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Abstract. This article considers modern methods of increasing wear resistance and reliability of machine parts using com-
posite materials, especially in the field of powder surfacing and synthesis of metal-matric composites. One of the effective
methods is self-propagating high-temperature synthesis (SHS), which allows obtaining composite coatings with improved
mechanical and thermal properties. Powder surfacing methods, such as electron beam surfacing (EBF), provide wear-resistant,
heat-resistant and hardening coatings on a titanium base. Powders of titanium and its alloys are obtained by reduction of oxides
with calcium hydride, which contributes to the formation of materials with high strength and good flowability. Special atten-
tion is paid to titanium boride as a strengthening phase for composites. The use of these technologies contributes to a signifi-
cant increase in the durability and reliability of machines and mechanisms, which leads to resource saving and reduction of
operating costs. The studies include the analysis of structural characteristics of the obtained powders and coatings, as well as
the determination of their physical and mechanical properties. The variations in these properties as a function of the titanium
binder content in the composite powder are analyzed. The description of the microstructure of powders and coatings, as well as
the influence of composition on their characteristics, allows us to draw conclusions about the possibility of using these materi-
als to create functional coatings with improved performance characteristics, such as increased wear resistance and heat re-
sistance. The results of the study can be useful for the development of new materials with improved operational properties for
use in various industries.
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1. Introduction found in their individual constituents and demonstrate 50-
100% greater resistance to transient loads and fatigue limits
compared to conventional alloys. They also have a higher
modulus of elasticity and specific strength and are less prone
to crack formation.

Powder metallurgy is one of the most promising areas of
modern manufacturing. This approach enables the production
of high-volume structural elements for general applications
as well as specialized materials such as antifriction, friction,
electrical contact, highly porous, hard, and refractory materi-
als. The use of powder technology allows for the enhance-
ment of useful properties in existing materials, for example,
increasing material utilization efficiency up to 80-96% by
influencing their structural characteristics. Powders differ in
chemical properties (content of base metal, impurities, con-
taminants, and toxicity), physical properties (shape, size,
specific surface area, true density, particle microhardness),
and technological properties (bulk density, flowability, com-
pactability, formability, and pressability). The main ad-
vantage of powder metallurgy lies in the ability to produce
components with diverse compositions. This method allows
easy fabrication of products from refractory materials (e.g.,

In modern manufacturing, the introduction of highly effi-
cient technological processes is a key factor in advancing the
engineering industry. The primary objective of the mechani-
cal engineering sector today is to ensure high product quality
at minimal cost and within tight deadlines. At the same time,
the requirements for finished products remain stringent:
materials must combine reliability, precision in manufactur-
ing, and an optimal balance between low specific weight and
high strength while providing sufficient hardness, wear re-
sistance, and (or) chemical resistance of the surface layer of
parts. Enhancing the operational efficiency of dynamic struc-
tures (aerospace, energy, construction, and others) is possible
through the use of materials with specialized properties. One
such group of materials is composite materials (CMs), which
consist of a combination of two or more chemically and
structurally different components distributed throughout the
volume of the part. This allows the development of materials
with tailored properties. Composite materials outperform
individual components in strength, thermal resistance, and
especially reliability. They exhibit unique properties not
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ceramics) and from mixtures of metallic powders and refrac-
tory compounds, such as metal-ceramic composites. Addi-
tionally, powder metallurgy enables the production of com-
ponents from metals that cannot form alloys in the molten
state due to significant differences in melting temperatures
(e.g., tungsten and copper). This method is also effective for
producing metal-nonmetal composites, such as copper-
graphite or aluminum-aluminum oxide.

Another advantage of powder material is their structural
homogeneity. During the manufacturing of products using
powder metallurgy, powders are thoroughly mixed in advance
to achieve uniform particle distribution in the charge. As a
result, products made from such powders exhibit a consistent
distribution of components throughout their entire volume.
Practice has shown that using pure powders allows for the
production of materials with lower impurity content com-
pared to cast materials. This is because sintering occurs in an
inert environment or vacuum, preventing the formation of
oxides, nitrides, and other undesirable chemical compounds.
Thus, it is crucial that the composition and distribution of
elements in the final product, obtained through powder metal-
lurgy, remain the same as during the initial powder mixing
and charge preparation stages. Powder metallurgy technology
enables the production of precision components and is also
used to create materials with special properties or specified
characteristics that cannot be achieved by any other method.

