACT TraM-
Ma-M3JydaTeseM, 9TO IMO3BOJISIET yIPOCTUTH (OTCYTCTBYET HEOOXOIMMOCTH BBIJIEPKKH PACTBOPOB B Te-
YCHHE ONPEIEICHHOr0 BPEMEHH 110 CPABHEHMUIO CO *ST) H IIOBBICHTH TOYHOCTH H3MEPEHUIA.

B 3KCIIepHMEHTAX 110 H3yueHnio mpsMoii quddysuu °’Cs win ©Sr B 06pasiie IIHHBI HCIONb30BAIN
JIBa TUIIa PaCTBOPOB:

1) TUCTUILTHPOBAaHHYIO BOIY, HUMUTHPYIONIYI0 aTMOC(hEpHBIE 0Ca KM,

2) MOZIETFHY IO MUHEPAITM30BAHHYTO TTOPOBYIO BIIATY (faJjiee — MOJACTBHBI MIHEPATH30BAHHBINA PacT-
BOp, MMP), Mozietupy oLy 0 XUMHYECKHI COCTAB MOPOBOM BOIBI 00pa3iia IJIMHBI B Cly4ae MPOHUKHO-
BEHUS aTMOC(EPHBIX OCAJKOB B TYHKT 3aXOPOHCHHS PaJIMOAKTUBHBIX OTXOJIOB U MX MOCIIEI0BATEIBLHOTO
MIPOXOXKACHUS Yepe3 MaTepHaIbl PU3NIECKUX OaphepoB: 0eTOH — Na-OCHTOHUT — OETOH, TOTYYEHHYIO
10 METOIIMKE, TPUBEICHHON B padoTe [14].

B tabn. 1 mpuBeacH KaTHOHHBIN M aHHOHHBIA COCTaBBI MOJCIIBHOTO MHUHEPAIH30BAHHOTO PACTBOPA
cpH 7,8 £ 0,2.

[lepen HayanoMm 3KCIEPUMEHTOB OOpa3el IIIMHBI BhICYWIMBalu npu Temmneparype 105 £ 5 °C
JI0 TIOCTOSTHHOW MacChl, U3MeTbUad B CTyNKE M MPOCEHUBAIIA YEpe3 CHTO C pa3MepoM sdeek 1 M.
W3 monmyueHHOro TOpOIIKa TIWHBI OTOMpaau HaBecky maccor 90 T, yBmaxkHsu Bojod miau MMP
COTJIACHO METOAUKe, MpuBeneHHOU B [12], u ocTaBnsuin Ha 24 4 nist B3aumojeiicTBus. [lo ucteuenun

Puc. 1. Cxema nuddy3noHHoi ssueiikn: / — IIOCKUH UCTOYHUK; 2 — TTIHHA; 3 — MOPIICHb

Fig. 1. Schematic diagram of the diffusion cell: 7 — flat source; 2 — clay; 3 — piston
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YKa3aHHOTO BPEMEHH HABECKY yBJIaKHEHHOW ITMHBI HEOOJIBIINMU MOPUHSIMH 3aKJIaAbIBATIN B TUCHKY
(cm. puc. 1, cneBa) ¥ yIIIOTHSUIM A0 3HaUeHUs miotHocTr 1400 kr/m’. Tonmmuaa YIUIOTHEHHOT'0 00pasua
rInHbl coctapisiaa 30 MM, auameTp — 47 MM. 3aTeM Ha BepxXHee OCHOBaHUE 0Opa3ia INIMHbI HOMEIAIH
JCK 13 QUIBTPOBAITBHON GyMaru (1ajiee — IIIOCKUH UCTOYHHIK), TPONHTAHHbI pacTBopoM °'Cs B KO-
mauectse 10°° Mok (cooTBetcTByeT akTHBHOCTH 4,4 - 10° BK) min *Sr B kommuectse 100 Moib (coot-
BETCTBYeT akTHBHOCTHU 7,4 - 10° BK), M repMeTH3HPOBAIH SUSHKY KPBILIKOIL.

