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1) Directed selection of materials,
2) Development of methods for synthesizing high-temperature materials

2



Interaction between Components with a Blunt and Sharp Edges and 
High-enthalpy High-Speed Dissociated Airflow

R – dozens of centimeters (Shuttle) R – from millimeters to fraction
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Requirements for Ultra-High-Temperature Composites

− High melting points

− High phase stability in a wide temperature range

− High oxidation stability including with atomic oxygen
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− Low catalytic activity in the reactions of surface recombination

− Sufficiently high thermal conductivity

− High emissivity

− Sufficiently good mechanical properties



Refractory Components of Modern Construction 
Ceramomatrix Materials and Coatings 

Carbon Carbon materialsCarbon materials

Oxides SiOSiO22, TiO, TiO22, Al, Al55YY33OO1212, Al, Al22OO33, Y, Y22OO33, , 

HfOHfO22, ZrO, ZrO22, , 

LnLn22ZrZr22OO77, Ln, Ln22HfHf22OO77,, ZrOZrO22--HfOHfO22--YY22OO33

Carbides BB44C, SiC, C, SiC, TiCTiC,      ,      ZrCZrC,     ,     HfCHfC, TaC,, TaC,

TaTa44ZrCZrC55, Ta, Ta44HfCHfC55TaTa44ZrCZrC55, Ta, Ta44HfCHfC55

Nitrides SiSi33NN44, BN, BN

Silicides TaSiTaSi22,, HfSiHfSi22, , ZrSiZrSi22, MoSi, MoSi22

Borides TiBTiB22,, ZrBZrB22, HfB, HfB22

17001700°°CC ~4000~4000°°CC
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Properties of Refractory Compounds

1Decomposition, 2Ihere are the phase transitions up to Tm

ρ – density
Tm – melting point 

λ – thermal conductivity
LCTE – linear coefficient of thermal expansion
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Oxidation of Materials Based on the ZrB2 and HfB2

ZrB2(s)+ 5/2O2(g) = ZrO2(s)+ B2O3(l)

+SiC (>1000-1200°C):

[M. Playez, Fletcher D.G., Marschall J. et al. // J. Thermophys. Heat 
Transfer. 2009. V. 23. №2. P. 279.]

SiC(s) + 3/2O2(g) = SiO2(l) + CO(g)

SiO2(l) + B2O3(l) ⇒ viscous 
borosilicate glass
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Oxidation of Materials ZrB2(HfB2)/SiC:
Formation of Multilayer Oxidized Region

Microstructure of the cut material ZrB2‒30vol.%SiC (a) and the map of element distribution: 
O (b), Si (c), Zr (d) after its oxidation at 1500°C during 30 min.
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[Fahrenholtz W.G. // J. Am. Ceram. Soc. 2007. V. 90. №1. P. 143]



The introduction of the ultra-refractory carbides in the CM composites leads to:
- The inhibition of HfB2(ZrB2) grain growth in the process of UHTC obtaining (T~1900-22000C).
- The modification of the protective borosilicate glass composition, resulting on UHTC oxidation.
- The difficulty of the oxygen diffusion into the materials due to the oxycarbides formation.
-The optimization of mechanical properties.

Ultra-refractory carbides

High Tm, more refractory glass, the
increased oxidation resistance (due to the
oxycarbideformation), the inhibition of

TaC

HfC 
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Scheme of a multi-layered defense 
system on the Cf/C – composite surface

The glass modification (the increase of
liquation phenomenon probability),
improvement of mechanical properties,
the stabilization of HfO2(ZrO2), formed
in the oxidation

oxycarbideformation), the inhibition of
diboride grain growth, improvement of
mechanical properties

HfC 

ZrC 

TiC  -



Silicon carbide
The use of nanosized SiC in obtaining UHTC HfB2(ZrB2)/SiC leads to:

1. The improvement of the sintering process of CM.
2. The increasing of the oxidative stability of CM.

3. The optimization of the mechanical properties of CM.
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The residual strength of the
composites ZrB2/20SiCP and
ZrB2/20SiCnp (with nanoparticles SiC,
black markers) depending on the
temperature difference.