The process of obtaining metallic powder is the first and
one of the key operations in powder metallurgy. The chemi-
cal composition, structure, and other characteristics of pow-
ders depend both on the production method and the proper-
ties of the metal used.

Powder production methods vary depending on the re-
quired dispersion and volume and include the following main
techniques:

1. Mechanical grinding;

2. Atomization of melts with compressed air;

3. Reduction of ore or scale;

4. Electrolytic depositionl

5. Explosion of a conductor with an electric current

From an economic standpoint, the most efficient methods
are ore or scale reduction and atomization of melts with
compressed air. Conductor explosion is used to obtain pow-
ders from electrically conductive materials, while mechanical
grinding of certain powders requires consideration of their
separation tendencies. In industry, other specialized methods
are also employed, such as thermal decomposition of volatile
compounds, precipitation, carburization, and other advanced
techniques.

2. Materials and methods

The technological process of obtaining a product begins
with the preparation of a powder mixture that includes several
different powder components. First, the powders are weighed
and then thoroughly mixed in rotating drums, mills, mixers,
or other mechanical devices. This results in a homogeneous
powder mixture with uniformly distributed particles of vari-
ous types. The prepared charge is then shaped into a powder
blank with specified form, dimensions, and density. During
this stage, the initial powder volume decreases as consolida-
tion occurs. Powder compaction is achieved by pressing it in a
metal die under pressure, resulting in a solid pressed part that
closely resembles the final product in shape and size.
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However, since the process of powder compaction is
quite complex, predicting the exact outcome of pressing is
difficult, as different powders behave differently, and even
slight changes in composition or substitution of powder
grades can alter the result. Therefore, the pressing load must
be selected individually for each mixture. Some powder
mixtures do not compact properly, even under high loads,
leading to crumbling or cracking of the products. In most
cases, cold pressing is used, but it does not always provide
the necessary mechanical strength for the blanks, and under
low loads, such blanks may break apart. To prevent this,
plasticizers or other additives are introduced into the powder
mixture before pressing to improve particle adhesion without
taking up much volume or affecting the final properties of
the products. After pressing, the powder blanks undergo
sintering to achieve the required mechanical properties and
impart the necessary physical and chemical characteristics.
Sintering is one of the key processes in powder metallurgy,
largely determining the final properties of materials and
products. This process involves a complex combination of
various physicochemical phenomena occurring simultane-
ously or sequentially during the heating of the compact or
free powder.

Some of these phenomena are associated with the typical
effects of high temperature on polycrystalline materials,
while others are specific to porous powder bodies. The pri-
mary goal of sintering is to achieve the desired material
properties that develop during the heating of the initial pow-
der body. In the process of heating to high temperatures, two
main types of sintering can occur: solid-phase sintering, in
which no liquid phase is formed, and liquid-phase sintering,
in which low-melting components of the powder mixture
partially melt. When examining the sintering processes of
multicomponent powder systems, it is necessary to consider
several characteristics unique to this process. First, the re-
duction of free energy depends not only on factors typical of
single-component powders and heterodiffusion, which facil-
itates concentration equalization in the system, but also on
the formation of interphase surfaces, whose energy is usual-
ly lower than the surface energy at the boundary between a
substance and a void. The progress of the sintering process
is largely determined by the phase diagrams of the compo-
nents in the multicomponent system. The Kinetics of densifi-
cation and changes in the physical and mechanical proper-
ties of the material depend on the extent of alloy formation
during the process. Unlike single-component systems, where
diffusion processes typically promote densification, in mul-
ticomponent systems, heterodiffusion can slow down
shrinkage. After sintering is completed, the product under-
goes additional processing, such as finishing, calibration,
and heat treatment.

