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Abstract: The short-term (5 min) exposure to the supersonic flow of carbon dioxide plasma on
ultrahigh-temperature ceramics of HfB,-30vol.%SiC composition has been studied. It was shown that,
when established on the surface at a temperature of 1615-1655 °C, the beginning of the formation
of an oxidized layer takes place. Raman spectroscopy and scanning electron microscopy studies
showed that the formation of a porous SiC-depleted region is not possible under the HfO,-SiO,
surface oxide layer. Numerical modeling based on the Navier-Stokes equations and experimental
probe measurements of the test conditions were performed. The desirability of continuing systematic
studies on the behavior of ultrahigh-temperature ZrB, /HfB,-SiC ceramics, including those doped
with various components under the influence of high-enthalpy gas flows, was noted.

Keywords: ultrahigh-temperature ceramics; SiC; borides; carbon dioxide plasma; supersonic flow;
oxidation; heat transfer

1. Introduction

Entry probes for future planetary missions are expected to be subjected to severe
thermal loads [1-3]. This will require their TPS materials to have extremely high melting
points and oxidation resistance. Ultrahigh-temperature ceramic materials (UHTC) based on
zirconium and hafnium diborides doped with silicon carbide have attracted great interest
for advanced aerospace applications [4-11]. The high refractoriness of the components,
phase stability in a wide temperature range, good mechanical properties, and good ox-
idation resistance allow their operation even in oxygen-containing gas atmospheres at
temperatures ranging from ~2000-2500 °C [12-17]. High thermal conductivity and high
emissivity make UHTC a good material candidate for sharp leading edges with passive
radiative cooling [18,19]. The study of UHTC exposed to high speed air flow confirms
the high oxidation resistance of ZrB, /HfB,-SiC ceramics at elevated temperatures. This
leads to the idea of using them in other gas environments, including the atmospheres of
Mars, Venus, and Titan. However, there is a very small number of publications describing
the behavior of such materials in non-air gas flows [20-25], mainly focusing on nitrogen
atmospheres. Studies of UHTC'’s behavior in high-enthalpy carbon dioxide jets may be of
interest for modeling the effects of Venus’s atmosphere, which presents more demanding
entry conditions than on Earth [26-28]. Previously, our team studied the behavior of HfB;-
SiC material doped with 1 vol.% graphene under the influence of a supersonic CO; plasma
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jet, including additional laser heating [29]. It was found that in this case a traditional
multilayer oxidized near-surface region was formed: the upper oxide layer HfO,-5iO,, and
below the porous SiC-depleted layer, passing into the unoxidized volume of the ceramics.

The aim of this work was to reveal the oxidation features and behavior of undoped
HfB;-30vol.%SiC material under relatively short-term exposure (5 min) to a supersonic
flow of dissociated CO,.

2. Materials and Methods
2.1. Ceramic Sample Preparation

The HfB;-30vol.%SiC ceramic material was prepared using the reaction hot pressing
method described in [30-32], as the use of the reaction sintering technique allows for a
slightly lower consolidation temperature [22,33-36]. Briefly, the synthesis of the initial
HfB,-5i0;-C powder was carried out using sol-gel technology and its further hot pressing
was performed using a hot press model HP20-3560-20 (Thermal Technology Inc., Minden,
NV, USA) at a temperature of 1800 °C (heating rate 10°/min) and a uniaxial pressure of
30 MPa in an argon atmosphere; the dwell time was 15 min. The resulting cylindrical
sample had a diameter of 15.1 mm, a thickness of 3.1 mm, and a density of 96.8 £. In total,
0.7% was used to study its behavior in a supersonic flow of pure dissociated CO5.

