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Abstract—Application of finely dispersed refractory compounds in the creation of high-temperature ceramic 
matrix composites (HTCMC) is briefly reviewed. Examples of successful combination of nanomaterials and 
HTCMC technologies are given. 

INTRODUCTION  

The technologies for production of high-tem-
perature ceramic matrix composites (HTCMC) [1] are 
based on the most advanced scientific achievements in 
the field of materials for extreme operational 
conditions. This is just that field of materials science 
that creates demand for developing materials with 
presettable and reliable multiparameter characteristics 
for operation under extreme exposure. Such 
technologies may and should form a basis for the 
development of related technologies for many other 
fields of science and engineering (chemical sensorics, 
membrane technologies, production of current sources, 
sorbents, etc.). 

High-temperature ceramic matrix composites are 
used in aviation, ship building, rocket and space 
engineering, etc. In view of the rigid operational requi-
rements to such materials, the base range of HTCMC 
components is not too wide and limited to refractory 
metal oxides, carbides, nitrides, and silicides.  

Ceramic composite materials and their production 
and properties have been the subject of consideration 

and discussion at six “High Temperature Ceramic 
Matrix Composites” conferences organized by the 
American Ceramic Society. The last of them in New 
Delhi (India) in 2007 discussed problems concerning 
nanostructured composites at the first set-up session 
“Futuristic Composites Including Nanostructured 
Composites, Ecocomposites and Smart Concept in 
Composites.” The World Ceramic Congresses 
regularly held in Italy (the organizer is the Italian 
Ceramic Society) put much emphasis on the nano state 
of matter and materials. The use of micron- and 
submicron-size materials, specifically graphite, silicon, 
aluminum oxide, SiC, ZrC, and B4C carbides, TiB2 and 
ZrB2 borides, and silicides, primarily molybdenum 
disilicide is widely discussed [2, 3]. 

Most research effort on finely dispersed refractory 
compounds has been focused on the development of 
dense ceramic matrices (Fig. 1). At the same time, the 
synthesis of fiber–matrix interfacial layers to form 
nanostructured coatings preventing active interaction 
between the fiber and matrix, nanoparticle-modified 
fibers, as well as surface thermal barrier coatings have 
been reported. 
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«…this all gives us grounds today ... to consider as 
more actual ….the four-term formula composition–

structure–dispersity– 
property…»  

Academician I.V. Tananaev, 1976 



Analysis of publications on nanomaterials for high-
temperature composites, retrieved from the Chemical 
Abstract Plus database [4–8] shows that the number 
papers on the use of nanoparticles in high-temperature 
composites grows exponentially from year to year. 
Over 15 years (from 1990 to 2005) the number of 
publications has grown 30 times; among them more 
than 60 % falls on scientific papers and ~23 % on 
patents. However, in the body of retrieved information 
we found no specialized general review of the use of 
nanomaterials in HTCMC, even though active research 
in this field is in progress both in Russia and abroad. 

The “Nanotechnology White Book” [9] contains 
information on the research on nanoparticles, 
nanostructures, and nanocomposites, performed in 
Russia, and lists industry institutions, for instance, 
VIAM State Research Center, PROMETEY Central 
Research Institute of Structural Materials Federal State 
Unitary Enterprise (FSUE), and TEKHNOLOGIYA 
Obninsk Research and Production Enterprise FSUE, 
which declared the development and implementation 
of synthesis technologies for refractory nanosized 
compounds (metal oxides and carbides, inter-
metallides, and their composites). 

The problem in focus can be discussed and treated 
from two viewpoints. On the one hand, one of the 
rapidly progressing fields of the up-to-date HTCMC 
technology involves production of nanosized powders, 
slurries, and sols, as well as starting materials for 
matrix densification (including those for filling the 
smallest pores). Denser matrices provide more uniform 
mechanical load distribution in the resulting materials. 
Moreover, a possibity arises to produce materials at 
moderate technological parameters: The large specific 
surface area and chemical particle activity favor lower 

composite synthesis temperatures, thus preventing 
undesirable chemical reactions between matrix 
components and reinforcing fibers. It should be noted 
that the fine dispersity of nanomaterials is generally 
partly lost during the technological production of the 
target composite. 