Among the various physicochemical and physico-
mechanical processes occurring in the powder medium dur-
ing processing, one of the key factors is interparticle contact
interaction. Depending on the type of impact (electron-beam
surfacing, selective laser melting, plasma sintering, vacuum
sintering, self-propagating high-temperature synthesis (SHS),
etc.), this interaction may be solid-phase or occur in the pres-
ence of a liquid phase. As a result, even when using the same
initial components, different processes may take place, such
as shrinkage or volumetric growth with the formation of a
large number of pores.
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Each powder system has its own specific features, which
are determined by equilibrium phase diagrams for the select-
ed elements. Although powder technological processes are
inherently non-equilibrium, primary parameters (concentra-
tions, temperature regimes) are typically determined based
on equilibrium diagrams while considering possible chemical
reactions [1].

In this study, the main focus is on self-propagating high-
temperature synthesis (SHS) of metal-matrix composite
materials [2,3]. SHS is one of the promising methods for
obtaining composite materials, based on the interaction of
two or more elements in an exothermic reaction, which oc-
curs in the form of layer-by-layer combustion or a thermal
explosion. This synthesis method relies on localized exo-
thermic reactions that release heat, allowing the exothermic
reaction wave to propagate throughout the entire volume of
the material [4]. This method has several advantages, such as
reduced energy consumption, increased process efficiency,
and improved product purity. The primary method of initiat-
ing an SHS reaction involves the local application of a ther-
mal impulse to the surface of the system (e.g., using an elec-
tric coil, spark discharge, laser beam, etc.), which leads to the
formation of a combustion wave that then propagates
through the unheated starting material [5].

The SHS process can be carried out in three ways: gasless
combustion, filtration combustion, and hybrid combustion.
Gasless combustion is used in «solid-solid» systems, filtra-
tion combustion in «metal-gas» systems, while hybrid com-
bustion combines both previous methods. In filtration com-
bustion, gas filtration can be either spontaneous or forced,
depending on the gas supply, and is classified based on the
direction of the combustion front relative to the filtering gas
flow as either co-current or counter-current. For weakly
exothermic reactions or mixtures with a high content of inert
fillers, preheating of the charge in a furnace is required to
initiate the synthesis reaction. In SHS processes, the charge
can be located in a vacuum, in open air, or in an inert or
reactive gas under pressure. Figure 1 presents a schematic
representation of the SHS technology for powder production.

Raw metal and
non-metal powders

& | N
\'J

Batching and mixing
of powders

[ﬁ?g ?L';%tg’,l = Reactive or inert gas

SYNTHESIS

eamng_of'—_]

sintered material

Grinding j

Sievin =i

Powdered SHS products

Grinding
%

Acid enrichment

Drying

I

Figure 1. Schematic representation of the SHS technology for
powder production
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The SHS method enables an increase in productivity at
significantly lower costs compared to vacuum sintering of
powder mixtures, offering significant advantages in the fol-
lowing aspects:

— product output per unit time;

— energy consumption for batch production;

— equipment and maintenance costs.

When using the SHS method, certain challenges arise re-
lated to production characteristics such as controlling the
composite structure and matrix properties. In the process of
vacuum sintering of powder mixtures, it is possible to flexi-
bly regulate the heating rate and isothermal holding tempera-
ture, allowing for adjustments in phase composition, struc-
tural dispersion, and sintered material strength. In SHS tech-
nology, parameters that influence the phase composition and
properties of the final product include the composition, de-
gree of compaction, and volume of the reaction mixture, the
dispersion of powder reactants, and the initial temperature at
which the synthesis reaction begins [6-10]. Thus, the process
proceeds based on predefined parameters that determine the
course of the reaction.

The task of improving the reliability and durability of
machine and mechanism components is often directly related
to the wear resistance of their friction surfaces. Enhancing
the wear resistance of parts extends the service life of ma-
chines, leading to significant savings in financial resources,
labor, and materials.

One of the most effective ways to improve the reliability
of machine components and mechanisms in mechanical en-
gineering is the application of various coatings to the work-
ing surfaces of parts. Wear-resistant coatings for titanium
alloys provide high wear resistance due to their bonding with
metallic materials. Powder surfacing is widely used as a
method for obtaining wear-resistant coatings for titanium and
its alloys. To significantly enhance wear resistance and re-
store the dimensions of worn-out parts, surfacing is per-
formed on the surfaces that experience continuous wear. Pre-
prepared surfacing alloys in the form of rods or tubes are
applied. Surfacing is the process of depositing a layer of
metal onto a part’s surface to modify its dimensions or im-
part specific properties such as hardness, corrosion re-
sistance, and wear resistance. The composition of the powder
filler material is selected to create composite coatings with a
matrix structure containing dispersed particles of refractory
compounds, such as carbides, borides, and nitrides. Reinforc-
ing phases may include TiC, TiB, TiN, and TiB..

