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Abstract: The method of fabricating dense ultra-high temperature ceramic materials ZrB2–HfB2–SiC–
CCNT was developed using a combination of sol-gel synthesis and reaction hot pressing approaches at
1800 ◦C. It was found that the introduction of multilayer nanotubes (10 vol.%) led to an increase in the
consolidation efficiency of ceramics (at temperatures > 1600 ◦C). The obtained ZrB2–HfB2–SiC and
ZrB2–HfB2–SiC–CCNT materials were characterized by a complex of physical and chemical analysis
methods. A study of the effects on the modified sample ZrB2–HfB2–SiC–CCNT composition speed
flow of partially dissociated nitrogen, using a high-frequency plasmatron, showed that, despite the
relatively low temperature established on the surface (≤1585 ◦C), there was a significant change in
the chemical composition and surface microstructure: in the near-surface layer, zirconium–hafnium
carbonitride, amorphous boron nitride, and carbon were present. The latter caused changes in crucial
characteristics such as the emission coefficient and surface catalyticity.

Keywords: UHTC; carbon nanotubes; CNT; borides; SiC; induction plasmatron

1. Introduction

Ceramic materials based on zirconium and hafnium diborides, modified with silicon
carbide, are of great interest to the scientific community as promising options for use in ex-
treme operating conditions–under high mechanical and thermal loads, including conditions
involving aerodynamic heating to temperatures >2000 ◦C by high-speed air flows [1–6].
This is due to the high melting temperatures of both the initial components ZrB2, HfB2,
and SiC and their oxidation products ZrO2 and HfO2, the increased thermal conductivity
of metal diborides, as well as the good mechanical properties of the materials (in par-
ticular, high hardness and strength). The optical properties also allow the materials on
which they are based to be considered as components of alternative energy devices [7–11].
The formation of a protective borosilicate glass layer during oxidation, which prevents
rapid degradation of deeper ceramic layers, leads to the fact that materials based on zirco-
nium/hafnium diborides and silicon carbide can withstand even long-term exposure to
high-speed dissociated air flows at surface temperatures of up to 2500 ◦C [12–20].

Nevertheless, ultra-high-temperature ceramic materials (UHTC) of ZrB2(HfB2)–SiC
composition have their own drawbacks: in particular, they are characterized by low fracture
resistance and heat resistance, which significantly limits the prospects of their application
in nodes requiring high reliability, as well as involving cyclic heating with large drops
in temperature.
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One way to improve material properties is to use solid solutions based on these phases,
instead of individual zirconium or hafnium diborides, including so-called high-entropic
compositions [21–23]. In this aspect, in [24] it was found that the introduction of HfB2
improved the free sintering at temperatures of 2100–2150 ◦C of ZrB2–SiC ceramic material
(in the presence of B4C and MoSi2); in this case, a solid solution (Zr,Hf)B2 is formed. In
the paper [25], it was shown that partial substitution of ZrB2 by hafnium diboride in
MB2–30 vol.% SiC ceramics (HfB2 content varied from 4 to 12 vol.%) obtained by spark
plasma sintering at temperatures of 1650–1800 ◦C and pressures of 20–40 MPa (holding
time 4–14 min) led to higher oxidation resistance when samples were exposed to air in a
furnace at 1400 ◦C.

The introduction of other modifiers from a number of refractory substances, such
as carbides [22,26,27] and metal nitrides [28–30], as well as carbon materials [31–34], also
has a significant influence on the mechanical characteristics of UHTCs. The use of carbon
nanotubes (CNTs) as dopants is of high interest [35–47]. In general, it is shown that such
modification makes it possible to significantly increase the fracture resistance of materials
(up to KIC = 6–10 MPa·m1/2), but the process of making such ceramic composites requires
the choice of hot-pressing temperature and maximum disaggregation of CNTs and their
dispersion in the volume of materials.

In the literature, the influence of the introduction of CNTs on the mechanical char-
acteristics of UHTC materials ZrB2(HfB2)–SiC is mainly considered, while the study of
the oxidation features of similar composites or their behaviour in high-enthalpy jets of
other gases is found in studies [38,40,44,46]. So, for the ceramic materials in the systems
ZrB2+SiC, ZrB2+HfB2+SiC, and ZrB2+HfB2+SiC+CNT (6 vol.% CNT) obtained by the SPS
(1850 ◦C, 30 MPa, holding time 10 min) method [38], the thermal behaviour at heating
to 1200 ◦C in air current (20 mL/min) was studied: for doped CNT, the greatest increase
in mass was fixed by oxidation. In the same paper [42], it is shown that the exposure of
samples ZrB2–20 vol.% SiC–10 vol.% CCNT to air current (Tmax = 2750 ◦C) for 30 s using
a plasma arc unit did not lead to changes in the appearance, and CNTs using Raman
spectroscopy were found both in the non-oxidized region and in the oxidized layer based
mainly on zirconium and silicon oxides.

Thus, ultra-high-temperature ceramic materials ZrB2(HfB2)–SiC modified with carbon
nanotubes are extremely promising for use in modern models of aerospace technology,
ceramic propulsion systems and components of alternative energy devices.

The authors have not found a study of the interaction of ultra-high-temperature
ZrB2+HfB2+SiC+CCNT ceramic with high-enthalpy flows of other gas compositions, such as
nitrogen, which is the main component of the Saturn satellite Titan atmosphere (98.4%) [47,48],
or carbon dioxide, prevailing in the Mars atmosphere [49–52], despite the extreme practical
relevance. The authors previously studied the behaviour in supersonic jets of dissociated
nitrogen of graphite samples [53] and HfB2–SiC and HfB2–SiC–C(graphene) ceramics [54],
which showed that there occurred a significant change in the surface chemical nature due
to ongoing reactions with atomic nitrogen and silicon removal at elevated temperatures,
which causes a change in the emissivity and catalyticity.

The aim of this work is to develop a method for obtaining the ultra-high-temperature
ZrB2–HfB2–SiC ceramic material and its modification with 10 vol.% carbon multilayer nan-
otubes and to study the behaviour of the latter in a supersonic flow of dissociated nitrogen.

2. Materials and Methods

Reagents used: Tetraethoxysilane (TEOS) Si(OC2H5)4 (>99.99%, EKOS-1 JSC, Moscow,
Russia), LBS-1 bakelite varnish (Karbolit OJSC, Moscow, Russia), formic acid CH2O2 (>99%,
Spektr-Chem LLC, Moscow, Russia), hafnium diboride (>98%, particle size 2–3 microns,
aggregate size ~20–60 microns, Tugoplavkie Materialy LLC, Russia), zirconium diboride
(>98%, MP Complex LLC, Moscow, Russia), multi-walled CNTs (brand “Dealcom”, SPE
“Center of Nanotechnologies”, Moscow, Russia).
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The synthesis of the composite powders required for the subsequent reaction hot
pressing was carried out by the method similar to those presented in [12,55], in which the
UHTC material HfB2–SiC was modified by the carbon nanomaterial and reduced graphene
oxide was obtained. In particular, powders of ZrB2, HfB2 and CNTs were dispersed in
the solution of phenol-formaldehyde resin LBS-1, then tetraethoxysilane was introduced
under stirring and subjected to controlled hydrolysis (ratio n(Si):n(H2O) was 1:5). After
gelling and step drying, the xerogels were carbonized in a dynamic vacuum at 400 ◦C for
2 h, resulting in composite ZrB2–HfB2–SiO2–C(CNT+amorphous carbon) powders. The molar
ratio of the formed silicon dioxide and amorphous carbon, obtained as a result of phenol
formaldehyde resin pyrolysis, was 1:3.05, which is necessary for the full course of the
carbothermic synthesis of nanocrystalline silicon carbide in the consolidation of ceramics.