2.2. Test Facility

The oxidation resistance and heat transfer of the sample were studied in a high-
enthalpy supersonic carbon dioxide jet at the VGU-4 ICP facility [37] using a 30 mm
diameter sonic nozzle. A sketch of the test configuration is shown in Figure 1. General
parameters of the VGU-4 ICP facility are given in Table 1. The average temperature of
the heated sample surface was measured with a Mikron M700S spectral-ratio pyrometer
(Mikron Infrared Inc., Oakland, CA , USA) and an AST Swift 350 PL brightness pyrometer
(Accurate Sensors Technologies Ltd., Udaipur, India). The diameter of the sighting area
was ~5 mm in the central part of the sample. The temperature distribution on the sample
surface was studied using a Tandem VS-415U thermal imager (OOO “PK ELGORA”,
Korolev, Moscow region, Russia). The readings of the Tandem V5-415U thermal imager and
AST Swift 350 PL brightness pyrometer were adjusted to account for the expected spectral
emissivity €, of the surface (0.6 for both spectral ranges) and the transmittance of the KCl
view port (0.93). During the analysis of the thermal imager data the surface temperatures
were corrected to the real ¢, values obtained from comparison with spectral-ratio pyrometer
measurements. The Mikron M770S spectral-ratio pyrometer does not require an emissivity
setting (assuming that the spectral emissivity of the surface does not change at the two
close operating wavelengths near 1 pm [38]). The details of the pyrometry system are
summarized in Table 2 and Figure 2. The CO, flow rate was controlled by a Bronkhorst
MV-306 flowmeter (Bronkhorst High-Tech BV, Ruurlo, The Netherlands). The pressure in
the test chamber was monitored by a pressure transducer Elemer AIR-20/M2-DA (NPP
“Elemer”, Moscow, Russia). The geometry of the holder in which the sample was fixed
is described in detail in [29,39]. The sample was installed on the friction in the socket of
the water-cooled calorimeter; the gap was filled with a flexible thermal insulation based
on SiC and carbon fibre in order to minimize heat loss into the water-cooled holder. The
cold wall (CW) heat flux in the supersonic CO; plasma jet was measured with a copper
water-cooled calorimetric probe [40]. The steady-state calorimetric probe was installed in
a water-cooled cylindrical holder measuring 30 mm in diameter with a flat front surface.
The heat-absorbing surface of the probe was 13.8 mm in diameter. The mass flow rate
of the cooling water was measured with a Bronkhorst ES-FLOW ultrasonic liquid flow
meter (Bronkhorst High-Tech BV, Ruurlo, The Netherlands). The temperature increase
of the water was measured with a chromel-alumel differential thermocouple. Heat flux
measurements are estimated to have an uncertainty of 5-10% [40,41].
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Figure 1. Sketch of the test configuration. 1—Mikron M700S spectral-ratio pyrometer, 2—AST Swift
350 PL brightness pyrometer, 3—Tandem VS-415U thermal imager, 4—KCl view port, 5—sonic
nozzle, 6—induction coil, 7—sample holder. Note: graph is not to scale.

Table 1. General parameters of the VGU-4 ICP facility.

Parameter Value

Maximum generator anode power supply, kW 72

Frequency, MHz 1.76

Discharge channel diameter, mm 80

Stagnation pressure, Pa 6x10%...1 x 10°

Gas mass flow rate, g/s 2...6

Possible working gases Air, Np, CO,, Ar and their mixtures

Table 2. VGU-4 ICP facility pyrometry system.

Device Type Temperature Range Spectral Range Accuracy
Tandem VS-415U B“ght;‘ﬁz;z‘ermal 1000 °C...2300 °C 0.8 to 1.0 * um 4+20°C
AST Swift 350 PL Brightness pyrometer 350 °C...3500 °C 2.0 to 2.6 pm +0.5% of the measured

value + 1 °C
Spectral-ratio

Mikron M770S
pyrometer

1000 °C...3000 °C 2 bands ~1 ym +15°C

* See Figure 2.
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Figure 2. Relative spectral sensitivity of the Tandem VS-415U thermal imager (manufacturer’s data).