Special attention is given to titanium boride as a hard and
refractory strengthening phase in titanium-based metal-
matrix composites. The formation of «titanium boride +
titanium» composites can be achieved through the «titanium
+ B4C» reaction [11-12], as well as by synthesizing pure
powders [13-14]. The study of composite powders and coat-
ings derived from them has significant practical importance.
To produce titanium boride coatings, electron beam surfacing
is used, in which an electron beam is employed to create
coatings with specified shapes and properties on the surface
of a part. This technology enables the creation of both single-
layer and multilayer coatings for various applications, includ-
ing wear-resistant, heat-resistant, and strengthening coatings.
Electron beam surfacing is performed using powders with a
particle size range of 50 to 350 um. Depending on the shape
of the part and coating requirements, different application
schemes may be used. For example, an electron beam with a
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power of several kilowatts can be focused into a spot less
than a millimeter in diameter. When directed at the surface of
a part, the metal in the beam’s impact area instantly melts
while the rest of the part remains cool. Once the beam is
removed, the molten metal immediately solidifies. The prin-
ciple of electron beam surfacing is illustrated in Figure 2.
The electron beam creates a molten metal pool on the surface
of the part. Powder is fed into this molten pool via a dosing
system, and the particles form a coating with the required
properties on the surface. The workpiece being surfaced
moves within a vacuum chamber relative to a stationary
electron gun and powder feeder, or the electron gun and
feeder move relative to a stationary workpiece.

The technology of multi-pass electron beam surfacing is
based on the phenomenon of «freezing» the powder into the
liquid-metal melt pool. With each successive pass, a new
portion of powder is incorporated into the melt while the
previously deposited layer is remelted. The powder fed into
the molten metal pool accelerates the crystallization process,
promoting the formation of a fine-grained structure and re-
ducing residual stresses in the deposited coating. The re-
quired thickness of the deposited layer is achieved by adjust-
ing the powder feed rate or increasing the number of passes.
A higher crystallization rate contributes to the formation of a
uniform, fine-dispersed structure in the deposited layer [6-7].

Electron gun

Electron beam Powder
. feeder
Melt
Coating P ;1/
Workpiece 5 ‘

Figure 2. Principle of electron beam surfacing

Powders with particle sizes smaller than 50 um have in-
sufficient flowability in a vacuum, making it difficult to feed
them into the molten pool. Powders larger than 350 um re-
quire higher energy input for melting, which can lead to
excessive penetration of the base material and increased
residual stresses. The key parameters characterizing the sur-
facing process include the energy and current of the electron
beam, its diameter, the size and shape of the beam scan on
the surface of the part, the movement speed of the workpiece,
and the powder feed rate. A distinctive feature of electron
beam surfacing is the presence of a prolonged transition zone
between the base material and the coating. Since the powder
melts directly on the surface of the part, the material proper-
ties gradually change from the base to the coating.

Titanium and titanium alloy powders are obtained by re-
ducing metal oxides with calcium hydride, a method devel-
oped in the 1950s. The choice of calcium hydride as a reduc-
ing agent is due to its high reactivity, which allows it to re-
duce almost all metal and non-metal oxides regardless of
their thermodynamic activity. At the same time, no solid
solutions or chemical compounds of calcium with the «re-
duced» metals are formed. The reduced titanium and alloy
powders have an irregular shape and a highly developed
particle surface, which allows them to be easily compacted at
relatively low pressing pressures in rigid molds, as well as by
hydrostatic pressing in flexible casings. These powders can
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be easily rolled into strips and sintered in a vacuum or a
neutral atmosphere. Titanium and titanium-based alloy pow-
ders are used in the production of corrosion-resistant filters
for fine purification of technical liquids in the form of porous
rolled sheets. Titanium powders have also found applications
in medicine for the manufacture of implants, in the food
industry for producing regenerative filters in purification
systems for drinking and mineral water, juices, and beverag-
es, in the production of highly reliable pyrotechnic devices,
and in non-dispersible porous getters (gas absorbers) with
high sorption capacity and absorption rate. Additionally,
these powders are used for manufacturing aluminum and
other metal composites, watch mechanism components, and
acid-resistant equipment. They are also employed for plasma
and microplasma coating applications [7].