To produce 35 vol.% ZrB2–35 vol.% HfB2–30 vol.% SiC (ZHS) and 31.5 vol.% ZrB2–
31.5 vol.% HfB2–27 vol.% SiC–10 vol.% CCNT (ZHSC) ceramic materials, synthesized
composite powders were sintered in graphite moulds using a hot-pressing press by Thermal
Technology Inc. (model HP20-3560-20) in argon current at 1800 ◦C (heating rate 10 ◦C/min,
holding time 30 min) and uniaxial pressure 30 MPa [12,15,55–58].

The X-ray patterns of the obtained ceramic materials ZHS and ZHSC, as well as the sur-
face of the ZHSC sample after exposure to a supersonic flow of dissociated nitrogen, were
recorded on a Bruker D8 Advance X-ray diffractometer (CuKα radiation, resolution 0.02◦

with signal accumulation in the point for 0.3 s). X-ray phase analysis was performed using
the program MATCH!–Phase Identification from Powder Diffraction, Version 3.8.0.137
(Crystal Impact, Germany), Crystallography Open Database (COD).

Raman spectra were recorded on a Renishaw InVia Reflex Raman Spectrometer (50 × objective,
~2 µm pad diameter) using a He-Ne laser (633 nm) with a power of <2.8 mW.

The study of the resistance of the obtained material to the supersonic flow of under-
expanded high-enthalpy nitrogen jets, flowing from a water-cooled conical nozzle with
an outlet cross-section diameter of 50 mm, was carried out on a 100 kW high-frequency
induction plasmatron VGU-4. The distance from the nozzle to the sample was 30 mm,
the nitrogen flow rate was 3.6 g/s, and the pressure in the chamber was in the range of
8.6–9.3 × 102 Pa. The sample in the form of a cylinder, with a diameter of 15 mm and a
thickness of ~3.2 mm, was injected into the high enthalpy jet at the plasmatron anode power
(N) of 64 kW, and then the sample was incubated at these conditions for 10 min (600 s). The
geometry of the model, in which the samples were fixed, is described in detail in [53,54,59]:
the samples were mounted on friction in the seat of a water-cooled calorimeter, the gap
was filled with flexible SiC-based thermal insulation and carbon fibres in order to minimize
heat losses.

The measurement of the average surface temperature of the heated sample in its
central area (diameter of sighting area was ~5 mm) was performed using a Mikron M-770S
infrared pyrometer in spectral ratio pyrometer mode (temperature interval 1000–3000 ◦C).
Temperature distribution over the sample surface was studied using a Tandem VS-415U
thermovisor. The thermal images were recorded at the set value of the spectral coefficient
of radiation ε at the wavelength 0.9 µm equal to 1, since in the course of exposure it was
supposed to change ε. A correction made to the real values of average temperatures in the
central region, determined with an infrared pyrometer, made it possible to estimate the
spectral coefficient of radiation and its change during the course of exposure. The method
of determining the heat flux to the face of the sample is described in detail in [54].

A study of the surface microstructure features of the obtained materials before and
after exposure to a supersonic flow of dissociated nitrogen was carried out by scanning
electron microscopy (SEM) on a three-beam NVision 40, Carl Zeiss workstation with an
accelerating voltage of 1, 2 and 20 kV. The elemental composition of the regions was
determined using an EDX Oxford Instruments energy dispersive analysis device.

The evaluation of possible reactions between the components of ZrB2–HfB2-SiC-C
UHTCs and molecular and atomic nitrogen was performed using the IVTANTERMO
software package with a built-in database at standard conditions [60,61]. ZrB2 was chosen
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as a model diboride phase, the most probable reactions of molecular and atomic nitrogen
involving ZrB2 and SiC were analysed.

3. Results and Discussion
3.1. Obtaining ZHS and ZHSC Ceramic Materials

As can be seen in Figure 1, for both samples, despite the fact that the initially applied
pressure was only 10 MPa, significant shrinkage began already at 1100–1200 ◦C, which
may be associated with easier sliding of grains relative to each other due to the presence of
softened SiO2. A sharp increase in the rate of consolidation was observed as the temperature
reached 1550–1600 ◦C, which may be due to the ongoing synthesis of silicon carbide. It
should be noted that for the ZHSC sample, the bulk density of the initial powder was
noticeably higher, which affected the value of total shrinkage. Nevertheless, at the final
stage of the reaction hot pressing, after reaching the target values of 1800 ◦C temperature
and 30 MPa pressure, the effect of the introduction of multi-walled CNTs was significantly
reflected in the consolidation efficiency: during extraction, the shrinkage value for the
modified ZHSC sample was 10.8% compared to 8.4% for the ZHS sample.
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Figure 1. Shrinkage curves as a function of temperature and hot-pressing pressure for ZHS (left) and
ZHSC (right) samples.

The density of the samples was 7.11 ± 0.12 g/cm3 for ZHS and 7.04 ± 0.06 g/cm3 for
ZHSC. The relative density for them is 101 and 108%, respectively, based on the calculated
value obtained by the additive method (densities are taken for ZrB2 6.2 [62], HfB2 11.2 [63],
SiC 3.2 g/cm3 [64], for CNTs a value of 1.8 g/cm3 was taken). The excess relative density
of 100% may be due to the reaction between zirconium and hafnium oxide impurities
at the ZrB2 and HfB2 particles boundaries during a consolidation with the formation of
corresponding carbides at the interfaces, as well as the too low accepted density value
of CNTs.

The data of X-ray phase analysis (Figure 2, X-ray pattern 1 and 2) indicate the synthesis
of cubic silicon carbide [65]. No traces of crystalline SiO2 were found. The position of the re-
flexes of maximum intensity indicates the formation of a solid solution of (Zr,Hf)B2 instead
of separate hexagonal phases ZrB2 [66] and HfB2 [67]. The performed full-profile analysis
using the TOPAS software made it possible to calculate the average crystal lattice param-
eters, which indicate the formation of a solid solution of the tentative Zr0.31(4)Hf0.69(4)B2
composition for both ZHS and ZHSC samples. Some asymmetry of the diboride phase
reflexes (Figure 2, inset) testifies that in addition to this composition, some grains with
elevated zirconium content can be present in the samples. No impurities of crystalline
cubic ZrC and HfC carbide phases were detected. For the sample ZHSC (Figure 2, X-ray
pattern 2) the presence of low intervisibility reflex, which can be attributed to the trigonal
graphite phase [68], is noted. Obviously, this is due to the introduced multi-walled CNTs,
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for which the formation of aggregates or some graphitization of nanotube packages during
consolidation at elevated temperatures (1800 ◦C) is possible.
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exposure to a supersonic flow of dissociated nitrogen (3); the inset area in the range 2θ = 41.5–42.5◦,
in which the position of the maximum intensity reflexes of ZrB2 [66] and HfB2 [67].