Tao6numa 1. CocTaB MOAeIbHOT0 MHHEPAJIN30BAHHOT0 PACTBOPa
Table 1. Composition of the model mineralized solution

Karunonustii coctas Cogeprkanue B pacTBope, MI/am’ AHNOHHBIH cOCTaB Cogepskanue B pacTBope, Mr/am°
Cationic composition Content in solution, mg/dm3 Anionic composition Content in solution, mg/dm3
[Na'] 2434 [NO3] 2,1
[K] 13,5 [CI] 240,3
[Ca®"] 95,3 [SO% ] 299,1
[Mg”'] LS [HCO3] 1037

[Io HCTEUEHHH BPEMEHH KOHTAKTa o0paslia IIMHBI C IJIOCKHM uctounmkoM (70 cyt mms 'Cs
w1 10 cyT U151 % Sr) staeiiky paséupaty, ¢ TOPIOB CHIUMAIN KPBIIIKA H YCTAHABINBAIIA BUHTOBOM MOPIICHb.
C ero mMOMOIIIBIO ITOCTETICHHO BBIIABINBAIN 00pa3ell TIINHBI U3 SYeHKH (CM. puc. 1, cripaBa), memasi cpesbl
Ha CJIOM TOJIIMHOU ~ | MM (j1aiee — cJioii), KOTOpbIE B3BEIIMBAIIN U ONPEACIISIIN TOJMIIHMHY 110 (hopMyJe

m;
hi=—"-H, (M
rje h; — TOJNIIUHA i-rO cJI0sl 00pasiia IIMHBL, MM; 71; — Macca i-ro ¢aosi o0pasla MIKHBL, T; [ — ToNmuHa
YIUIOTHEHHOT'0 00pa3iia IiuHbI, MM; 71 — Macca o0pasiia MINHBL, T.

3aTem cion oOpa3sia IIMHBI BEICYIITHBAJIH 10 IIOCTOSTHHOM Macchl pu Temmeparype 105 + 5 °C B cy-
muiabHOM mKady. Biaxnocts (W, mac.%) kaxaoro ciost odpasia ITTHHBI U UX CyXyIO IUIOTHOCTH (P,
KI/M’) OIpeeNIsiy 110 GopMyJIam:

my; —my;

W= -100 %, )

mi;

my;

4= 0.0 7 ®

TJie m;; U m,; — Macca BJIAXKHOTO U CYXOro cjosi o0pasla IIIMHBI COOTBETCTBEHHO, KTI; V' — 00beM ciost
obpasma, M”.

Tocite 9TOro B CyXHX CIOAX 00pasiia TIHHBI H3MEPSIH YACTbHYI0 aKTHBHOCTh 1~ CS WTH * St 11ps-
MBIM CIIEKTPOMETPHYECKMM METOJOM II0 JUHHM E, paBHBIM 662 1 514 k9B COOTBETCTBEHHO, ¢ HC-
M0JIb30BAaHUEM YHHBEPCAJIBHOTO ClieKTpoMeTpruyeckoro komiuiekca PYC-91M (PecniyOnuka Benapycs).
3HaueHue Kaxyueroca kodddunuenta aupdysuu (D,) pacCUUTHIBAIN U3 HAKJIOHA MPSIMBIX, alIPOK-
CUMUPYIOIIUX 3KCIIEpUMEHTaIbHbIe npoduian pacnpenenacHus AUGOYHIAUPYIOUINX PaAHOHYKIIHIOB
B7Cs wnn Sr B o0pa3sile TIIMHBI MECTOPOXKIACHHS «MapKoBCKoey. Bece aKCIIepuMEHTHI ITPOBOTUIH
B IIByKpaTHOHN MOBTOpHOCTH NpH Temmeparype 20 + 2 °C.