On the other hand, a research is performed into the 
synthesis of finely dispersed refractory compounds 
which preserve their dispersity when incorporated in 
an HTCMC material and, owing to the large specific 
surface area of nanoparticles, impart the composite 
with desired properties. An example is provided by the 
preparation of nanofiber or nanocrystal dispersion–
reinforced ceramic materials. 

Here we review the use of finely dispersed re-
fractory compounds in the production of high-
temperature ceramic matrix composites and give the 
most typical examples of successful combination of 
nanomaterias and HTCMC technologies. 

Refractory Chemical Compounds as Components 
of High-Temperature Ceramic Matrix Composites 

At present we can already speak about the 
availability of nanomaterials but still to a lesser extent 
about the availability of HTCMC production nano-
technologies. Requirements to such materials, their 
production and purification conditions, and, first of all, 
structure and contents of the principal component and 
limited microimpurities are still under development.  

High-temperature ceramic matrix composites can 
be produced from refractory carbides, borides, nitrides, 
silicides, and oxides, as well as from high-melting glass 
ceramic compositions [10–13]. The melting point is not 
the only criterion for selecting composite components. 

Fig. 1. Example high-temperature ceramic matrix composite with a carbon frame and a silicon carbide matrix. 
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Account is taken of such characteristics of chemical 
activity, temperature dependence of vapor pressure, 
vapor composition, presence or absence of phase 
transitions in the operating temperature range, 
thermomechanical properties, emission coefficient at 
elevated temperatures, possible catalytic activity, etc. 

The most common starting materials for HTCMC 
are the disperse forms of silicon and carbon carbides. 
The feasibility of SiC for creating materials for 
extreme operating conditions has been evidenced by its 
long application history. Finely dispersed silicon 
carbide products of various morphology (single 
crystals, powders, needle-like whisker crystals, 
polycrystalline core and coreless fibers) possess such 
unique properties as resistance to oxidation, thermo-
stability, chemical inertness, and hardness and other 
high mechanical characteristics. At present nanosized 
SiC is a commercial product: high-dispersity powders 
(mean particle size up to 10–20 nm, specific surface up 
to 200 m2 g–1), nanotubes (diameter ~50–80 nm, length 
4–10 μm), and whickers (diameter 10 nm, length           
100 nm, specific surface area 120–140 m2 g–1) [14–
18]. This makes possible goal-directed research into 
the synthesis of HTCMC materials on the basis of 
finely dispersed silicon carbide. 

Dispersed carbon forms, primarily carbon nano-
tubes, are also attractive as components of high-
temperature composite materials. Presently a variety of 
carbon nanotubes are commercially produced: single-, 
double-, and multiwall nanotubes differing in diameter 
and physical properties (for example, themo- and 
electroconductivity) and bearing functional substi-
tuents on the surface. Many commercial catalogs [14–
18] contain a special section devoted to nanotubes, and 
their nomenclature includes tens of names. The other 
dispersed carbon forms, specifically nanofibers, 
fullerenes, and onion structures, too, attract some, but 
much less, interest as components of high-temperature 
composite materials. 

Below we consider the examples of application of 
finely dispersed refractory compounds for producing 
the key HTCMC components: reinforcing fibers, inter-
face coating, and ceramic matrix. 

Nanosized Materials in the Production  
of Reinforcing Fibers 

As known, reinforcing fibers (short or continuous) 
are capable of improving the mechanical properties of 
composite materials. In view of unique properties of 

carbon fibers (Сf), most research effort was focused on 
the development of methods for production of HTCMC 
on the basis of Сf and a carbon or a silicon carbide 
matrix, specifically Сf/С and Сf/SiC composites. With 
the advent in the market of the SiC fibers Nicalon and 
Hi-Nicalon (Nippon Carbon) and their analogs, 
researcher’s attention was turned to the synthesis and 
production technologies of SiCf/SiC and SiCf/Si3N4 
composites, as well as composites with other refract-
tory matrices, including glass ceramic ones. 