The study of the obtained materials using Raman spectroscopy made it possible to
establish (Figure 3) that for both ZHS and ZHSC, intense modes of cubic silicon carbide
with maxima at 801 (TO) and 976 cm−1 (LO) are observed, while ZrB2 and HfB2 are
inactive in the Raman spectra. Some shifts in the position of the modes to the region of
large shifts, with respect to the values 784–804 (for TO) and 968–975 cm−1 available in
the literature [44,69–71], may be due to the high compressive stress concentrated in the
ceramic on the SiC grains [72,73]. For the ZHS sample, the presence of some amount
of impurity carbon is shown, which is expressed in the presence of two low-intensity
broadened bands with maximums in the 540–550 and 600–610 cm−1 region, associated
with amorphous carbon, as well as D- and G-peaks. The introduction of multilayer CNTs
into the ZHSC sample resulted in the appearance of their characteristic peaks with maxima
in the range of 1351–1361 (D-mode) and 1578–1594 cm−1 (G-mode) [39,40,44–46,74,75],
overlapping with those characteristics of the impurity amorphized carbon remaining
after the SiC carbothermic synthesis. The observed local maximum at 1619 cm−1 may
be related to the presence of defective sp2 carbon atoms at the ends of the aggregates of
multilayer nanotubes.

SEM of thin sections of ZHS and ZHSC samples, performed at an accelerating voltage
of 2 kV to increase the contrast, showed that the grain size of the boride phase was 2–3 µm,
and silicon carbide–~1–1.5 µm (Figure 4). At the same time, relatively large aggregates
of the zirconium–hafnium diboride phase up to 5–10 µm in size were found for the ZHS
sample. In this case, as evidenced by the mapping of Si, Zr, and Hf element distributions
(Figure 5), the core of such formations is a ZrB2-based solid solution.
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In other areas where silicon is absent, the presence of zirconium and hafnium is simul-
taneously observed, i.e., a solid solution based on the HfB2 phase is formed. In addition,
the ZHS sample is characterized by the distribution of excessively introduced amorphous
carbon (formed during the pyrolysis of phenol-formaldehyde resin and necessary for the
synthesis of silicon carbide) at the boundary between the ceramic grains (Figure 4, the
darkest areas). The peculiarity of the ZHSC sample microstructure is that large areas of
metal diborides localization are much rarer, there is also a solid solution based on the
ZrB2 phase in their core (Figure 5). For this sample, the formation of aggregates, which
constitutes intrinsic inclusions of 1–2 µm in size, typical of multilayer nanotubes, is ob-
served. It should be noted that the microphotographs show the fracture pattern typical of
the materials modified with weakly disaggregated CNTs: they are pulled out of the ceramic
material (Figure 4). The data of EDX analysis in the area of 19 × 29 microns show that for
both ZHS and ZHSC samples, the molar ratio n(Zr):n(Hf) is 1.0 ± 0.2, which corresponds
to the specified value of 0.9 within the error of the method.

3.2. The Study of the Behaviour of ZHSC Ceramic Material under the Influence of the Supersonic
Flow of Dissociated Nitrogen

Earlier, the authors studied the behaviour of the ceramic material HfB2-30 vol.%SiC
and the sample modified with 2 vol.% graphene (HfB2-SiC-CG), when heated in underex-
panded jets of a dissociated nitrogen high-frequency plasmatron VGU-4 [54]. It was found
that at the heat flux density in the range of 244–290 W·cm–2, both samples acquired a surface
temperature of ~2000 ◦C and significantly changed their chemical composition: a hafnium
carbonitride phase appeared and significantly decreased the content of silicon carbide.
Whether these processes are primarily caused by the increased surface temperature or by
the chemical activity of the nitrogen atom, must be determined by further experiments.

To study the thermochemical effects, the CNT-modified ZHSC sample fixed in a water-
cooled model was injected into a high-enthalpy flow of dissociated nitrogen at steady-state
parameters: N = 64 kW, pressure to the plasmatron barochamber 8.6–9.3 × 102 Pa. The
change in the average surface temperature as the experiment proceeds, obtained using
an infrared pyrometer, is shown in Figure 6. It is seen that during the first minute of
exposure, the temperature increases from 1288 to 1431 ◦C, and then it cyclically changes
smoothly in the temperature range of 1500–1580 ◦C with a tendency to increase that may
be associated with chemical processes occurring on the surface and periodic carry-over
of reaction products. The maximum average temperature was 1583 ◦C at the end of the
10th minute.
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Figure 6. Variation of the color temperature in the center of the sample face (T), plasmatron generator
power by anode supply (N) and pressure in the pressure chamber (P) in the experiment on heat
exchange of ZHSC ceramics in an underexpanded high-enthalpy nitrogen jet.

The study of temperature distribution over the sample surface using a thermovisor
(Figure 7) showed that the observed relatively low average temperature was associated
with heat leakage into the water-cooled model due to lateral contact. This also determines
a significant asymmetry of temperature distribution along the diameter–a temperature
difference of ~170–380 ◦C. is observed. Additional evidence of some heat leakage into the
model is a slightly decreased value of the heat flux measured just before the end of the
experiment, which was 206 W·cm−2.
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Evaluation of the integral radiation coefficient εt showed that with exposure and,
accordingly, changes in the chemical composition and surface roughness of ZHSC ceramics,
this indicator increased from 0.68 (30 s) to 0.88 (600 s).

At the end of the heating, the pressure flow into the plasma chamber was room air with
the cooled sample, i.e., during the cooling of the sample, its partial oxidation is possible.

The mass loss was 0.001 g (0.03%). The geometric size of the sample did not change.
The front surface predominantly acquired a velvety black colour, less intense on the
side from which, presumably, the contact of the sample with the water-cooled model
was realized.

X-ray diffraction (XRD) of the surface (Figure 2, X-ray pattern 3) indicates a significant
change in the phase composition. In particular, besides the reflexes of the main solid
solution phase (Hf,Zr)B2 and silicon carbide, there are reflections of monoclinic zirco-
nium oxide, which probably appeared during the sample cooling, as well as a new cubic
zirconium–hafnium carbonitride phase (the lattice parameter is intermediate between those
of Hf1Zr1N2 [76] and Zr2C1N1 [77] phases). At the same time, there is a change in the
composition of the solid solution of zirconium–hafnium diboride in the near-surface layers,
subjected to thermal and chemical effects: the reflex position indicates an even greater
content of hafnium than that noted for the original sample, and the asymmetric shape with
local maxima indicates a possible predominant interaction of atomic nitrogen is with ZrB2
(with the formation of the nitride phase). A slight shift in the position of the low-intensity
reflex at 2θ = 26.5–27.0◦ may indicate the appearance of a strongly amorphized boron
nitride BN [78].

An analysis of Raman spectra of the ZHSC sample surface after thermochemical
treatment (Figure 3, spectrum 3) showed that there was no silicon carbide directly on the
surface, but there was a broad and intense mode with a maximum at ~500–520 cm−1, which
can be attributed to amorphous carbon.