Pe3yabraThl M ux o6cy:xaenne. Cornacuo paboram [2; 11], ecinu cpena, B kotopoid nudppyHIupyeT
PaZMOHYKIIN[, SBJISIETCS TOMOTEHHON M M30TPOMHOM, a MUTpalUsl paJUOHYKINAa IPOTEKaeT B X-Ha-
MPaBJICHUH, TO ypaBHEHHE 1uPDY3UH PaJUOHYKIUAA MOXKET OBITh 3aIIMCaHO B CICAYIOIEM BUJIE:

oCe, 1) _ 0°C(x,1)

= . @

e C(x, f) — 06beMHast aKTHBHOCTh PAIHOHYKIIHA B TIOPHCTOH cpene, Bk/M’; X — pocTpaHCTBEHHAs
KOOpAUHATA, M; ¢ — BpeMs auddysumn, c; D, — kaxyuuiics koadounuent nupdysuu, m/c.
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Pentenue ypaBueHus (4) 1151 TOHKOTO MJIOCKOTO UCTOYHUKA, B KOTOPOM PaJIMOHYKIIHJI PACIIpE/ICICH
PaBHOMEPHO I10 ILIOIAX MONEPEYHOT0 cedeHus (S, M), npu HavanbHbIX C(x = 0, £ = 0) = Cy/(d(x)-S)
u rpaHnuHEBIX C(x =00, > () = 0 yclnoBUsAX UMeeT chenyromui Bu [2; 12]:

2
Clt)=—C0 exp| -2 |,

S\nD,1 4Dt

rae C, — akTUBHOCTb PaJIMOHYKJIUJAa B TOHKOM IJIOCKOM MCTOYHHKE, bk; 6(x) — nenbra-dyHKIHSL
Hupaka.
0 . 3
Pe3ynbrathl uccnenoBaHus BiIakHOCTH (W, Mac.%) U CyXo# IUNIOTHOCTH (P4, KI/M) €i0eB oOpasma
[JIMHBL, 00pabOTaHHOTO TUCTHIIITMPOBAHHOM Bonol (nanee — JIB) wmn MMP, npuBeaens B Tadm. 2.

®)

Tab6nuna 2. Inana3on n3MeHeHUsI 3HAYEHHIT BJIAKHOCTH U CyX0ii IJIOTHOCTH CJI0€B
B 00pa3uax riIuHbI MeCTOPOo:KIAeHUus «MapKoBCcKoe», 00padoTAHHBIX AUCTHIIHPOBaHHOM Boaoii ([IB)
HJIM MO/IeIbHBIM MU HEPAJIU30BaHHbIM pacTBopom (MMP)

Table 2. Moisture content and dry density values range in the slices of the clay samples of the “Markovskoye”
deposit treated with distilled water (DW) or a model mineralized solution (MMS)

Pagmonyxinpg
P Radionuclide
acTBOP IS
Howmep 06paboTku e 8¢
9KCIIepPHUMEHTa
A 00pa3sia rinHel
Experiment Clay sample BraxHocTb ciioeB TTnoTHOCTB CyXHX clloeB | BiaxkHocTh ciioeB oOpasia TIIOTHOCTB CYyXHX CII0EB
number treatment solution | ©0pasua rimuel (W), mac.% | o6pasua riuHsl (py), Kr/m’ riunsl (W), mac.% o0pasia riauHsI (py), Kr/v’
Moisture of clay sample | Density of dry clay sample Moisture of clay sample Density of dry clay sample
layers (W), wt.% layers (p), kg/m® layers (W), wt.% layers (py), kg/m®
1 B 21,5-22,1 1417-1424 21,2-21,9 1419-1427
2 DW 21,8-22,3 1415-1420 21,6-22,2 1416-1423
1 MMP 21,7224 1413-1422 21,8-22,3 1415-1420
2 MMS 21,9-22.5 1412-1419 21,4-21,9 1419-1419