To create a domestic SiC fiber is an important task 
associated with a great number of problems to be 
solved. A technique for stabilization of polycrystalline 
SiС fibers manufactured by long-time pyrolysis of 
preceramic polymers (polycarbosilanes) at 1300–
1400°С [19]. It was found that the temperature range 
when SiC crystallites grow at a high rate can be shifted 
to 1600–1700°С by introducing refractory metal 
nanoparticles into the system. To this end, the 
polymeric precursor was modified with organic 
zirconium compounds, specifically cyclopentadienyls 
or alkylamides, which formed nanosized particles (20–
30 nm) of zirconium carbides or carbonitrides in the 
course of pyrolysis. It was noted that the use of 
zirconium tetrakis(diethylamide) as a precursor 
modifier allows one to preserve the fiber-forming 
properties of polycarbosilane, shorten the synthesis 
time, and raise the ceramics yield. According to [19], 
the development of production of nanopowders of SiC, 
BN, Si3N4, and other refractory substances can 
stimulate research into modification and perfection of 
fibers from polycarbosilanes and organic polymers 
(polyacrylonitrile, viscose). 

One-dimensional (whickers, wires, nanofibers, and 
nanotubes) and three-dimensional (spheric) crystalline 
particles of refractory compounds represent a growing 
fraction of starting materials in the modern technologies 
using HTCMC materials as reinforcing and dispersion-
strengthening elements. 

Introduction into a ceramic or a glass ceramic 
matrix of carbon nanotubes and silicon carbide 
whickers changes the properties inherent in the bulk 
materials and impart the latter with new properties. 
Thus, carbon nanotubes not only improves mechanical 
properties, but also enhances electro- and 
thermoconductivity [20]. From the practical viewpoint 
of particular interest are the anisotropic properties of 
materials with preferentially oriented nanotubes. The 
strength parameters and elasticity modulus of carbon 
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fibers produced on the basis of polyacrylonitrile doped 
with single-wall nanotubes increase no less than two 
times due to the fact that one-dimensional particles 
undergo spontaneous axial arrangement as the 
polymeric thread is stretched [20]. Ye et al. [21] 
reported that β-SiC whickers 0.5–1.0 µm in diameter 
and 30–100 µm in length changed the mechanical 
characteristics of a dispersion-strengthened barium 
silicate glass ceramics. The strength of the composite 
containing 40% of β-SiC increases 2.6 times (from 156 
to 408 MPa) and its fracture strength increases 3 times 
(from 1.40 to 4.30 MPa m1/2) compared with an 
unstrengthened glass ceramics. Filament SiC crystals 
introuced into alumina ceramics produced similar 
effects [22]. Moreover, as the fraction of SiC whickers 
increased, the thermo-conductivity of the material 
increased and its electroresistance and thermal 
expansion coefficient decreased. 

Nanosized Materials for Interface Coatings 

Dense coatings on reinforcing fibers, functioning to 
minimize fiber–matrix interactions and effect of 
aggressive gas meadia, are most commonly manu-
factured by means of chemical vapor infiltration 
(CVI), polymer impregnation and pyrolysis (PIP), and 
sol–gel technique. The latter method is primarily used 
for coating oxide fibers, such as Nextel 720 (on the 
basis of α-Al2O3 and mullite [23]). Chemical vapor 
infiltration processes make use of gaseous reagents or 
reagent mixtures which form a target compound, 
including silicon carbide, its compositions, or pyrolytic 
carbon, upon thermolysis on hot fiber frames [24, 25]. 
This technique provides fairly dense layers enhancing 
matrix adhesion to fiber surface and hindering frame–
filler interactions. 

Nanosized Materials in the Production  
of Ceramic Matrices  

for High-Temperature Ceramic Matrix Composites 

The methods for filling HTCMC frames with finely 
dispersed refractory particles can be arbitrarily divided 
into two types: 

(1) methods involving nanoparticle formation in 
bulk materials due to destruction (hydrolysis or 
thermolysis) of precursors: sol–gel technique, CVI and 
CVD, melting-through of or impregnation with a 
polymeric reagent, followed by thermolysis; 

(2) methods involving prefabricated finely dis-
persed materials (powders, suspensions, or sols): slip 
processes, NITE process (vide infra), subsurface 

densification, and production of oxidation-resistant 
coatings. 

The sol–gel technique is most commonly used for 
forming nanoparticles of refractory substances directly 
in composite bulk [26]. The in situ synthesis of a 
refractory matrix by the sol–gel procedure involves 
impregnation of a composite with a certain reagent 
mixture and hydrolysis with gel formation followed by 
thermal treatment to form oxide nanoparticles (refract-
tory matrix components) or chemically active starting 
metal oxide–carbon mixtures for subsequent carbo-
thermy. A characteristic feature of this technique is that it 
also makes it possible, if right precursors and hydrolysis 
and thermal treatment conditions are chosen, to syn-
thesize individual nanomaterials, including aerogels. 