The SEM microstructure of the ZHSC sample surface after the experiment (Figures 8 and 9)
showed that the result was the formation of bulgings with a heterogeneous structure. As
can be seen from Figure 8, in some areas, flat carbon aggregates are observed on the surface,
probably formed by the consolidation of large agglomerates of multilayer CNTs in the
volume of materials. The application of a higher accelerating voltage of 20 kV (Figure 9)
showed that the observed bulges consisted of columnar formations of a denser phase with a
diameter of 200–500 nm, surrounded by a “coat” of the light phase, presumably, amorphous
carbon or boron and silicon nitrides.
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Figure 9. (a) ZHSC surface microstructure after thermochemical treatment; (b) SEM, accelerating
voltage 20 kV.

The EDX analysis of the 19 × 29 µm region (Figure 10) shows that the molar ratio
n(Zr):n(Hf) is close to the specified value of 0.9, while the local distribution analysis shows
areas with elevated zirconium content up to n(Zr):n(Hf) = 6.6:1, which are also characterized
by elevated oxygen content. One should also note the reduced silicon content relative to
the calculated one: n(Zr + Hf):n(Si) is 9.4 compared to 1.6. In addition, despite the high
error in determining the light elements, there is an increased content of nitrogen on the
surface (Figure 10d), probably as part of the nitrides and carbonitrides of metals, boron
and silicon.
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Figure 10. The elemental distribution mapping ((a,b), zirconium–blue pixels, hafnium–green): X-ray
elemental microanalysis data of the entire microphotograph area (a) and individual sections (b), as
well as the corresponding EDX spectrum (c), enlarged fragment EDX spectrum (d).

Thus, it was found that the previously observed surface chemical processes for samples
of HfB2–SiC and HfB2–SiC–CG composition under the influence of high-enthalpy nitrogen
flows at ~2000 ◦C [54] take place at a much lower temperature of ~1550–1600 ◦C.
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In order to identify the likely chemical reactions whose products are zirconium/hafnium
carbonitride and amorphous carbon found on the surface, the temperature dependen-
cies of ∆Gr(T) of the interaction processes of ZrB2 and SiC with gaseous N2(g) and N(g)
were calculated.

2ZrB2(c) + 3N2(g) = 2ZrN(c) + 4BN(c) (1)

ZrB2(c) + 3N(g) = ZrN(c) + 2BN(c) (2)

SiC(c;cub) = Si(g) + C(c;graphite) (3)

2SiC(c;cub) + N2(g) = 2Si(g) + 2CN(g) (4)

SiC(c;cub) + N(g) = Si(g) + CN(g) (5)

SiC(c;cub) + N2(g) = SiN(g) + CN(g) (6)

SiC(c;cub) + 2N(g) = SiN(g) + CN(g) (7)

2SiC(c;cub) + N2(g) = 2SiN(g) + 2C(c;graphite) (8)

SiC(c;cub) + N(g) = SiN(g) + C(c;graphite) (9)

3SiC(c;cub) + 4N(g) = Si3N4(c) + 3C(c;graphite) (10)

It was found (Figure 11) that throughout the temperature range that was estab-
lished on the surface of the ZHSC sample and the previously studied HfB2–SiC and
HfB2–SiC–CG samples [54] (1500–2000 ◦C), the reaction Gibbs energy was negative for
Equations (2), (7), (9) and (10) (arranged as ∆Gr(T) increases). That is, the formation of
carbon is most likely due to the reaction of silicon carbide with atomic nitrogen, as well as
zirconium nitride. In this case, the formation of ZrN(c) based on ZrB2(c) is so thermody-
namically advantageous that at temperatures < 2200 K, this process is allowed even in the
interaction with molecular nitrogen (reaction 1).
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The absence of Si3N4 reflexes on the X-ray surface after thermochemical influence
(Figure 2, X-ray pattern 3) is possible in case of its X-ray amorphous state or if its formation
mechanism is gas-phase and its entrainment by high-speed gas flow occurs. At the same
time, a sharp decrease in the silicon content (according to EDX analysis–Figure 10) also
draws attention to the possibility of simultaneous reactions 7 and 9, which result in the
formation of a gaseous product SiN(g).

4. Conclusions

A method of manufacturing dense ceramic materials containing zirconium and hafnium
diborides, nanocrystalline silicon carbide and multilayer CNTs, using a combination of
sol-gel synthesis and reactive hot-pressing approaches at 1800 ◦C, has been developed.
It was found that the introduction of ZrB2–HfB2–SiC multilayer nanotubes (10 vol.%)
into the UHTC composition led to an increase in sample consolidation efficiency at the
final stage (at the temperature > 1600 ◦C). The obtained ZrB2–HfB2–SiC and ZrB2–HfB2–
SiC–CCNT materials were characterized by a complex of physical and chemical analysis
methods. It was found that under these conditions of reaction hot pressing, the formation
of predominantly solid solution Zr0.31(4)Hf0.69(4)B2, took place, but the form of reflexes
indicated the presence of a second solid solution based on the zirconium diboride phase.

The study of the effects of exposure of the modified ZrB2–HfB2–SiC–CCNT sample
to a high-speed flow of partially dissociated nitrogen using a high-frequency plasmatron
showed that due to the features of sample installation in the water-cooled model (touching
the side surface) and the corresponding heat outflow into the model, the average surface
temperature of the experiment did not exceed 1583 ◦C. Nevertheless, and in this case, as it
was noted earlier for samples of close composition, a significant change in the chemical
composition and surface microstructure was observed. Thus, XRD showed the presence
of cubic zirconium–hafnium carbonitride and, probably, amorphized boron nitride in the
near-surface layer of the sample. The surface appearance after thermochemical exposure
and Raman spectroscopy indicates the presence of amorphous carbon on the surface. As a
result of the evaluation of the integral emission coefficient εt, it has been established that
the supersonic flow of dissociated nitrogen results in an increase from 0.68 to 0.88.

Thus, the experiment showed that despite the low values of mass loss of ultrahigh-
temperature ceramics ZrB2–HfB2–SiC–CCNT, under the influence of the supersonic flow of
underexpanded high-enthalpy nitrogen jets, it was characterized by a significant change in
the chemical composition, which accordingly caused a change in the radiation coefficient
and the catalytic surface.

Author Contributions: E.P.S. conceptualization, investigation, supervision and writing—original
draft preparation; N.P.S. data curation, investigation and visualization; A.F.K. investigation, methodol-
ogy and supervision; A.V.C., A.S.L., I.A.N. and A.S.M. investigation, validation and writing—review
and editing; N.T.K. funding acquisition, supervision and writing—review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Higher Education of the Rus-
sian Federation as part of the State Assignment of the Kurnakov Institute of General and Inorganic
Chemistry of the Russian Academy of Sciences (ceramic materials production, a study of the mi-
crostructure, elemental and phase composition of materials, and thermodynamic modelling) and the
IPMech RAS (AAAA-A20-120011690135-5, determination of heat flow and evaluation of the integral
radiation coefficient).

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.