Kak BuHO 13 Tabi1. 2, 3HaUEHUS BJIAYKHOCTH U CYXOH IUIOTHOCTH ciioeB B oOpasue I'M, obpaboran-
HoM JIB u MMP, uaMeHst10TCAd HE3HAYUTEIBHO, YTO TOBOPUT O TOMOI€HHOCTH PacIpe/eiieHUs BlIaru
B 00pasie IMUHBI U ero mioTHocTH. Ilo manubeM [12; 18] mopucTyto cpeay IiIMHBI MOXHO CUHMTATh
M30TPOMHOM MIPU paCCMOTPEHUU TUPQPY3UN PaHOHYKIIH/IA B HAITPABICHUH, TIEPIICHIUKYIISIPHOM Cpe3y
ee CII0EB (X-HaTpaBJICHUN).

B pesyabraTe 9KCIEpUMEHTOB yCTaHOBIIEHO, 4To oOpasen I'M TommuHoi 30 MM MOXKHO paccma-
TPUBATh B KaueCcTBe OECKOHEUHOW IMMOPUCTON CPEedbl, Tak Kak 3a Bpems nuddysnn B7Cs u ®Sr (B Teue-
Hue 70 u 10 cyT COOTBETCTBEHHO) JaHHbBIE PAAHOHYKJIN bl HE IOCTUTAIOT HUYKHEH IpaHUIlbl yIIIIOTHEH-
HOro obpasna TiauHEL [lomydeHHBIE 3KCIIEPHUMEHTANIBHBIE JaHHBIC TO3BOJISIOT TOBOPUTH O TOM, UYTO
muddysronHoe pacnpenenerne - Cs wmm St B 06pasue I'M 0T TOHKOTO MIOCKOTO HCTOYHHKA TOJIK-
HO OIHCHIBATHCSA BhIpaxkeHueM (5). Takas 3aBUCHMOCTb peanu3yercs B Koopaunatax InC(x, £) — x*/t umu
Inl(x, f) — x*/t, TaK KaK aKTHBHOCTb H CKOPOCTb CUETA muhGyHANPYIOMIETO paguoHyKIIH/Ia TPOIOPIIHO-
HaJIbHA €r0 KOHLICHTPAIIUH:

x? Co

Inl(x,t)=- +1In ,
(0 4D,t  S\nD,t

©)

rae /(x, {) — y#enbHas CKOPOCTh CYeTa PaJUOHYKJINJA B ClIOe 00pasiia TIIMHBI Ha PACCTOSHUH X (MM)
OT TOHKOT'O IIJTOCKOI'O UICTOYHHKA, I/IMH/C'CM3.

Ha puc. 2 u 3 npencrasiens! guddy3uoHHbe TPOQUIN PaCHpeneIeHns PaIHOHYKINI0B = Cs
1 Sr B 06pasue 'M, o6paGorantom J[B 1 MMP, B koopauHarax I(x, £) — x (CM. pHc. 2, a, ¢ ¥ puc. 3, , ¢)
u In/(x, ) — x*/t (cm. puc. 2, b, d u puc. 3, b, d). [lonyueHHbIe JaHHBIC TPEACTABICHBI AT OXHOTO YKC-
MepUMEHTa BBUAY OJM30CTH PE3yJIbTATOB JIBYX MapaliIebHBIX SKCIIEPHMEHTOB B Ipeaeiax MX MHo-

TPEIIHOCTH.
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Puc. 2. Juddysuonnsie mpoduan pacipeneaesns ' Cs B 06pasiie IIHHB MECTOPOXACHUS «MapKOBCKOE»,
00paboTaHHOM JIMCTHIUIMPOBAHHOM BOIOH (@, b) NITH MOJICJIEHBIM MUHEPAIM30BaHHBIM PacTBOPOM (¢, d)

Fig. 2. Diffusion profiles of '*’Cs distribution in the clay sample of the “Markovskoye” deposit treated
with distilled water (@, b) or model mineralized solution (c, d)
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Puc. 3. JubdysuoHmse mpoduy pacipeeneHns - Sr B 00pasie NIMHE MeCTOPOKAeHHS «MapKoBCKOey,
00paboTaHHOM JUCTHITUPOBAHHON BOAOH (¢, b) NN MOJECIBHBEIM MUHEPAIN30BAHHBIM PacTBOPOM (¢, d)