2.3. Numerical Simulation

Numerical simulation of the carbon dioxide plasma flow in the facility’s cylindrical
discharge channel and in the underexpanded jet emanating from the conical sonic nozzle
was performed using the software package for numerical integration of the Navier-Stokes
equations [42]. The details of the calculation method are described in [43]. The mixture
of CO, was considered as an ideal mixture of perfect gases, in which chemical reactions
and ionization reactions can proceed. Thermodynamic and thermochemical data for the
gas components are taken from [44]. The constants of chemical reactions proceeding in the
high-temperature CO; mixture are taken from [45—-48].

2.4. Material Investigation

X-ray patterns of the obtained HfB-30vol.%SiC ceramic material before and after
exposure to supersonic carbon dioxide flow were recorded on a Bruker D8 Advance
X-ray diffractometer (CuKa radiation, and 0.02° resolution with signal accumulation in
the point for 0.3 s, Bruker, Billerica, MA, USA). X-ray phase analysis was carried out using
MATCH!—Phase Identification from Powder Diffraction, Version 3.8.0.137 (Crystal Impact,
Bonn, Germany), Crystallography Open Database (COD). Crystalline lattice parameters
and average crystallite size were calculated using full-field analysis in the TOPAS software
(Version 4.2). Raman spectra were recorded on a Confotec NR500 Raman spectrometer
(100 x 0.95 objective, 532 nm laser; grating 600; SOL Instruments, Augsburg, Germany).
The power on the sample was 20 mW. The signal accumulation time was 60 s. The surface
and chipping of ultrahigh-temperature HfB,-SiC ceramic samples after exposure to a
supersonic CO; plasma was investigated by scanning electron microscopy (SEM) on a
three-beam NVision 40 (Carl Zeiss, Oberkochen, Germany) work station with accelerating
voltages of 1 and 20 kV using secondary electron (SE2) and energy-selective backscattering
(ESB), respectively. The elemental composition of the regions was determined using an
Oxford Instruments energy-dispersive analysis device (EDX, Oxford, UK; accelerating
voltage, 20 kV).

3. Test Conditions

The test was performed in supersonic high-enthalpy carbon dioxide jet flowing from a
water-cooled conical nozzle with an outlet diameter of D,;,,,;, = 30 mm at a pressure in the
test chamber p.;, = 870 Pa, HF-generator anode power N;, = 45 kW, and gas mass flow
rate G = 2.4 g/s. The distance from the nozzle outlet to the ceramic sample was 30 mm.

The cold wall heat flux value measured under the same test conditions at the same
distance from the nozzle outlet was g, = 249 W/ cm?.

The main flow parameters and gas composition at the nozzle outlet obtained by
numerical simulation for the test conditions are shown in Tables 3 and 4, respectively. These
values were calculated at the nozzle symmetry axis. The distribution of flow parameters is
shown in Figure 3.
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The HfB,-30vol.%SiC ceramic sample was immersed in the high-enthalpy jet when
stable test conditions were achieved. Under these conditions, the sample was held until the
end of the experiment; the total exposure time was 5 min (300 s).

Table 3. Main flow parameters at the the nozzle outlet of the VGU-4 ICP facility calculated for
test conditions.

Parameter Value
Total pressure, Pa 5874
Velocity, m/s 1193
Temperature, K 5449
Total enthalpy, M]/kg 14.63

Table 4. Mass concentrations of gas mixture components at the nozzle outlet of the VGU-4 ICP facility
calculated for test conditions.
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Figure 3. Distribution of the carbon dioxide plasma flow parameters in the VGU-4 facility’s cylindrical

discharge channel (D;. = 80 mm) and in the underexpanded jet emanating from the conical sonic

nozzle with an outlet diameter of D,,,,;, = 30 mm obtained for pressure in the test chamber

pen = 870 Pa, HF-generator anode power N, = 45 kW and gas mass flow rate G = 2.4 g/s.

(a)—temperature (T), (b)—Mach number (M), (c)—pressure (p).