Materials 2022, 15, 8507 13 of 15

References
1. Simonenko, E.P.; Sevast’yanov, D.V.; Simonenko, N.P.; Sevast’yanov, V.G.; Kuznetsov, N.T. Promising Ultra-High-Temperature

Ceramic Materials for Aerospace Applications. Russ. J. Inorg. Chem. 2013, 58, 1669–1693. [CrossRef]
2. Justin, J.-F.; Julian-Jankowiak, A.; Guérineau, V.; Mathivet, V.; Debarre, A. Ultra-High Temperature Ceramics Developments for

Hypersonic Applications. CEAS Aeronaut. J. 2020, 11, 651–664. [CrossRef]
3. Pellegrini, C.; Balat-Pichelin, M.; Rapaud, O.; Bêche, E. Oxidation Resistance of Zr- and Hf-Diboride Composites Containing SiC

in Air Plasma up to 2600 K for Aerospace Applications. Ceram. Int. 2022, 48, 2177–2190. [CrossRef]
4. Nisar, A.; Hassan, R.; Agarwal, A.; Balani, K. Ultra-High Temperature Ceramics: Aspiration to Overcome Challenges in Thermal

Protection Systems. Ceram. Int. 2022, 48, 8852–8881. [CrossRef]
5. Guérineau, V.; Vilmart, G.; Dorval, N.; Julian-Jankowiak, A. Comparison of ZrB2-SiC, HfB2-SiC and HfB2-SiC-Y2O3 Oxidation

Mechanisms in Air Using LIF of BO2(G). Corros. Sci. 2020, 163, 108278. [CrossRef]
6. Shapkin, N.P.; Papynov, E.K.; Shichalin, O.O.; Buravlev, I.Y.; Simonenko, E.P.; Simonenko, N.P.; Zavjalov, A.P.; Belov, A.A.;

Portnyagin, A.S.; Gerasimenko, A.V.; et al. Spark Plasma Sintering-Reactive Synthesis of SiC and SiC–HfB2 Ceramics Based on
Natural Renewable Raw Materials. Russ. J. Inorg. Chem. 2021, 66, 629–637. [CrossRef]

7. Qiu, X.-L.; Gao, X.-H.; He, C.-Y.; Liu, G. Optical Design, Thermal Shock Resistance and Failure Mechanism of a Novel Multilayer
Spectrally Selective Absorber Coating Based on HfB2 and ZrB2. Sol. Energy Mater. Sol. Cells 2020, 211, 110533. [CrossRef]

8. Wang, J.; Ren, Z.; Luo, Y.; Wu, Z.; Liu, Y.; Hou, S.; Liu, X.; Zhang, Q.; Cao, F. High-Performance Spectrally Selective Absorber
Using the ZrB 2 -Based All-Ceramic Coatings. ACS Appl. Mater. Interfaces 2021, 13, 40522–40530. [CrossRef]

9. Azzali, N.; Meucci, M.; Di Rosa, D.; Mercatelli, L.; Silvestroni, L.; Sciti, D.; Sani, E. Spectral Emittance of Ceramics for High
Temperature Solar Receivers. Sol. Energy 2021, 222, 74–83. [CrossRef]

10. Zoli, L.; Sciti, D.; Sani, E. Zirconium Diboride-Based Nanofluids for Solar Energy Applications. J. Mol. Liq. 2021, 322, 114981.
[CrossRef]

11. Qiu, X.-L.; Gao, X.-H.; He, C.-Y.; Liu, G. Enhanced Thermal Stability of the TiB2–ZrB2 Composite Ceramic Based High Temperature
Spectrally Selective Absorber Coatings: Optical Properties, Failure Analysis and Chromaticity Investigation. Opt. Mater. 2020,
100, 109666. [CrossRef]

12. Simonenko, E.P.; Simonenko, N.P.; Kolesnikov, A.F.; Chaplygin, A.V.; Lysenkov, A.S.; Nagornov, I.A.; Simonenko, T.L.; Gubin, S.P.;
Sevastyanov, V.G.; Kuznetsov, N.T. Oxidation of Graphene-Modified HfB2-SiC Ceramics by Supersonic Dissociated Air Flow.
J. Eur. Ceram. Soc. 2022, 42, 30–42. [CrossRef]

13. Simonenko, E.P.; Simonenko, N.P.; Gordeev, A.N.; Kolenikov, A.F.; Lysenkov, A.S.; Nagornov, I.A.; Kurlov, V.N.; Ershov, A.E.;
Sevastyanov, V.G.; Kuznetsov, N.T. Behavior of the Ultra-High Temperature Ceramic Material HfB2-SiC-Y3Al5O12 under the
Influence of the Supersonic Dissociated Air Flow. Russ. J. Inorg. Chem. 2020, 65, 1596–1605. [CrossRef]

14. Simonenko, E.P.; Simonenko, N.P.; Gordeev, A.N.; Papynov, E.K.; Shichalin, O.O.; Kolesnikov, A.F.; Avramenko, V.A.; Sevastyanov,
V.G.; Kuznetsov, N.T. Study of the Thermal Behavior of Wedge-Shaped Samples of HfB2–45 Vol % SiC Ultra-High-Temperature
Composite in a High-Enthalpy Air Flow. Russ. J. Inorg. Chem. 2018, 63, 421–432. [CrossRef]

15. Simonenko, E.P.; Simonenko, N.P.; Gordeev, A.N.; Kolesnikov, A.F.; Lysenkov, A.S.; Nagornov, I.A.; Sevastyanov, V.G.; Kuznetsov,
N.T. The Effects of Subsonic and Supersonic Dissociated Air Flow on the Surface of Ultra-High-Temperature HfB2-30 Vol% SiC
Ceramics Obtained Using the Sol-Gel Method. J. Eur. Ceram. Soc. 2020, 40, 1093–1102. [CrossRef]

16. Lynam, A.; Romero, A.R.; Xu, F.; Wellman, R.W.; Hussain, T. Thermal Spraying of Ultra-High Temperature Ceramics: A Review
on Processing Routes and Performance. J. Therm. Spray Technol. 2022, 31, 745–779. [CrossRef]

17. Monteverde, F.; Savino, R. ZrB2-SiC Sharp Leading Edges in High Enthalpy Supersonic Flows. J. Am. Ceram. Soc. 2012, 95,
2282–2289. [CrossRef]

18. Zhang, X.; Hu, P.; Han, J.; Meng, S. Ablation Behavior of ZrB2–SiC Ultra High Temperature Ceramics under Simulated
Atmospheric Re-Entry Conditions. Compos. Sci. Technol. 2008, 68, 1718–1726. [CrossRef]

19. Parthasarathy, T.A.; Petry, M.D.; Cinibulk, M.K.; Mathur, T.; Gruber, M.R. Thermal and Oxidation Response of UHTC Leading
Edge Samples Exposed to Simulated Hypersonic Flight Conditions. J. Am. Ceram. Soc. 2013, 96, 907–915. [CrossRef]

20. Balat-Pichelin, M.; Bêche, E.; Sciti, D.; Alfano, D. Emissivity, Catalycity and Microstructural Characterization of ZrB2–SiCfiber
Based UHTC at High Temperature in a Non-Equilibrium Air Plasma Flow. Ceram. Int. 2014, 40, 9731–9742. [CrossRef]

21. Zhang, Z.; Zhu, S.; Liu, Y.; Liu, L.; Ma, Z. Enthalpy Driving Force and Chemical Bond Weakening: The Solid-Solution Formation
Mechanism and Densification Behavior of High-Entropy Diborides (Hf1−x/4Zr1−x/4Nb1−x/4Ta1−x/4Scx)B2. J. Eur. Ceram. Soc.
2022, 42, 3685–3698. [CrossRef]