The synthesis of ceramic matrices by chemical 
infiltration has much in common with the manufacture 
of ceramic fibers, except that polycarbosilanes or other 
precursor polymers imregnate into bulk composite 
between reinforcing fibers, where they undergo 
stepwise cross-linking and thermodestruction to form a 
nanocrystalline ceramic matrix [27]. 

As to prefabricated finely dispersed ceramic 
materials, they are in a high demand for the production 
of dense ceramic matrices. These products are syn-
thesized by usual methods for forming dispersion 
phases: chemical precipitation, hydrothermal [28–33] 
and sol–gel techniques, vapor deposition, self-developing 
synthesis, etc. In particular, the hydrothermal technique 
was used to synthesize in aqueous medium nano-
dispersions of the refractory oxides ZrO2 and HfO2, as 
well as pyrochlore phases (La2Zr2O7, La2Hf2O7, 
Nd2Zr2O7, etc.) with the mean particle diameter 4–20 nm 

Fig. 2. Electron microphotograph of the La2Zr2O7 powder 
obtained by hydrothermal synthesis [43]. (Insert) Nano-
particle diffraction. 
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[33, 43] (Fig. 2). The technique allows preparation of 
well-formed crystals with a narrow particle size 
distribution: The size can be varied by varying synthesis 
conditions (рН, temperature, time of thermal treatment). 
Zirconates and hafnates of rare-earth metals, including 
lanthanum and neodymium, have high melting points and 
are chemically stable. They are suggested as candidate 
components of refractory coatings and matrices [34–37]. 

A series of ultrafine refractory oxides, carbides, 
borides, and nitrides were synthesized in plasma in an 
atmosphere of methane, nitrogen, and other gases               
[38–41]. 

Sychev and Merzhanov [42] have reviewed the use 
of self-propagating high-temperature synthesis of 
nanomaterials, both oxide, including those of complex 
composition (for example, an Al2O3-ZrO2 solid 
solution), and non-oxide (carbides, silicides, and 

nitrides). One of the modifications of this technique 
was used to synthesize the refractory compounds 
La2Zr2O7, La2Hf2O7, Nd2Zr2O7, and Nd2Hf2O7 from 
polymeric salts of zirconium and lanthanum organic 
acids in the presence of ammonium nitrate [43]. In the 
course of the synthesis, a self-organizing structure is 
formed; nanoparticles 20–40 nm in diameter 
(according to X-ray phase analysis, the mean 
crystallite size is 4–8 nm) form ordered thin folded 
films (Fig. 3).  

The sol–gel technique is a classical approach to 
preparing finely dispersed particles, it allows synthesis 
of refractory oxides, both individual and of complex 
composition, including glass-forming. This technique 
was used to synthesize nutride, carbide, and boride 
nanocrystals [44–46]. For controlled morphology of 
refractory particles obtained by the sol–gel technique, 
template synthesis on various carriers, such as carbon 
nanotube surface [47, 48] or mesoporous material 
pores, and also synthesis involving preservation of the 
morphology of the starting reagent [49, 50] are 
performed (Fig. 4). The synthesis of nanosized 
composites on the surface of finely dispersed refract-
tory carbides or carbon nanotubes is accompanied by a 
modification of the chemical properties of the 
matrices. Thus, for example, the oxidative stability of 
carbon nanotubes is much enhanced by SiC layers 
applied by the sol–gel technique [47]. 

A homological series of promising starting reagents 
of the stoichiometric composition a(SiCl4):bSi:cC:               
d(SiC) for producing silicon, silicon carbide, or carbon 
nanoparticles from the gas phase was suggested [51, 
52]. The thermolysis of a precursor, specifically 
gaseous tetrakis(trichlorosilyl)methane C(SiCl3)4, at 
600°С under argon gave fine particles of amorphous 

Fig. 3.  Morphology of the neodymium hafnate nanoparticles synthesized by pyrolysis of organic acid salts [43]. 

Fig. 4. Morphology of the silicon carbide material syn-
thesized using multiwall nanotubes [49]. 
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SiC, while the reaction at 700–900°С gave β-SiC with 
a mean crystallite size of 2–6 nm. 