Fig. 3. Diffusion profiles of *Sr distribution in the clay sample of the “Markovskoye” deposit treated
with distilled water (a, b) or model mineralized solution (c, d)

Kak BugHO u3 puc. 2 u 3, 1uddy3HoHHbIe TPODUIH PaCTIPeaeICHHS ST MEHee KPyThie, 4eM JaH-
Hble mpodumy ' CS B IJIMHE MECTOPOXKACHHS « MapKoBCKOEY, UTO CBHIETEILCTBYET 0 Goee ObICTpOil
MHTpAIHH St 1 Gosee BHICOKOM 3HAYCHHH KaXKyIIerocs koshdummenta mupdysnn (D, $5Sr B Heii.

3nHauenue D, paauoOHYKIHIOB B7Cs 1 Sr B 06pasie I'M HAXOIUIIM C HCIIOIb30BAHHEM IKCIIEPH-
MEHTAIBHBIX TPOQHIeii, MPeICTaBICHHBIX B KoopauHaTax Inl(x, f) — x>/t (em. puc. 2, b, d u 3, b, d).
IMonyueHHbIe 3HAYCHUS KaXyIerocs koshguuuenta aupdysun ° Cs u Sr 11 o6pasua I'M, 06pabo-

tanHoro /IB nim MMP,

MIPUBE/ICHBI B Ta0I. 3.
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Tab6numa 3. 3nauenne kaxyuerocs kodppunuenta nudpy3un (Da)mCs n 55Sr
JJIs1 00pa3ua [IIMHBI MeCTOPOKAeHUs «MapKoBcKoe», 00paéoTAHHOI0 JMCTHIINPOBAHHO Boaoii ([IB)
HJIM MO/Ie/IbHBIM MHHEPAJIN30BaHHBIM pacTBopom (MMP)
Table 3. Value of apparent diffusion coefficient (D,) 37Cs and **Sr for clay sample of “Markovskoye”
deposit treated with distilled water (DW) or model mineralized solution (MMS)
CpenHsis BIQXKHOCTh 3HayeHne
PactBOp 0 06pa3Ia CpenHsisi JI0THOCTH KaKYIerocs
Homep JU1st 00paboTKH W$ o cyxoro ciost oopasua Bpems nuddysun y CpeaHee 3HaYeHHE
SKCIIEpUMEHTa | 00pa3sia rIHHbL F;HHH o, ].m:c' ’ TIHHBI (Pg), kr/v® B 00pasiie TInHbL, CyT Koacbdmugemaz/ D,, M/e
Experiment Clay sample vsiragte [;t(})]ls ulre Average density of dry clay | Diffusion time in the HH%?WMIH ( af);}]:l °| The average value
number treatment Cs(:rlnzrlle ?ayere (cWa)y sample layer (py), clay sample, days app:rZitu(fif(;usic?n of D,, m%/s
. B 3
solution wt.% kg/m coefficient (D,), m%/s
1370

1 1B 21,8+0,3 1420 + 4 70 1,410 " (154 0,110

2 DW 22,1£0,2 1417 £ 3 70 1,610 T
1 MMP 22,0+£04 1417+5 0 L5107 (1,6 0,110 "2

2 MMS 22,2403 1415+ 4 70 1,710 T

85y
1 JIB 21,6 £0,3 1423+ 4 10 3,6:10" 3.8+ 02110°!
2 DW 21,9+0,3 1420 + 3 10 4,010 (3.8+02)