The first attempts to obtain titanium boride through surfac-
ing or sintering of compressed powder compacts were made
by Moissan [15-16] and Wedekind [17]. Titanium boride has
gained widespread use in many modern industries due to its
numerous technical advantages relevant to different fields.
Figure 3 presents the phase diagram of B-Ti composites.
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Figure 3. Phase diagram of B-Ti composites

In metallurgy and mechanical engineering, titanium dibo-
ride is primarily used as a component of powder mixtures for
coating and surfacing applications. Additionally, titanium
boride powder is utilized in the production of heat-resistant,
refractory, and wear-resistant alloys, as well as a base mate-
rial for high-temperature cutting tools, in cermets for nuclear
technology, for manufacturing thermocouple sheathings, and
in the tool industry as an abrasive material and a filler in
diamond wheels and pastes for processing various materials.

Matrix and reinforcing materials are typically selected
based on the following criteria [18]:

— b oth materials should have low density.

—the modulus of elasticity of the reinforcing material
should be significantly higher than that of the matrix material
(considering the relatively low modulus of elasticity of Ti
alloys);

— the matrix and reinforcing materials should have similar
coefficients of thermal expansion;

—the materials must be chemically stable relative to each
other to prevent the formation of unfavorable regions along the
boundaries between the matrix and the reinforcing material.

In our research, the TiB + Ti metal-matrix composite was
synthesized using the SHS method.

3. Results and discussion

In this study, composite powders were obtained using the
self-propagating high-temperature synthesis (SHS) method
from powder mixtures of titanium grade TPP-8 with a parti-
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cle size of 50-100 um and amorphous technical boron grade
«A» with varying titanium binder content (20 vol.%, 30
vol.%, 40 vol.%, 50 vol.%, 60 vol.%). To prepare the powder
mixtures, the powders were blended, and their chemical
composition, along with the volumetric percentage of each
component, is presented in Table 1. Composite powders with
50 vol.% and 60 vol.% metallic matrixes were prepared by
mixing in a gravity mixer of the «drunken barrel» type with
steel balls for 3-4 hours to achieve a homogeneous structure.

Table 1. Batching for SHS composites TiB+%Ti (20 vol.% —
60 vol.%)

Batching, wt. % Theoretical density,

Vol. % Ti Ti B glem®
TiB + 20 vol.% Ti 84.86 15.14 3.9675
TiB + 30 vol.% Ti 86.57 | 13.43 4.022
TiB + 40 vol.% Ti 88.33 11.67 4.079
TiB + 50 vol.% Ti 90.14 9.86 4.141
TiB + 60 vol.% Ti 91.99 8.01 4206

Samples for synthesis were obtained using the cold dou-
ble-sided pressing method in a cylindrical mold MS-500
(Figure 4). The pressure was selected to achieve an initial
porosity of 40-45%. As a result, the samples had a cylindri-
cal shape with a diameter of 25 mm and a height of up to
10 mm.

o
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|
|
|

-~
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0

Figure 4. Diagram of double-sided pressing: 1 - upper punch;
2 - die; 3 - pressed charge; 4 - lower punch; 5 - backing plate

SHS composite powders were synthesized from pre-
pressed tablets without preliminary heating, in an argon at-
mosphere with an excess pressure of about 0.5 atm, followed
by slow cooling in the reactor (Figure 5). To ignite the pow-
der and initiate the combustion wave, a small layer of Ti+Si
powder mixture was sprinkled onto the Ti+B tablets.

heating coil

charge
Ti+B

Figure 5. Implementation of SHS composite powders without
preliminary charge preheating