Ultrafine refractory particles have found application 
in up-to-date HTCMC technologies, primarily in 
dynamic slip densification of ceramic matrices. The 
higher efficacy of nanoparticles com-pared with 
traditional powders is explained by the capacity of the 
former to fuse under milder conditions and to fill 
smaller size voids in bulk material, and, as a 
consequence, to provide a minimum open porosity 
[53–56]. 

Finely dispersed refractory compounds, especially 
glass-forming, are used for densifying HTCMC sub-
surface layer and for producing oxidation- and erosion-
resistant coatings [57]. Additional densification of 
HTCMC subsurface with fullerenes by means of gas-
phase silicification of the latter (silicon vapor, CVI-
CVD silicon precursors), forming a dense silicon car-
bide protective layer which sharply enhanced the oxi-
dative stability of the material, was suggested in [58]. 

The progress in manufacturing technologies of SiC 
nanopowders resulted in the development of a 
nanopowder infiltrated transient eutectic phase (NITE) 
process for the synthesis of a dense SiC/SiC composite 
on the basis of silicon carbide fibers [59–62]. The 
essence of the technique is as follows. Silicon carbide 
nanopowders (mean particle diameter <30 nm) are 
ground together with about 10–20 wt % of a mixture of 
yttrium and aluminum oxides {n(Al):n(Y) = 5:3, which 
corresponds to the stoichiometry of yttrium–aluminum 
garnet Al5Y3O12) and then subject to hot pressing 
(temperature 1800–1950°С, pressure 15–20 MPa). 
Under these conditions, an Al2O3–Y2O3–SiO2 liquid 
phase is formed at SiC grain interfaces (SiO2 is formed 
due to partial surface oxidation of SiC particles). The 
melt film favors mobility of matrix nanoparticles and 
controls their orientation in bulk material due to 
capillary forces. By varying HTCMC manufacturing 
conditions, primarily the temperature of the process 
and the SiO2 content on the SiC surface, almost 
nonporous composites can be obtained: On cooling, 
either Al5Y3O12 crystallizes in the intergrain and 
interfilament space or a thin amorphous film forms on 
the SiC grain interface. The density of the resulting 
oxide-doped silicon carbide matrices is close to 
calculated values. 

At present KJTD (Japan) produces SiC/SiC plates, 
blocks, tubes, and cylinders (Fig. 5) by the NITE 
process from Tyranno-SATM fibers. The density of 

these materials (trade mark Cera-NITE) is 3 g cm–3, 
they exhibit good mechanical characteristics (stress 
limit 400 MPa, elasticity modulus 310 GPa) and 
resistance to oxidation [63]. 

CONCLUSIONS 

The works on synthesis, properties, and application 
of finely dispersed refractory compounds for manu-
facturing high-temperature ceramic matrix composites 
are mostly focused on the development of heat- and 
oxidation-resistant materials for operation in extreme 
conditions. 

For progress in the use of nanomaterials in 
HTCMC manufacturing technologies, a number of 
problems have to be solved. To this end, research in 
the following directions should be continued.  

– Development of synthetic approaches to 
nanosized refractory compounds, study of the chemical 
and physical properties of the latter and possible 
transformations during composite synthesis and 
exploitation, and determination of functionally signi-
ficant performance characteristics of nanomaterials 
(dispersity, structure, contents of principal component 
and limited microimpurities, sorption parameters, 
stability, catalytic properties, emission coefficient at 
elevated temperatures, etc.). 

– Development of composite synthesis methods 
involving ultrafine materials (powders, suspensions, 
and sols). 

– Search for novel precursors for nanoparticle 
generation in bulk composite by means of the sol–gel 
technique and polymer melting-through or impreg-
nation followed by thermolysis. 

Fig.  5. Cross-section of a Cera-NITE SiC/SiC high-tem-
perature composite material [63]. 
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– Creation of a domestic base of nanomaterial 
components for HTCMC applications, including 
silicon carbide, nanosized carbon forms, and refractory 
metal oxides, carbides, borides, nitrides, and silicides 
in various forms (micropowders and sols), as well as 
nanomaterial precursors and auxiliary reagents 
(starting reagents, solvent, etc.). 

Effects of ultrafine components on the properties of 
composite materials and correlations between particle 
properties and size, as well as surface chemical and 
physical phenomena undeniably necessitate further 
detailed investigations, and their results will be im-
plemented in high-performance construction materials 
for aviation, rocket and space, ship and reactor building, 
and chemical industries. 