The relative density (a) and hardness (b) for samples obtained by
pressing, followed by sintering at 22000C (1 hour), depending on
the SiC content: red markers –nanosized SiC, black markers-
microsized SiC



Partial stabilization of the ZrO2 and HfO2, obtaining at the ZrB2 and HfB2

oxidation, by adding of the REE oxides or borides to the oxide charge to improve 
adhesion of the oxidized layer to the massive part of the sample

+Ln2O3, 
LnB6, other 
stable oxides

Jin X., He R., Zhang X. et al. // J. Alloys Compd. 2013. V. 566. P. 125.
Zhang X., Hu P., Han J. et al. // Compos. Sci. Technol. 2008. V. 68. P. 1718.

Exfoliation of oxides part
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stable oxides
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The distribution of publication on CM ZrB2(HfB2)/SiC 
countries (SciFinder, STNInternational)
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METODS OF ZrB2/SiC СM PREPARATION

   B2O3   +  C        
           ���                
�������������   ZrB2  +  SiC  +  CO 

   B2O3   +  C        
          �	.��	.            
�������������   ZrB2  +  SiC  + ZrC 

ZrSO4      + 

   B2O3   +  Al  +  C  
        �/�,   �	/�       
�������������   ZrB2  +  SiC  +Al2O3 

   B       +  C  +  Mg  
            ���              
������������   ZrB2  +  SiC  +  MgO 

  

   B2O3   +  SiO2  +  C  
        �/�,   �/�       
������������   ZrB2  +  SiC  +  CO 

 

   B4C   +  Si  +  C  
            ���             
������������   ZrB2  +  SiC  + ZrC 

Zr      + 

   B4C   +  Si     
            ���              
������������   ZrB2  +  SiC  +  ZrC 

 

   SiO2  +  C    
                �/�           
������������   ZrB2  +  SiC  +  CO 

ZrB2      + 

                �/�           
������������
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   B2O3   +  SiO2  +  C  
        �/�,   �/�       
������������   ZrB2  +  SiC  +  CO 

ZrO2      + 

   B4C   +  C       
         �/�,   �/�          
��������������   ZrB2  +  SiC  +  CO 

������������

ZrB2      + 

   [-(SrHMe – CH2)n-]  
                �/�           
������������   ZrB2  +  SiC  +  H2 

   SiC   
                 �/�           
�������������   ZrB2  +  SiC   

ZrSi2  +  B4C  +  C      
         �/�,   �/�           
��������������    ZrB2  +  SiC  +  CO   

 

Zr(OR)4  +  Si(OR)4  +  B2O3  +  C      
         �.−�.,   �/�           
���������������   ZrB2  +  SiC  +  CO  +  ROH 

 



SPS Synthesis of the UHTC HfB2/xSiC

Series Content SiC, 

vol. %

Density, 

g/cm3

Porosity, %

Parameters of surface 

roughness, µm

Ra RyRa Ry

1 25 6,1±0,2 29±3 0,71 3,93

2 35 5,6±0,2 28±2,5 0,64 4,68

3 45 5,9±0,1 18±1,5 1,58 6,24

Sevast’yanov V.G., Simonenko E.P., Gordeev A.N., Simonenko N.P., Kolesnikov A.F., 
Papynov E.K., Shichalin O.O., Avramenko V.A., Kuznetsov N.T. // Russian Journal of Inorganic 

Chemistry, 2013, Vol. 58, No. 11, pp. 1269–1276
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Study of UHTC HfB2/SiC (10-45 vol.% SiC) Behavior 
under the Action of the Dissociated Airflow

Test Mode
Power of the anode supply of plasmotron 45-64 kW 

(for some samples 72 kW short);
Pressure in the pressure chamber of plasmotron 
1-1,6·10-2 MPa (for some samples 2·10-2 MPa)

Enthalpy of a stream: 28,2-35,3 MJ/kg
Diameter of the nozzle: 30 mm
Distance to the sample: 30 mm

The HfB /SiC sample enshrined in the holderThe HfB2/SiC sample enshrined in the holder

The appearance of the plasmotron work
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Study of the Behavior of UHTC HfB2/xSiC 
under the Action of Dissociated Airflow (x=10‒45vol.%)

The temperature change of the sample surface of HfB2-SiC ceramics (15 vol.% SiC) in 
microdomains 1 and 2 in the experiment, and the thermoimages of the samples a surface in 

different time (according to the spectral pyrometer data)
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Study of the Behavior of UHTC HfB2/xSiC 
under the Action of Dissociated Airflow (x=10‒45vol.%)