20

The obtained porous SHS compacts were crushed, and a
sieving process was used to isolate the fraction suitable for
surfacing, ranging from 56 to 200 pm. The synthesized pow-
ders initially had different metallic binder contents (20
vol.%, 30 vol.%, 40 vol.%, 50 vol.%, 60 vol.%). To achieve
high-quality coatings and improve the weldability of the
powders during electron beam surfacing (EBS), the SHS
powders were diluted with titanium powder up to 80 vol.%
Ti. Electron beam coatings made from composite powders of
«titanium boride + 20% and 50% titanium» were applied in a
vacuum using an EBS setup at the Institute of Solid-State
Chemistry and Mechanochemistry of the Siberian Branch of
the Russian Academy of Sciences (ISSCM SB RAS). This
setup consisted of an electron source, a scanning electron
beam control system, a powder feeder, and a manipulator for
moving the substrate relative to the scanning electron beam.
Composite powders were obtained through layer-by-layer
combustion of cylindrical compacts made from powder mix-
tures of titanium grade TPP-8 and amorphous technical bo-
ron grade «A» in an argon atmosphere.

The combustion was initiated by heating an ignition tablet
using a molybdenum coil. The synthesis was carried out in a
sealed reactor under an argon atmosphere with an excess pres-
sure of approximately 0.5 atm, followed by slow cooling in the
reactor. The porous SHS compacts were crushed, and a sieving
process was used to isolate the fraction suitable for surfacing,
ranging from 56 to 200 um. The structure and phase composi-
tion of the SHS powders and coatings were analyzed using
equipment from the «Nanotech» Shared Research Facility at
ISSCM SB RAS. The methods included X-ray phase analysis
(DRON-7 diffractometer, Burevestnik, Russia, CuKo radia-
tion) and optical metallography (AXIOVERT-200MAT, Zeiss,
Germany). After crushing, the SHS composite powder pre-
dominantly had a fragmented shape (Figure 6).

(b)

Figure 6. Morphology of SHS powder: (a) - TiB + 20% Ti;
(b) —TiB +50% Ti
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The typical microstructure of the composite powder is
shown in Figure 7a. The powder product synthesized with a
low titanium binder content (20-40%) consists of titanium
boride agglomerates or individual large needle-like struc-
tures. The structure of SHS products with a higher titanium
content (50-60%) and prior mechanical activation is more
dispersed (Figure 7b).

(b)

Figure 7. Microstructure of SHS powder: () — TiB + 20% Ti;
(o) - TiB +50% Ti

Figure 8. Microstructure of the surfacing: (@) — TiB + 20 —
80% Ti; (b) — TiB + 50 — 80% Ti

X-ray phase analysis of SHS powders revealed that in all
cases of «titanium-borony synthesis, a multiphase material
was obtained, with titanium monoboride as the primary
phase. To improve the weldability, titanium powder was
added to the composite powders with different titanium
binder contents (20% and 50%) in amounts sufficient to
achieve powder mixtures with an integral binder content of
80%. The microstructure of the coatings deposited using
powder mixtures containing composite powders of the two
studied compositions is shown in Figure 8.

4. Conclusions

Composite powders of «titanium monoboride + titaniumy
were obtained and studied using the self-propagating high-
temperature synthesis (SHS) method.

Electron beam coatings deposited using composite pow-
ders exhibited hardness and abrasive wear resistance that
were 2.2 and 3.7 times higher, respectively, than those of the
titanium alloy VT-1-0.
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Tib+Ti KOMIO3NIUSAJIBIK YHTAKTAPbIHA HETI3/1eJITeH O3/1IrHeH
TApPaJIaThIH KOFAPbI TEMIIEPATYPAJIbl CHHTE3/Ai 3epTTey