REFERENCES 

  1. Dictionary of Ceramic Science and Engineering, 
 McColm, I.J., Ed., New York: Plenum, 1994, 2nd ed. 
  2. Proc. 5th Int. Conf. on High Temperature Ceramic 
 Matrix Composites (HTCMC 5), Westerville, Ohio: 
 American Ceramic Society, 2005. 
  3. Abstracts of Papers, 6th Int. Conf. on High Temperature 
 Ceramic Matrix Composites (HTCMC-6). Advanced 
 Ceramic Materials and Technologies for 21st Century 
 (ACMT-2007), New Delhi, India, 2007. 
  4. Efremenkova, V.M. and Krukovskaya, N.V., Nauch.-
 Tekh. Inf., Ser. 1, 2007, no. 12, pp. 24–29. 
  5. Efremenkova, V.M., Nesterova, E.N., and Khutorets- 
 kii, V.M., Ibid., 2000, no. 7, pp. 29–45. 
  6. Efremenkova, V.M. and Khutoretskii, V.M., Ibid., 2000, 
 no. 10, pp. 21–34. 
  7. Efremenkova, V.M. and Sevast‘yanov, V.G., Ibid., 
 2004, no. 9, pp. 16–27. 
  8. Efremenkova, V.M., Krukovskaya, N.V., and Yaki- 
 mov, V.I., Ibid., 2005, no. 8, pp. 20–38. 
  9. Belaya kniga po nanotehnologiyam: Issledovaniya v 
 oblasti nanochastits, nanostruktur i nanokompozitov v 
 Rossiiskoi Federatsii (po materialam Pervogo Vseros. 
 soveschaniya uchenyh, injenerov i proizvoditelei v 
 oblasti nanotehnologii) {Proc. 1st Russian Meeting of 
 Researchers, Engineers, and Producers in the Field of 
 Nanotechnologies (The White Book on Nano-
 technologies: Research on Nanoparticles, Nanostruc-
 tures, and Nanocomposites in the Russian Federation)}, 
 Moscow: LKI, 2008. 
10. Parthasarathy, T.A., Zawada, L.P., John, R., Cini-        
 bulk, M.K., Kenars, R.J., and Zelina, J., Int. J. Appl. 
 Ceram. Technol., 2005, vol. 2, no. 2, pp. 122–132. 
11. Kelly, M.J., Wolfe, D.E., Singh, J., Eldridge, J., Zhu, D.-M., 
 and Miller R., Ibid., 2006, vol. 3, no. 2, pp. 81–93. 