22. Kong, Q.; Huo, S.; Chen, L.; Wang, Y.; Ouyang, J.; Zhou, Y. Novel (Zr, Ti)B2-(Zr, Ti)C-SiC Ceramics via Reactive Hot Pressing.
J. Eur. Ceram. Soc. 2022, 42, 4045–4052. [CrossRef]

23. Kirnbauer, A.; Wagner, A.; Moraes, V.; Primetzhofer, D.; Hans, M.; Schneider, J.M.; Polcik, P.; Mayrhofer, P.H. Thermal Stability
and Mechanical Properties of Sputtered (Hf,Ta,V,W,Zr)-Diborides. Acta Mater. 2020, 200, 559–569. [CrossRef]

24. Jafari, S.; Bavand-Vandchali, M.; Mashhadi, M.; Nemati, A. Effects of HfB2 Addition on Pressureless Sintering Behavior and
Microstructure of ZrB2-SiC Composites. Int. J. Refract. Met. Hard Mater. 2021, 94, 105371. [CrossRef]

25. Dodi, E.; Balak, Z.; Kafashan, H. HfB2-Doped ZrB2-30 Vol.% SiC Composites: Oxidation Resistance Behavior. Mater. Res. Express
2021, 8, 045605. [CrossRef]

http://doi.org/10.1134/S0036023613140039
http://doi.org/10.1007/s13272-020-00445-y
http://doi.org/10.1016/j.ceramint.2021.09.310
http://doi.org/10.1016/j.ceramint.2021.12.199
http://doi.org/10.1016/j.corsci.2019.108278
http://doi.org/10.1134/S0036023621050168
http://doi.org/10.1016/j.solmat.2020.110533
http://doi.org/10.1021/acsami.1c08947
http://doi.org/10.1016/j.solener.2021.05.019
http://doi.org/10.1016/j.molliq.2020.114981
http://doi.org/10.1016/j.optmat.2020.109666
http://doi.org/10.1016/j.jeurceramsoc.2021.09.020
http://doi.org/10.1134/S0036023620100198
http://doi.org/10.1134/S0036023618040186
http://doi.org/10.1016/j.jeurceramsoc.2019.11.023
http://doi.org/10.1007/s11666-022-01381-5
http://doi.org/10.1111/j.1551-2916.2012.05226.x
http://doi.org/10.1016/j.compscitech.2008.02.009
http://doi.org/10.1111/jace.12180
http://doi.org/10.1016/j.ceramint.2014.02.059
http://doi.org/10.1016/j.jeurceramsoc.2022.03.048
http://doi.org/10.1016/j.jeurceramsoc.2022.03.056
http://doi.org/10.1016/j.actamat.2020.09.018
http://doi.org/10.1016/j.ijrmhm.2020.105371
http://doi.org/10.1088/2053-1591/abdf1a


Materials 2022, 15, 8507 14 of 15

26. Jafari, S.; Bavand-Vandchali, M.; Mashhadi, M.; Nemati, A. Synthesis Mechanism and Microstructure Characterization of ZrB2–
ZrC–SiC Nanocomposite Synthesized via Magnesium Boro/Carbothermal Reduction at Low Temperatures. Mater. Chem. Phys.
2022, 280, 125830. [CrossRef]

27. Li, Z.; Wang, L.; Sun, D.; Zhang, Y.; Liu, B.; Hu, Q.; Zhou, A. Synthesis and Thermal Stability of Two-Dimensional Carbide MXene
Ti3C2. Mater. Sci. Eng. B 2015, 191, 33–40. [CrossRef]

28. Ahmadi, Z.; Shahedi Asl, M.; Zakeri, M.; Farvizi, M. On the Reactive Spark Plasma Sinterability of ZrB2–SiC–TiN Composite.
J. Alloys Compd. 2022, 909, 164611. [CrossRef]

29. Wei, C.; Zhang, Z.; Ma, X.; Liu, L.; Wu, Y.; Li, D.; Wang, P.; Duan, X. Mechanical and Ablation Properties of Laminated ZrB2-SiC
Ceramics with Si3N4 Whisker Interface. Corros. Sci. 2022, 197, 110051. [CrossRef]

30. Ouyang, G.; Besser, M.F.; Kramer, M.J.; Akinc, M.; Ray, P.K. Designing Oxidation Resistant Ultra-High Temperature Ceramics
through the Development of an Adherent Native Thermal Barrier. J. Alloys Compd. 2019, 790, 1119–1126. [CrossRef]

31. Liégaut, C.; Bertrand, P.; Maillé, L.; Rebillat, F. UHTC-Based Matrix as Protection for Cf/C Composites: Original Manufacturing,
Microstructural Characterisation and Oxidation Behaviour at Temperature above 2000 ◦C. J. Eur. Ceram. Soc. 2022, 42, 3168–3182.
[CrossRef]

32. Shanbhog, N.; Arunachalam, N.; Bakshi, S.R. Effect of Graphene Nanoplatelets Reinforcement on Grindability of Zirconium
Diboride Ceramics. J. Manuf. Sci. Eng. 2022, 144, 071007. [CrossRef]

33. Hu, P.; Gui, K.; Hong, W.; Zhang, X.; Dong, S. High-Performance ZrB2-SiC-C f Composite Prepared by Low-Temperature Hot
Pressing Using Nanosized ZrB2 Powder. J. Eur. Ceram. Soc. 2017, 37, 2317–2324. [CrossRef]

34. Cheng, Y.; Lyu, Y.; Han, W.; Hu, P.; Zhou, S.; Zhang, X. Multiscale Toughening of ZrB2-SiC-Graphene@ZrB2-SiC Dual Composite
Ceramics. J. Am. Ceram. Soc. 2019, 102, 2041–2052. [CrossRef]

35. Tian, W.-B.; Kan, Y.-M.; Zhang, G.-J.; Wang, P.-L. Effect of Carbon Nanotubes on the Properties of ZrB2–SiC Ceramics. Mater. Sci.
Eng. A 2008, 487, 568–573. [CrossRef]

36. Shahedi Asl, M.; Farahbakhsh, I.; Nayebi, B. Characteristics of Multi-Walled Carbon Nanotube Toughened ZrB2–SiC Ceramic
Composite Prepared by Hot Pressing. Ceram. Int. 2016, 42, 1950–1958. [CrossRef]

37. Nisar, A.; Khan, M.M.; Bajpai, S.; Balani, K. Processing, Microstructure and Mechanical Properties of HfB2-ZrB2-SiC Composites:
Effect of B4C and Carbon Nanotube Reinforcements. Int. J. Refract. Met. Hard Mater. 2019, 81, 111–118. [CrossRef]

38. Hassan, R.; Omar, S.; Balani, K. Solid Solutioning in ZrB2 with HfB2: Effect on Densification and Oxidation Resistance. Int. J.
Refract. Met. Hard Mater. 2019, 84, 105041. [CrossRef]

39. Lin, J.; Huang, Y.; Zhang, H.; Yang, Y.; Li, N. Microstructure and Mechanical Properties of Spark Plasma Sintered ZrB2–SiC–
MWCNT Composites. Ceram. Int. 2015, 41, 15261–15265. [CrossRef]

40. Nisar, A.; Ariharan, S.; Balani, K. Establishing Microstructure-Mechanical Property Correlation in ZrB2-Based Ultra-High
Temperature Ceramic Composites. Ceram. Int. 2017, 43, 13483–13492. [CrossRef]