1 MMP 22,1 £0,2 1417+ 3 10 6,010 (6,3+0,3)107"

2 MMS 21,7+0,2 1422 +3 10 6,6:10" T

3Hauenns kaxymerocs kodddurmenta xuddysun *'Cs win ¥ Sr 1us o6pasua M, 06paboTanHoro
B wnmn MMP, monmy4eHsl MpakTHYeCKH B OJUHAKOBBIX YCIOBHAX (CM. 3HAYEHUS BIAXHOCTH M CYyXOH
niotHocTH B Ta0n. 3). Kak BugHoO, cpennee 3HaueHue D, 85Sr st 06pasma I'M mpu ero o6paborke 1B
B 25 pa3 BblllIE, YEM Cpe/iHee 3HaueHue D, 17Cs, a mpu 06pabotke MMP — B 39 pa3 BbILIe, YeM CpeIHEe
snauenne D, *'Cs. C yBenuueHHeM MHHEPAIM3AIMH PACTBOPA CPEHEE 3HAUEHHE KAKYIIErocs Kodp-
dunmenTa qubdysun Sr Bospacraer B 1,7 pasa, a cpeqHee 3HaUCHHE D, B7Cs mpakTHUecKn He MeHs-
eTCsl B IIpeeiax MOrPEeIIHOCTU 3KCIepUMEHTOB. 11oiydeHHbIN pe3ynbTaT MOXKHO OOBICHUTH Pa3HbIM
COPOIMOHHBIM TOBEJCHHEM PAIHOHYKIHI0B ~ Cs i *°Sr Ha o6pasie I'M, 4To ompesesercss CTpyk-
TYPHBIMH OCOOCHHOCTSIMA MOHTMOPUJUIOHUTA, BXOASIIETO B COCTaB JaHHOro oOpa3ua riauHsI [13].

CornacHo gaHHbBIM HccnenoBanuii [14; 19], copbuuns B7Cs na M3y4YEeHHOM 00pas3lie IJIMHBI BBIILIE 10
CPABHEHHMIO CO ST M 3TO CBA3aHO TeM, uTo "~ Cs COpOUPYeTCs B OCHOBHOM Ha BBICOKOCETEKTHBHBIX
nenTpax copouu [13], a *Sr — Ha HU3KOCETEKTHBHEIX IEHTPAX COPOIINHI, KOTOPHIE HE OTAAOT IPE/IIIO-
YTEHHsSI KAKOMY-THOO KOHKPETHOMY MOHY MeTajuia (HecesJeKTUBHBI) [19]. B cBsi3u ¢ 3TUM B OCHOBHOM
3a cuer noHoB Ca’’ (xuMuuecKuii aHamor cTpoHIHs) u Na', BXOASIINX B COCTaB MOJETBHOIO MHHEDa-
JIN30BAHHOTO PACTBOPA, 3HAYMTEIBHO BO3PACTACT KOHKYPEHIHS 32 MECTa COPOLHH C - SI Ha HE3KOCe-
JIEKTUBHBIX LEHTpax copounu odpasua I'M [14], 4To 1 npUBOAUT K MOBBILIEHUIO 3HaUeHUS D, Sr.

3aksouenne. Metonom mpsmoii guddy3nun B MOAETBHBIX YCIOBHSX M3ydeHa Murparms - Cs
u Sr B 06pasie riuHb MecTopoXkAeHus «MapkoBckoey (IToMebckas 06/1acTh) IPH CyXOil IITOTHOCTH
1400 xr/m>. JInst viccle10BaHMil HCIOMB30BAIN JTUCTUJUITHPOBAHHYIO BOy (OecconeBoi pacTBOp) U MO-
JeNbHBIN MUHEpaIH30BaHHbI pacTBop ¢ KoHnenTpauueii Na', K, Ca*" u Mg?" coorBercTBenHo 243,4;
13,5;95,3u 1,5 Mr/am’ , KOTOpBIA OTpakaeT XMMUYECKUU COCTaB MOPOBOM BOJIbI B IJIMHE B Cllyyae Mpo-
HUKHOBeHHsI aTMOcepHbIX ocaakoB B [I3PO u nx mociienoBaTenbHOro MPOXOKACHHS Yepe3 MaTepua-
abl pusnyeckux OaprepoB: 6eToH (koHcTpyKuus [13PO) — Na-6entonut (Oydepnas 3acbinka) — 6€TOH
(xorctpykmus 113PO). Ilo pesymbpraTaM 3KCIIEPUMEHTOB OMPEAENICHBI CPEeTHNE 3HAYEHUS KaKYIUXCS
kod(hpummenToB quddy3nn B7Cs u ®Sr B 00pa3sIie TIIMHBI MECTOPOXKACHHS « MapKOBCKOEY MPU CYXOU
mnotHocTH 1400 Kr/M™°, KOTOpbIE COCTABUIIU:

— 17151 6eCCOIIEBOrO OPOBOro pacTBopa: D, e — (1,5+£0,) - 10" M/cu D, 85gr — (3,8+0,2) 107" M

— JUI1 MOJEIBHOIO MHUHEPAIU30BaHHOI'O IOPOBOrO pacTaopa: D, B7Cs — (1,6 £ 0,1) - 1072 M%c
uD,¥Sr—(6,3+0,3) 10" m/c.

DKCHepUMEeHTallbHO YCTAHOBIICHO, YTO MOJIEIbHBII MWUHEPATU30BAHHBIN PAacTBOpP MPAKTUYECKH
He BuseT Ha qudysuio ' Cs B 06pa3iie IHHBL, HO 3HAYMTENBHO BIMSCT Ha quddy3uo *Sr. YBenuuenue
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MUHEpaJIU3aUHU IIOPOBOr0 PacTBOpa 00paslia IIMHBI TPUBOIUT K POCTY 3HAYCHUS KaXKyIErocst Kodd-
¢bunuenta nuddysuu D, 8Sr B 1,7 pasa, a 3HaucHHE D, 137Cs He M3MEHSIETCS B IPEENax MOTPELIHOCTH
SKCIIEPUMEHTOB. JlaHHBIHA PaKT [0 H3MEHeHMIO Au(Qy3HH St B TIHHE HEOOXOLMMO yIHTHIBATH IIPH €€
UCTIOJIb30BaHUH B COCTABE MOJICTHIIAIONICTO dKpaHa MyHKTa 3aXOPOHEHUSI HU3KO- M CPEAHEaKTHBHBIX
otxo0B ADC. MuHepanu3ans MopoBoil BIark GyIeT CrocoOCTBOBATh YBEINUCHNIO MUTPALHH * St
(ananor %Sr), mosTOMy HEOGXOZMMO MPELYCMOTPETh HCIOIB30BAHHE TEXHOIOTHYECKHX PEIICHHIA,
MO3BOJISIFOIMX OTPAHUYNTh MM CHU3UTH focty Biary B [13PO, a takke yBennunuTh BpeMst 1updy3un
B TJIMHE TIOCPENICTBOM KOPPEKTHPOBKH TOJIUHBI ITOJICTUIAIOIIET0 IKpaHa.

Takum 00pa3oM, MPOBEICHHBIC HCCICIOBAHUS JOIOJIHSIOT paHee IMOJNyYCHHBIE Pe3yibTarhl [14]
U MOATBEPIKAAIOT, UTO TJIMHA MECTOPOKJICHUA <<MapKOBCKOe)) TMEPCIICKTUBHA AJIs1 UCIIOJIB30BAHUS B CO-
CTaBe TMOJICTUJIAIOIIETO AKPaHa MPH CTPOUTENECTBE TyHKTa 3aXOPOHEHUST OYeHb HU3KO-, HU3KO- U CPe]I-
HEaKTHBHBIX 0TX010B. OHa CIIOCOOHA CYIECTBEHHO CHU3HTH MUrparuio - Cs 3a mpeaesst II3PO nasxe
MPH YBEITMYCHUH MUHEPAIIN3AINY TIOPOBOH BIIArH IPY IIPOHUKHOBEHUH aTMOC(HEPHBIX OCAIKOB B 30HY
3axoponeHus PAO.
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