12. Schmidt, S., Beyer, S., Immich, H., Knabe, H., 
 Meistring, R., and Gessler, A., Ibid., 2005, vol. 2, no. 2, 
 pp. 85–96. 
13. Simon, R.A., Ibid., 2005, vol. 2, no. 2, pp. 141–149. 
14. Alfa Aesar On-Line Catalog, Johnson Matthey, USA, 
 URL: http://www.alfa-chemcat.com/onlinecatalo-gue/
 online-catalogue.asp. 
15. International Laboratory Catalog, URL: http://
 www.intlab.org/search_frame.asp. 
16. Strem Chemicals Catalog, URL: http://www.strem.com/
 code/index.ghc. 
17. Nanomaterials Sigma–Adrich Catalog, URL: http://
 www.sigmaaldrich.com/catalog/search/TablePa-ge/ 
 9539469. 
18. Nanostructured and Amorphous Materials Nanoamor 
 Catalog, URL: http://www.nano-amor.com/products. 
19. Storozhenko, P.A., Tsirlin, A.M., Gubin, S.P., Gusei-
 nov, Sh.L., Florina, E.K., Shcherbakova, G.I., Shema- 
 ev, B.I., an Izmailova, E.A., Krit. Tekhnol. Membrany, 
 2005, vol. 28, no. 4, pp. 68–74. 
20. Rakov, E.G., Nanotrubki i fullereny: Uchebnoe posobie 
 (Nanotubes and Fullerenes: A Textbook), Moscow: 
 Universitetskaya Kniga, 2006. 
21. Ye, F., Zhou, Y., Lei, T.C., Yang, J.M., and Zhang, L.T., 
 J. Mater. Sci., 2001, vol. 36, no. 10, pp. 2575–2580. 
22. Bunsell, A.R., Handbook of Ceramic Composites, 
 Bansal, N.P., Ed., Boston: Kluwer Academic, 2005,    
 pp. 3–31. 
23. Tiegs, T., Ibid., pp. 307–324. 
24. RF Patent 2130509, 1999. 
25. US Patent 6197374, 2001. 
26. Brinker, J.C. and Scherer, G.W., Sol-gel Science: The 
 Physics and Chemistry of Sol–Gel Processing, San 
 Diego: Academic, 1990. 
27. Ceramic Matrix Composites. Fiber Reinforced 
 Ceramics and their Applications, Krenkel, W., Ed., 
 Weinheim: WILEY–VCH, 2008, pp. 165–186. 
28. Hong, L., Chen-Lung, F., and Jia-Nian, G., J. Mater. 
 Sci., 1996, vol. 31, no. 9, p. 2339–2343. 
29. Dell‘Agli, G., Esposito, S., Mascolo, G., Mascolo, M.C., 
 and Pagliuca, C., J. Eur. Ceramic Soc., 2005, vol. 25, 
 no. 12, pp. 2017–2021. 
30. Piticescu, R.M., Piticescu, R.R., Taloi, D., and Badilita, V., 
 Nanotechnology, 2003, vol. 14, no. 2, pp. 312–317. 
31. Maksimov, V.D., Meskin, P.E., and Churagulov, B.R., 
 Inorg. Mater., 2007, vol. 43, no. 9, pp. 988–993. 
32. Meskin, P.E., Gavrilov, A.I., Maksimov, V.D., Iva-         
 nov, V.K., and Churagulov, B.P., Russ. J. Inorg. Chem., 
 2007, vol. 52, no. 11, pp. 1648–1656. 
33. Ignatov, N.A., Sevastyanov, V.G., Simonenko, E.P., and 
 Kuznetsov, N.T., Abstracts of Papers, The Eleventh Int. 
 Conf. on Plasma Surface Engineering PSE 2008, 
 Garmisch-Partenkirchen, Germany, 2008, p. 585. 

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  80   No.  3   2010 

KUZNETSOV et al. 664 



34. Clarke, D. and Phillpor, S., Mater. Today, 2005, vol. 8, 
 no. 6, pp. 22–29. 
35. Leckie, R.M., Kramer, S., Ruhle, M., and Levi C.G., 
 Acta Mater., 2005, vol. 53, no. 11, pp. 3281–3292. 
36. RF Patent 2322425, priority 07.09.2006. 
37. Choi Sung, R., Bansal Narottam, P., and Zhu 
 Dongming, Ceram. Eng. Sci. Proc., 2005, vol. 26, no. 3, 
 pp. 11–19. 
38. Guo, J.Y., Gitzhofer, F., and Boulos, M. I., J. Mater. 
 Sci., 1995, vol. 30, no. 22, pp. 5589–5599. 
39. Wan, J., Duan, R.-G., and Mukherjee, A.K., Scripta 
 Mater., 2005, vol. 53, no. 6, pp. 663–667. 
40. Sato, T. and Kaito, C., Surf. Rev. Lett., 2003, vol. 10, 
 nos. 2–3, pp. 435–442. 
41. Blinkov, I.V. and Manukhin, A.V., Nanodispersnye i 
 granulirovannye materialy, poluchaemye v impul‘snoi 
 plazme (Nanodispersed and Ganulated Materials 
 Obtained in Pulse Plasma), Moscow: Mosk. Inst. Stali 
 Splavov, 2005. 
42. Sychev, A.E. and Merzhanov, A.G., Usp. Khim., 2004, 
 vol. 73, no. 2, pp. 157–170. 
43. Kuznetsov, N.T., Tsivadze, A.Yu., Sevast‘yanov, V.G., 
 Simonenko, E.P., Ignatov, N.A., and Pavelko, R.G., 
 Belaya kniga po nanotekhnologiyam, Trudy 2 
 Vserossiskogo soveshchaniya uchenykh, inzhenerov, 
 promyshlennikov i proizvoditelei v oblasti nanotech-
 nologii {Proc. 2nd Proc. Russian Meeting of 
 Researchers, Engineers, and Producers in the Field of 
 Nanotechnologies (The White Book on Nano-
 technologies)}, Moscow: LKI, 2008, p. 11; Sevas-
 t‘yanov, V.G., Simonenko, E.P., Ignatov, N.A., 
 Pavelko, R.G., and Kuznetsov, N.T., Kompoz. 
 Nanostrukt., 2009, no. 1, pp. 50–59. 
44. Hector, A.L., Chem. Soc. Rev., 2007,vol. 36, pp. 1745–
 1753. 
45. RF Patent 2333888, priority 06.04.2007. 
46. Simonenko, E.P., Ignatov, N.A., Ezhov, Yu.S., and 
 Sevast‘yanov, V.G., Perspektivnye materialy i tekh-
 nologii dlya raketno-kosmicheskoi tekhniki (Promising 
 Materials and Technologies for Rocket and Space 
 Technics), Berlin, A.A. and Assovskii, I.G., Eds., 
 Moscow: Torus, 2007, pp. 210–216. 
47. RF Patent 23505800, priority 03.04.2008. 
48. Morisada, Y., Miyamoto, Y., Takaura, Y., Hirota, K., 
 and Tamari, N., Int. J. Refract. Met. Hard Mater., 2007, 
 vol. 25, no. 4, pp. 322–327. 