41. Nisar, A.; Balani, K. Phase and Microstructural Correlation of Spark Plasma Sintered HfB2-ZrB2 Based Ultra-High Temperature
Ceramic Composites. Coatings 2017, 7, 110. [CrossRef]

42. Nisar, A.; Ariharan, S.; Venkateswaran, T.; Sreenivas, N.; Balani, K. Effect of Carbon Nanotube on Processing, Microstructural,
Mechanical and Ablation Behavior of ZrB2-20SiC Based Ultra-High Temperature Ceramic Composites. Carbon N. Y. 2017, 111,
269–282. [CrossRef]

43. Dubey, S.; Awasthi, S.; Nisar, A.; Balani, K. Role of Interfaces in Damage Initiation and Tolerance of Carbon Nanotube-Reinforced
HfB2-ZrB2 Ceramics. JOM 2020, 72, 2207–2218. [CrossRef]

44. Nisar, A.; Bajpai, S.; Khan, M.M.; Balani, K. Wear Damage Tolerance and High Temperature Oxidation Behavior of HfB2:ZrB2–SiC
Composites. Ceram. Int. 2020, 46, 21689–21698. [CrossRef]

45. Popov, O.; Vleugels, J.; Zeynalov, E.; Vishnyakov, V. Reactive Hot Pressing Route for Dense ZrB2-SiC and ZrB2-SiC-CNT
Ultra-High Temperature Ceramics. J. Eur. Ceram. Soc. 2020, 40, 5012–5019. [CrossRef]

46. Nisar, A.; Khan, M.M.; Balani, K. Enhanced Thermo-Mechanical Damage Tolerance of Functionally Graded ZrB2-20SiC Ceramic
Reinforced with Carbon Nanotubes. Ceram. Int. 2019, 45, 6198–6208. [CrossRef]

47. Gordeev, A.N.; Kolesnikov, A.F.; Sakharov, V.I. HF-Plasmatron Experiment and Numerical Simulation of Heat Transfer in
Underexpanded Dissociated-Nitrogen Jets. Fluid Dyn. 2017, 52, 786–796. [CrossRef]

48. Carandente, V.; Savino, R.; Esposito, A.; Zuppardi, G.; Caso, V. Experimental and Numerical Simulation, by an Arc-Jet Facility, of
Hypersonic Flow in Titan’s Atmosphere. Exp. Therm. Fluid Sci. 2013, 48, 97–101. [CrossRef]

49. Rini, P.; Kolesnikov, A.; Vasil’evskii, S.; Chazot, O.; Degrez, G. CO2 Stagnation Line Flow Simulation for Mars Entry Applications.
In Proceedings of the 38th AIAA Thermophysics Conference, Toronto, ON, Canada, 6–9 June 2005; American Institute of
Aeronautics and Astronautics: Reston, VA, USA, 2005.

50. Kolesnikov, A.F.; Gordeev, A.N.; Vasil’evskii, S.A. Effects of Catalytic Recombination on the Surface of Metals and Quartz for the
Conditions of Entry into the Martian Atmosphere. High Temp. 2016, 54, 29–37. [CrossRef]

51. Kolesnikov, A.F.; Sakharov, V.I. Correlation of the Conditions of Model Heat Transfer in Underexpanded Dissociated Carbon
Dioxide Jets and in Hypersonic Flow Past a Sphere in the Martian Atmosphere. Fluid Dyn. 2015, 50, 578–584. [CrossRef]

52. Paterna, D.; Monti, R.; Savino, R.; Esposito, A. Experimental and Numerical Investigation of Martian Atmosphere Entry. J. Spacecr.
Rockets 2002, 39, 227–236. [CrossRef]

http://doi.org/10.1016/j.matchemphys.2022.125830
http://doi.org/10.1016/j.mseb.2014.10.009
http://doi.org/10.1016/j.jallcom.2022.164611
http://doi.org/10.1016/j.corsci.2021.110051
http://doi.org/10.1016/j.jallcom.2019.03.250
http://doi.org/10.1016/j.jeurceramsoc.2022.02.029
http://doi.org/10.1115/1.4053009
http://doi.org/10.1016/j.jeurceramsoc.2017.02.008
http://doi.org/10.1111/jace.16068
http://doi.org/10.1016/j.msea.2007.11.027
http://doi.org/10.1016/j.ceramint.2015.09.165
http://doi.org/10.1016/j.ijrmhm.2019.02.014
http://doi.org/10.1016/j.ijrmhm.2019.105041
http://doi.org/10.1016/j.ceramint.2015.07.207
http://doi.org/10.1016/j.ceramint.2017.07.053
http://doi.org/10.3390/coatings7080110
http://doi.org/10.1016/j.carbon.2016.10.002
http://doi.org/10.1007/s11837-020-04164-x
http://doi.org/10.1016/j.ceramint.2020.05.276
http://doi.org/10.1016/j.jeurceramsoc.2020.07.039
http://doi.org/10.1016/j.ceramint.2018.12.097
http://doi.org/10.1134/S0015462817060076
http://doi.org/10.1016/j.expthermflusci.2013.02.012
http://doi.org/10.1134/S0018151X1505017X
http://doi.org/10.1134/S0015462815040122
http://doi.org/10.2514/2.3804


Materials 2022, 15, 8507 15 of 15

53. Kolesnikov, A.F.; Lukomskii, I.V.; Sakharov, V.I.; Chaplygin, A.V. Experimental and Numerical Modeling of Heat Transfer to
Graphite Surface in Underexpanded Dissociated-Nitrogen Jets. Fluid Dyn. 2021, 56, 897–905. [CrossRef]

54. Kolesnikov, A.F.; Kuznetsov, N.T.; Murav’eva, T.I.; Nagornov, I.A.; Sakharov, V.I.; Sevastyanov, V.G.; Simonenko, E.P.; Simonenko,
N.P.; Chaplygin, A.V.; Shcherbakova, O.O. Investigation of Heat Transfer to HfB2-SiC-Based Ceramics in Underexpanded
Dissociated-Nitrogen Jets and Analysis of the Surface. Fluid Dyn. 2022, 57, 513–523. [CrossRef]

55. Simonenko, E.P.; Simonenko, N.P.; Kolesnikov, A.F.; Chaplygin, A.V.; Lysenkov, A.S.; Nagornov, I.A.; Sevastyanov, V.G.; Kuznetsov,
N.T. Modification of HfB2–30% SiC UHTC with Graphene (1 Vol %) and Its Influence on the Behavior in a Supersonic Air Jet.
Russ. J. Inorg. Chem. 2021, 66, 1405–1415. [CrossRef]

56. Simonenko, E.P.; Simonenko, N.P.; Gordeev, A.N.; Kolenikov, A.F.; Lysenkov, A.S.; Nagornov, I.A.; Sevastyanov, V.G.; Kuznetsov,
N.T. Oxidation of Porous HfB2–SiC Ultra-High Temperature Ceramic Materials Rich in Silicon Carbide (65 Vol %) by a Supersonic
Air Flow. Russ. J. Inorg. Chem. 2020, 65, 606–615. [CrossRef]

57. Simonenko, E.P.; Simonenko, N.P.; Gordeev, A.N.; Kolesnikov, A.F.; Sevastyanov, V.G.; Kuznetsov, N.T. Behavior of HfB2–30 Vol%
SiC UHTC Obtained by Sol–Gel Approach in the Supersonic Airflow. J. Sol.-Gel. Sci. Technol. 2019, 92, 386–397. [CrossRef]

58. Simonenko, E.P.; Simonenko, N.P.; Papynov, E.K.; Gridasova, E.A.; Sevastyanov, V.G.; Kuznetsov, N.T. Production of HfB2–SiC
(10–65 Vol % SiC) Ultra-High-Temperature Ceramics by Hot Pressing of HfB2–(SiO2–C) Composite Powder Synthesized by the
Sol–Gel Method. Russ. J. Inorg. Chem. 2018, 63, 1–15. [CrossRef]

59. Lukomskii, I.V.; Chaplygin, A.V.; Kolesnikov, A.F. A Device for Measuring the Heat Flux to the Surface of a Material Heated in a
Jet of High-Enthalpy Gas to a High Temperature. Patent RU 205572, 5 April 2021.