Plasma 2024, 7

305

4. Results and Discussion
4.1. Heat Transfer and Behavior of HfB,-SiC Material under Exposure to Supersonic Flow of
Dissociated CO»,

After the HfB,-30vo0l.%SiC ceramic sample, fixed in a water-cooled holder, was im-
mersed in a supersonic flow of dissociated CO;, the average surface temperature measured
by a spectral ratio pyrometer reached 1615 °C in 30 s (Figure 4). It then increased sys-
tematically until the end of the test with a surface heating rate of 8.4 °/min. The surface
temperature at the end of the exposure (at the 300th second) was 1657 °C.

T, °C N,kW P x10*Pa
1700 -60 20
1600

- 15
1500 - 50
1 45 kW/
1400 e AN A
- 10
8.7x10* Pa
1200 -
-5
1100 - 30
1000 T T T T T T T T T T T T T -0
0 50 100 150 200 250 300
Time, s

Figure 4. Variation of the average surface temperature (T) of the HfB»-30% SiC ceramic material
(according to spectral-ratio pyrometer data) when exposed to the supersonic flow of dissociated
CO,, as well as data on the experimental parameters—anode supply power (N) and pressure in the
plasmatron test chamber (p,).

Thermal imager and brightness pyrometer temperature readings were originally
collected for the preset surface spectral emissivity e, = 0.6 in the corresponding spectral
ranges (A1 and A;, respectively), which are different for these instruments (see Table 2).
The average spectral emissivities in the spectral ranges from 0.8 to 1.0 pm (A1) and from 2.0
to 2.6 pm (Ay) were evaluated by comparison with the spectral-ratio pyrometer readings
as a reference (Figure 5). The idea and details of such in situ emissivity measurements
are described in [23,49-51]. Spectral emissivities for both spectral ranges decrease during
exposure from a value of 0.64-0.67 to 0.41 due to surface oxidation.

The heat flux to the HfB»-30% SiC sample surface in the steady-state regime can be
estimated from the heat balance equation:

Juw = Geond T €0 T 1)

In this equation, g is the unknown heat flux, g.,,4 is the energy loss by heat conduc-
tion into the interior (which is measured by a calorimeter installed in the water-cooled
sample holder), ¢; is the total emissivity of the surface, ¢ is the Stefan-Boltzmann constant,
and T is the surface temperature according to the data of the spectral-ratio pyrometer (in K).

As can be seen in Figure 5, the spectral emissivities for the two independent spectral
ranges (A1 and Ay) are almost equal after the 30th second of the experiment (in the quasi-
steady-state regime when the surface temperature changed slowly). This allows us to
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make the assumption that the sample surface is close to gray body (¢ = €,), at least in the
near-IR range. According to Wien’s law, the maximum radiation intensity for a surface
temperature of ~1900 K corresponds to a wavelength of about 1.5 pm. In this case, we can
use the obtained spectral emissivity values instead of the total emissivity in Equation (1)
and estimate the average heat flux (from the 30th to the 300th second of the experiment)
for the steady state regime as g, = 112 W/cm?. This value is lower than the cold wall
heat flux go, = 249 W/ c¢m? measured under the same test conditions. Some errors in the
method may be due to the difference between the real surface of the HfB,-30% SiC ceramic
material and the gray body model. As shown in [52], the emissivity of HfB,-based ceramics
can actually depend on the wavelength range. But even for a black body (¢; = 1), the
heat flux calculated from Equation (1) does not exceed 160 W/cm?. The difference in heat
flux to the surface of the ceramic sample and the cold copper surface under the same test
conditions is mainly due to the lower catalytic properties of the oxidized HfB,-30% SiC
material with respect to heterogeneous recombination of atomic oxygen and partly due to
the temperature factor. This effect must be taken into account when analyzing the results
of material testing and designing thermal protection systems for descent vehicles.
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Figure 5. Average spectral emissivities in the spectral ranges from 0.8 to 1.0 pm (g1) and from 2.0
to 2.6 nm (g),) evaluated by a comparison of the thermal imager (T);) and brightness pyrometer
(T)p) readings at the preset surface spectral emissivity (ey = 0.6) with the spectral-ratio pyrometer
reference readings (T).