A. Muipsaxan®, E. Kopoctenesa?, I'. Cmannosal”, A. Y nep6aepal
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Anpgarna. byn makamaga KoMmmosmmusanblk MarepHanjapisl KOJJaHa OTHIPHIN, MalldHa OeJIIeKTepiHiH To3yFa
TO3IMAIIINT MEH CeHIMIUITIH apTTHIPYJbIH 3aMaHayHd oJiCTepi, ocipece YHTAKThl OAaJKbITYy MOHE METallJIOMaTHSIBIK
KOMIIO3UTTEPAl CHHTE3/Iey CalachlHIa KapacThIpBUIambl. THIMIOI omicTepAiH Oipi-MeXaHUKAIBIK JKOHE TEPMHUSIBIK
KAacHeTTepi >KaKCapTBUIFAH KOMIIO3HIMSIIBIK >KaOBIHOAPIBl alyFa MYMKIHIIK OepeTiH ©3IiriHeH TapalaThiH JKOFaphl
temmeparypaisl cuate3 (OTXKTC). Daektponabl coynenik kantay (DCK) CHAKTBI YHTaKThl KamTay oicTepi THTaH
HeTi3iHJeri To3yra Te3IMIi, BICTBIKKA TO3IMJi JKOHE KaTaWTaThlH KaOBIHAAP/Abl KaMTaMachl3 eTeli. THTaH >KoHE OHBIH
KOPBITIAIIAPBIHBIH YHTAKTaphl KaJdbIMH THAPUIAIMEH OKCHITEPAl TOTHIKCBHI3NAHIBIPY SJICIMEH albIHAIBI, OYJI KOFapshl
OepikTiri MeH »aKChl aFbIHJIBUIBIFBI Oap aHajapAblH Naiga OoiyblHA bIKHAN erTedi. TuraH GOpHIiHE KOMIO3HUTTEp YIIiH
KataiitaThlH (haza peTiHAe epeKile Ha3ap aynapbliansl. by TexHoJorusuiapAbl TNaijalaHy MalldHajgap MeH
MEXaHU3MJEPiH OepiKTiri MeH CEeHIMIUIrIHIH endyip apTyblHa BIKHal eTelli, Oyl pecypcTapibl YHEMAEYre >oHe
naiianaHy IIBIFBIHAAPBIHBIH TOMeHAeyiHe okeneni. JKypri3iiareH 3epTreynepre ajablHFaH YHTaKTap MEH XaObIHIapabIH
KYPBUIBIMABIK CHIIATTaMaJIapbIH Taj/iay JKOHE oJIapJblH (U3MKaJIbIK KOHE MEXaHHMKAJbIK KaCHEeTTepiH aHbIKTay Kipemi. by
KacHeTTepJiH e3repyl KOMIO3MLMSUIBIK YHTaKTarbl TUTaH OaiulaMBIHBIH ~ KOJEMIIK KypaMblHa OaiJIaHBICTHI
KapacThIpbUIaJbl. YHTAaKTap MeH >KaObIHIApAbIH MHKPOKYPBUIBIMBIHBIH CHIATTaMachl, COHIAaW-aK KOMIIO3HMIUSHbBIH
OJIApJBIH CUTIATTaMajapblHA dcepi TO3yFa TO3IMIUTIK MEeH BICTHIKKA TO3IMIUTIKTIH >KOFapbUIaybl CHSKTHI KaKCapThUIFaH
nalijanany cunarramanapbl 0ap (QyHKIHMOHAIIBI >KaOBIHAAPJIBI jKacay YINIH OCHl MaTepHajiapibl KOJAaHy MYMKIHAIri
TypaJibl KOPBITBIH/IBI J)KacayFa MYMKIHAIK Oepelli. 3epTTey HOTHXKeNepi apTypill cananapia naijanaHy yiliH *KakcapTbUIFaH
OHIMLIIT1 Oap jkaHa MaTepHagapasl 93ipiey YIIiH Haians! 60Iysl MyMKIH.