49. Sevast‘yanov, V.G., Pavelko, R.G., and Kuznetsov, N.T., 
 Khim. Tekhnol., 2007, no. 1, pp. 12–17. 
50. Kuznetsov, N.T., Sevast‘yanov, V.G., Simonenko, E.P., 
 and Ignatov, N.A., Belaya kniga po nanotekhnologiyam, 
 Trudy 2 Vserossiskogo soveshchaniya uchenykh, 
 inzhenerov, promyshlennikov i proizvoditelei v oblasti 
 nanotekhnologii {Proc. 2nd Proc. Russian Meeting of 
 Researchers, Engineers, and Producers in the Field of 
 Nanotechnologies (The White Book on Nano-
 technologies)}, Moscow: LKI, 2008, p. 18. 
51. Sevast‘yanov, V.G., Ezhov, Yu.S., Pavelko, R.G., and 
 Kuznetsov, N.T., Neorg. Mater., 2007, vol. 43, no. 4, 
 pp. 432–436. 
52. RF Patent 2339574, priority 12.02.2007. 
53. Wang, X., Lan, W.H., and Xiao, P., Thin Solid Films, 
 2006, vol. 494, no. 1-2, pp. 263–267. 
54. Lan, W. and Xiao, P., J. Am. Ceram. Soc., 2006, vol. 89, 
 no. 5, pp. 1518–1522. 
55. Lan, W. and Xiao, P., Ibid., 2007, vol. 90, no. 9,                
 pp. 2771–2778. 
56. Lan, W. and Xiao, P., J. Eur. Ceram. Soc., vol. 27, no. 10, 
 pp. 3117–3125. 
57. Kuznetsov, N.T., Sarkisov, P.D., Rybin, V.V., 
 Sevast‘yanov, V.G., Orlova, L.A., Simonenko, E.P., and 
 Gordeev, A.N., Abstracts of Papers, XX Vserossiiskoe 
 soveshchanie po temperaturoustoichivym funktsi-
 onal‘nym pokrytiyam (XX Russian Meeting on 
 Temperature-Resistant Functional Coatings), St. 
 Petersburg, 2007, pp. 49–50. 
58. RF Patent Application 2007115603 of 26.04.2007. 
59. Kasuya, S., Masao, E., Lee, J.K., Park, J.S., Tatsuya, H., 
 and Akira, K., Proc. 5th Int. Conf. on High Temperature 
 Ceramic Matrix Composites (HTCMC 5), Westerville, 
 Ohio: The American Ceramic Society, 2005, pp. 101–
 106. 
60. Kazuya, S., Park, J.-S., Tatsuya, H., and Akira, K., 
 Ceram. Eng. Sci. Proc., 2006, vol. 27, no. 5, pp. 19–27. 
61. Park, J.-S., Akira, K., Tatsuya, Y., et al., J. Nucl. 
 Mater., 2007, vols. 367–370, no. 1, pp. 719–724. 
62. Kishimotoa, H., Ozawab, K., Hashitomia, O., and 
 Kohyama, A., Ibid., 2007, vol. 367–370, no. 1, pp. 748–
 752. 
63. http://www.kjtd-indes.com/products/cera_nite/index.html. 

FINELY DISPERSED REFRACTORY COMPOUNDS  

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  80   No.  3   2010 

665 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