Analysis of the thermal imager data showed (Figure 6) that the temperature distribu-
tion over the surface was as uniform as possible from the first seconds of exposure due to
the good thermal conductivity. During the first three minutes, the temperature difference
over the entire surface did not exceed 50 °C (due to the lower temperature at the edges of
the sample) and locally, at a radius of 1-2 mm, <5-8 °C. Approximately after the middle of
the fourth minute the general temperature difference increased to ~65-70 °C, and locally
in the central region of the sample there appeared irregularities, ~15-20 °C, which may
be related to the change in microstructure of the oxidized surface of the sample. This
temperature distribution was maintained until the end of the experiment.
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Figure 6. Temperature distribution over the surface and diameter (centre inset) of a HfB,-30vol.%SiC
ceramic sample at specific times during the test.

4.2. Investigation of HfB,-SiC Material after Exposure to Supersonic Flow of Dissociated CO,

The X-ray phase analysis of the oxidized surface (Figure 7) showed that, despite the
relatively short exposure time of the CO, plasma (5 min), even low intensity reflections of
the initial phases of HfB, [53] and SiC [54] occurred. All observed reflections correspond to
the crystal lattice of monoclinic hafnium oxide [55]. Calculations using the Rietveld method
showed that in this case HfO; is characterized by a certain distortion of the structure,
which is expressed by compression along the a and ¢ axes (a = 5.125, b = 5.189, ¢ = 5.302 A,
B = 99.212° compared to the literature a =5.150, b = 5.185, c = 5.342 A, B = 98.948° [55]). The
artificial addition of the HfSiO4 phase (the content of which, according to the calculations,
cannot exceed 12%) does not lead to a change in the calculated parameters towards the
reference value.

@ ® - HfO, mon

Intensity, a.u.

] & ® o-HfB, v-SiC

- ® ® H ® ®

. N | W [t VAR N\ ()

I ' I ' I ' I ' I ' I v 1

20 30 40 50 60 70 80
20, °

Figure 7. X-ray diffraction patterns of the initial ceramic material HfB,-30vol.%SiC (a) and its surface
after exposure to a supersonic flow of dissociated CO, (b).
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The SEM study of the microstructure of the surface formed as a result of the oxidation
of the starting ceramic material HfB,-30vol.%SiC by a high-speed flow of dissociated CO,
showed (Figure 8) that it has a rather high roughness, not only due to the oxidation of
HfBy, but also to the formation of strongly protruding bubbles with a diameter of mainly
~7-20 pm. The latter are probably formed during the removal of the gaseous oxidation
product (CO) and during the rapid evaporation of borosilicate glass components at elevated
temperatures. Their formation on the surface can be related to the brighter areas observed
in the middle of the fourth minute of exposure in the thermal images. These bubbles appear
to be brittle and easily destroyed (Figure 8a—d), with a wall thickness of ~100-350 nm. The
study in the average atomic number contrast mode (ESD detector, Figure 8b,d), allowed us
to determine that the outer surface is mainly HfO, and the inner surface (as can be seen
in Figure 8b,d by the bases and wall fragments of the destroyed bubbles) is lined with
silicate melt. The latter is a mobile phase at the experimental temperature ~1620-1655 °C,
HfO, particles are dispersed in it, and due to the melt it is possible to move them from the
near surface regions and along the surface. Interestingly, X2c,d micrographs at the base
of the collapsed bubble show inclusions of oriented, vertically elongated HfO, particles
(diameter ~150-550 nm) in the silicate melt matrix, illustrating the “solid pillars, liquid
roof” model once proposed by Li et al. [56] in a situation after the “liquid roof” evaporation
had started from the surface [57-59]. Elemental analysis using EDX confirmed that on the
oxidized ceramic surface between the bubbles, only HfO, was localized (silicon was not
found, probably because its content is below the detection limit of the method), hafnium
dioxide predominated on the bubble surface (the n(Hf):n(Si) ratio is 9:1), and when the
surface area of 440 x 585 pm was scanned, the n(Hf):n(Si) ratio decreased to 4:1 due to
the destruction of the bubbles and the exposure of their internal composition. Analysis
of the microstructure of the bubbles preserved on the oxidized surface of the ceramic
material has shown (Figure 8e,f) that there are 40-80 nm pores between the flat aggregates
of the HfO; particles, probably bound from the inside by silicate melt. In general, the
microstructure of the oxidized surface is close to that previously observed in our studies of
the interaction of HfB,-S5iC-based materials with supersonic flows of dissociated CO, [29]
and air [31,32,60,61]. However, in the present experiment, a greater number of preserved
bubbles and their remnants are present on the surface where silicate glass is preserved,
whereas in previous work, due to higher thermal stress and longer exposure times, only
craters were recorded at their rupture sites.