Hezizzi co30ep: KoMnOUYUAIbIK YHMAK, Muman 60pudi, mumaH, KAmoomvl CIYIENK IHCADLIHOAP, YHMAKMbL KANmay,
030i2iHeH Mapanamoli HCOLAPbl MEMNEPAMYPaibl CUHMES.
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HccaenoBanue caMopacnpoCcTpaHAOUIEIOCH BLICOKOTEMIIEPATYPHOIO
CHHTE32 HA OCHOBE KOMIIO3MIUOHHBIX MopomkoB TiB+Ti
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AHHoTanus. B naHHON cTaThe paccMaTpHUBAalOTCSI COBPEMEHHBIE METO/bI MOBBIIICHUS W3HOCOCTOMKOCTH U HAAEKHOCTH
JeTaJieil MalliH ¢ UCIIOJIb30BaHUEM KOMITO3MIMOHHBIX MaTEpHAIOB, OCOOCHHO B 00IACTH ITOPOLIKOBOW HAIUIABKH M CHHTE3a
METANIOMATPUIHBIX KOMIIO3UTOB. OHIM 13 3P (PEKTHBHBIX CIIOCOOOB SBIAETCS CaMOPACTIPOCTPAHSIONIMICS BHICOKOTEMITEPa-
TypHbIi cuHTe3 (CBC), KOTOPBIHA MO3BONSET MOMYYaTh KOMIO3HUIIMOHHBIC TIOKPHITHS C YIYYIIEHHBIMA MEXaHUYECKHUMHU U Tep-
MHYECKAMH CBOMCTBaMU. MeTOIbI IIOPOLIKOBOH HAIIABKH, TAaKHE KaK 3JIEKTPOHHO-Ty4eBas HamuraBka (DJIH), obecneunsator
CO3JJaHNE M3HOCOCTOMKHX, >KapOIPOYHBIX W YIPOYHSIOMMX MOKPBHITHA HAa TUTAHOBOM OCHOBAaHHH. [IOpOIIKM THUTaHAa U €ro
CIJIABOB MOJIy4YalOT METOZOM BOCCTAHOBJICHHUS] OKCHIOB THAPHIOM KaJIbLIMs, YTO COCOOCTBYET (hOPMHPOBAHHIO MAaTEPHAIIOB C
BBICOKOI IIPOYHOCTBIO U XOpOILeH chimydecThio. Ocoboe BHUMaHKE yaeiseTcs OOpHUIy TUTaHA Kak yrmpouHsmomen dase ais
KOMIIO3UTOB. VICII0/Ib30BaHNE AAHHBIX TEXHOJIOTHH COCOOCTBYET 3HAUYUTEIFHOMY YBEJIMYEHHUIO JOJTOBEYHOCTH M HAJEKHO-
CTH MAalIMH ¥ MEXaHH3MOB, YTO MPHUBOAUT K SKOHOMHHU PECYPCOB U CHIDKCHHIO IKCIUTyaTallMOHHBIX 3aTpat. [IpoBeaeHHBIe
HCCIIeIOBaHMA BKJIIOYAIOT aHAIN3 CTPYKTYPHBIX XapaKTEPUCTUK IOTY4YEHHBIX IOPOIIKOB M MOKPBITHIL, a TaKkKe OIpereseHne
uX (GU3MYECKUX U MEXaHUYECKHX CBOMCTB. PaccMarpuBaroTCsi H3MEHEHHS 3THX CBOIMCTB B 3aBUCHMOCTH OT 0OBEMHOTO COJiep-
JKaHUSI THTAHOBOM CBSI3KM B KOMITO3HIIOHHOM HopoInke. OnrcaHne MEKPOCTPYKTYPHI IIOPOLIKOB M TOKPBITHS, a TAKXKE BIHS-
HHE COCTaBa Ha WX XapaKTEPHCTHKH, ITO3BOJIAET CHIENIATh BHIBOIBI O BO3ZMOXXHOCTH NPHUMEHEHNUS JaHHBIX MaTEpPHAJIOB AJISI CO-
3MaHAs (YHKIMOHAIBHBIX HMOKPBHITUI ¢ YIydIIEHHBIMH 3KCIUTyaTalIMOHHBIMH XapaKTEPUCTHUKAMH, TAaKMX KaK ITOBBIIICHHAs
M3HOCOCTOMKOCTh M TEPMOCTOHKOCTb. Pe3ynbTaThl HCCIeI0BaHUSA MOTYT OBITH IOJIE3HBI IS pa3pabOTKH HOBBIX MaTepHAaiOB C
YIYYIICHHBIMH SKCIITYaTallHOHHBIMHU CBOWCTBAMH JJISI HCTIOJIb30BAHUS B PA3JIMYHBIX OTPACIAX MPOMBIIIICHHOCTH.

Knrouegvie cnoea: KomnosuyuoHHsill NOPOULOK, 6OpUO MUMana, MumaH, d1eKmpoOHHO-TyHesble NOKPbIMUs, NOPOWKOBAs.
HANIA6Ka, CAMOPacnpOCMpPaHAIOWUICA bICOKOMEMNEPAMYPHbLIL CUHMES.
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