60. Belov, G.V.; Iorish, V.S.; Yungman, V.S. IVTANTHERMO for Windows—Database on Thermodynamic Properties and Related
Software. Calphad 1999, 23, 173–180. [CrossRef]

61. Gurvich, L.V.; Iorish, V.S.; Yungman, V.S. IVTANTERMO. A Thermodynamic Database and Software System for the Personal Computer.
User’s Guide; CRC Press. Inc.: Boca Raton, FL, USA, 1993.

62. Gilman, J.J. Hardnesses of Carbides and Other Refractory Hard Metals. J. Appl. Phys. 1970, 41, 1664–1666. [CrossRef]
63. Wong-Ng, W.; Hubbard, C.R. Standard Reference Materials for X-Ray Diffraction Part II. Calibration Using d-Spacing Standards.

Powder Diffr. 1987, 2, 242–248. [CrossRef]
64. Kawamura, T. Silicon Carbide Crystals Grown in Nitrogen Atmosphere. Mineral. J. 1965, 4, 333–355. [CrossRef]
65. Burdick, C.L.; Owen, E.A. The Atomic Structure of Carborundum Determined by X-Rays. J. Am. Chem. Soc. 1918, 40, 1749–1759.

[CrossRef]
66. Kugai, L.N. Chemical Stability of Borides of Transition Metals of Groups IV-VI Inalkaline Solutions. Izv. Akad. Nauk Neorg. Mater.

(Russ.) 1972, 8, 669–670.
67. Holleck, H. Legierungsverhalten von HfB2 Mit Uran- Und Übergangsmetalldiboriden. J. Nucl. Mater. 1967, 21, 14–20. [CrossRef]
68. Lipson, H.S.; Stokes, A.R. The Structure of Graphite. Proc. R. Soc. London. Ser. A Math. Phys. Sci. 1942, 181, 101–105. [CrossRef]
69. Popov, O.; Vishnyakov, V.; Poperenko, L.; Yurgelevych, I.; Avramenko, T.; Ovcharenko, A. Reactively Sintered TiB2-Based

Heteromodulus UHT Ceramics with in-Situ Formed Graphene for Machinable Concentrated Solar Light Absorbers. Ceram. Int.
2022, 48, 17828–17836. [CrossRef]

70. Hassan, R.; Kundu, R.; Balani, K. Oxidation Behaviour of Coarse and Fine SiC Reinforced ZrB2 at Re-Entry and Atmospheric
Oxygen Pressures. Ceram. Int. 2020, 46, 11056–11065. [CrossRef]

71. Liu, C.; Yuan, X.; Wang, W.; Liu, H.; Li, C.; Wu, H.; Hou, X. In-Situ Fabrication of ZrB2-ZrC-SiCnws Hybrid Nanopowders with
Tuneable Morphology SiCnws. Ceram. Int. 2022, 48, 4055–4065. [CrossRef]

72. Ma, H.-B.; Zhang, G.-J.; Liu, H.-L.; Liu, J.-X.; Lu, Y.; Xu, F.-F. Effect of WC or ZrC Addition on Thermal Residual Stresses in
ZrB2SiC Ceramics. Mater. Des. 2016, 110, 340–345. [CrossRef]

73. Ghosh, D.; Subhash, G.; Orlovskaya, N. Measurement of Scratch-Induced Residual Stress within SiC Grains in ZrB2–SiC
Composite Using Micro-Raman Spectroscopy. Acta Mater. 2008, 56, 5345–5354. [CrossRef]

74. Zhang, D.; Yu, H.; Wang, A.; Wang, Q.; Ren, L.; Hu, P.; Sun, D. Achieving the Synergy of Superior Damage Tolerance and
Oxidation Resistance of 2D Cf/ZrB2-SiC Composites via Fiber Heat Treatment. Appl. Surf. Sci. 2021, 556, 149807. [CrossRef]

75. Dresselhaus, M.S.; Jorio, A.; Hofmann, M.; Dresselhaus, G.; Saito, R. Perspectives on Carbon Nanotubes and Graphene Raman
Spectroscopy. Nano Lett. 2010, 10, 751–758. [CrossRef] [PubMed]

76. Kieffer, R.; Nowotny, H.; Ettmayer, P.; Dufek, G. Neue Untersuchungen Uber Die Mischbarkeit von Ubergangsmetallnitriden Und
-Karbiden. Metall 1972, 26, 701–708.

77. Lengauer, W.; Binder, S.; Aigner, K.; Ettmayer, P.; Guillou, A.; Debuigne, J.; Groboth, G. Solid State Properties of Group IVb
Carbonitrides. J. Alloys Compd. 1995, 217, 137–147. [CrossRef]

78. Brager, A. An X-Ray Examination of the Structure of Boron Nitride. Acta Physicochim. 1937, 7, 699–706.

http://doi.org/10.1134/S0015462821060070
http://doi.org/10.1134/S0015462822040061
http://doi.org/10.1134/S003602362109014X
http://doi.org/10.1134/S0036023620040191
http://doi.org/10.1007/s10971-019-05029-9
http://doi.org/10.1134/S0036023618010187
http://doi.org/10.1016/S0364-5916(99)00023-1
http://doi.org/10.1063/1.1659089
http://doi.org/10.1017/S0885715600012884
http://doi.org/10.2465/minerj1953.4.333
http://doi.org/10.1021/ja02245a001
http://doi.org/10.1016/0022-3115(67)90724-6
http://doi.org/10.1098/rspa.1942.0063
http://doi.org/10.1016/j.ceramint.2022.03.053
http://doi.org/10.1016/j.ceramint.2020.01.125
http://doi.org/10.1016/j.ceramint.2021.10.195
http://doi.org/10.1016/j.matdes.2016.08.009
http://doi.org/10.1016/j.actamat.2008.07.031
http://doi.org/10.1016/j.apsusc.2021.149807
http://doi.org/10.1021/nl904286r
http://www.ncbi.nlm.nih.gov/pubmed/20085345
http://doi.org/10.1016/0925-8388(94)01315-9

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Obtaining ZHS and ZHSC Ceramic Materials 
	The Study of the Behaviour of ZHSC Ceramic Material under the Influence of the Supersonic Flow of Dissociated Nitrogen 

	Conclusions 
	References