Emission spectroscopy of the boundary 
layer above the sample

Thermoimages of the sample surface under the high-
enthalpy air stream action, and the study of their 

microstructure and composition

X-ray analysis of various parts of the surface 
after the action

Changes in the Changes in the 
composition and the 
microstructure of the 
HfB2/SiC sample 
surface with 
prolonged action by 
high-enthalpy air 
stream
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Preparation of Nanocrystalline Refractory Carbides –
TiC, ZrC, HfC, TaC, Ta4ZrC5, Ta4HfC5

Synthesis of precursors -
alkoxides and 

alkoxoacetylacetonates of 
metals

Hydrolysis and gelation in 
the presence of polymeric 

carbon source

Temperature of monophase
simple synthesis

Microstructure (TEM) of the complex 
carbide Ta4HfC5 obtained at 1200°C

Drying of gel and preliminary 
thermal treatment→ the resin 

pyrolysis and formation of 
highly dispersed 
system «MOx–C»

Carbothermal synthesis at 
moderate temperatures and 

reduced pressure

The scheme of hybrid synthetic 
method for nanocrystalline 

refractory carbides

The size of crystallites (a) and size of particles according TEM 
(b) of the refractory metal carbides synthesized at 1200 and 1400°C

Microstructure of the cut composite material Cf /C-TiC and the 
distribution thereon of titanium and carbon
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Highly Dispersed Refractory Metal Carbides TaC, TiC, ZrC, HfC, 
TaC-ZrC, TaC-HfC as Components for Boride Ceramic Modification

TaC TiC ZrC HfC Ta4HfC5 Ta4ZrC5

T, °C L, nm
(XRD) 

d, nm
(TEM) 

L, nm
(XRD) 

d, nm
(TEM) 

L, nm
(XRD) 

d, nm
(TEM) 

L, nm
(XRD) 

d, nm
(TEM) 

L, nm
(XRD) 

d, nm
(TEM) 

L, nm
(XRD) 

d, nm
(TEM) 

1200 6±2 30±10 8±2 13±2 5±2 17±3 8±3 16±4 10±2 14±3 9±3 11±4 
1400 8±3 60±20 9±2 17±2 8±2 22±5 11±3 26±8 18±6 13±3 10±2 15±3 

Microstructure of the 
particle surface
HfO2-Ta2O5-C

X-ray diffraction pattern
of the complex carbide 

Ta4HfC5

TEM of the Ta4HfC5

synthesized
at T=1400°C
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Highly Dispersed Refractory Metal Oxides as Components 
of Composite Materials
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GLYCOL-CITRATE METHOD 
(PECHINI METHOD)

Aqueous 
solution of 
citrate salts

Citrate salts 
+ excess 
NO3

--ion

Citrate salts
+ NH4NO3, 

pH=5

Viscous 
reaction 
system

Concentrated 
HNO3

Neutralization 
by NH3·H2O Evaporation

Citrate acid 
C6H8O7

Ethylene glycol 
C2H4(OH)2
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citrate salts

Nanostructured 
oxide powder, 

98-99%

NO3 -ion

Solid state 
with residual 

carbon

pH=5

Resinous and 
gel system

system

Low-viscous 
reaction 
system

Reaction 
polymeric 
systems

Heating at 
700-850°C

Activation of 
combustion 
process at 
250-300°C

Heating at 
140-200°C

Evaporation 
at 70°C
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Ways to Improve the Target Properties of CM 

1. Variation of the chemical composition of the CM:
- The ratio of Zr(Hf)B2:SiC;
- Substitution of the SiC by alternative glass-forming compounds - Si3N4, TaC, MoSi2, 

TaSi2 and others;
- Partial substitution of the Zr(Hf)B2 for TaB2, NbB2, VB2 and others the oxides of which 

do not cause phase separation;
- Introduction in the charge the refractory oxide systems with low steam pressure and 

without phase transition over a wide temperature range;
- Introduction of the refractory metals, for example, iridium.- Introduction of the refractory metals, for example, iridium.

2. Establishment of dispersity effect of an initial powders on operation 
characteristics. The development of effective synthesis methods for refractory 
components of the CCM - SiC, ZrC-TaC, TaC, TaC-HfC and others.

3. Establishment of ceramic materials porosity effect on their practicality in 
the conditions of aerodynamic heating by dissociated airflow.
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