Analysis of the microstructure of the HfB,-30vol%SiC ceramic chip after thermochem-
ical treatment (Figure 9) showed that a rather thin oxidized region of 22 £ 4 pm thickness
was formed close to the surface. At the same time, a thin HfO, film less than 300-500 nm
thick is present on the surface itself, under which a layer of HfO, particles distributed
in the silicate glass is observed. However, the porous layer depleted of SiC commonly
observed below, which would be formed as a result of the oxidation of SiC by an active
mechanism under a layer of silicate melt under conditions of reduced O, concentration [56],
was not found in this case. This is also confirmed by the mapping of the distribution of the
elements Si, O, and C (the latter is given tentatively due to the low accuracy of its determi-
nation by the EDX method) in Figure 10: the superimposition of the microphotography
with increased acceleration voltage (20 kV) to increase the contrast and the corresponding
distributions of silicon and oxygen show that the upper oxidized layer passes directly into
the initial material with normal silicon content.
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Figure 8. Microstructure (from SEM data) of the original (SE2-detector, (a,b)) and oxidized surface of a
HfB,-30vol.%SiC ceramic sample after exposure to a supersonic flow of dissociated CO,: morphology
(SE2-detector, (c,e,g)) and corresponding micrographs in the mean atomic number contrast mode
(ESB-detector, (d,f,h)).

SE2 detector ESB detector

PAITRY

Figure 9. Microstructure (based on SEM data) of a chipped HfB,-30vol%SiC ceramic sample after
exposure to a supersonic flow of dissociated CO, (central region): morphology (SE2 detector, (a,c))
and corresponding micrographs in the average atomic number contrast mode (ESB detector, (b,d)).
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n(Hf):n(Si) = 5.7

Figure 10. Mapping of Si, O, C * element distribution on the spall of HfB;-30vol.%SiC ceramic sample
after exposure to supersonic flow of dissociated CO,; * data are approximate.

Local EDX analysis in the upper third of the HfO,-5iO, layer thickness showed that
hafnium oxide clearly predominates closer to the surface (the ratio of n(Hf):n(Si) is ~6),
while closer to the end of the oxide layer the silicon content increases (n(Hf):n(Si) is ~3).
At the same time, directly below the HfO,-5iO, layer, according to the EDX data, the
n(Hf):n(Si) ratio is practically no different from that given and experimentally determined
for the bulk part of the HfB,-30vol.%SiC sample. Only a slight increase in defect/porosity
can be observed at the interface between the unoxidized material and the HfO,-SiO, layer
(Figure 9c¢,d) with a thickness of less than 1 pm. This structure of the oxidized region is
probably due to the fact that the exposure to a high-enthalpy CO, flow was stopped at
the initial stage of oxidation of the HfB,-30vol.%SiC ceramics, since for a similar material
composition in a previous experiment, characterized by a higher heat flux and exposure
duration, the formation of a conventional multilayer structure was observed [29], including
a depleted SiC layer.

To confirm this, Raman spectra were recorded from some surface and cracked areas of
the HfB,-30vol.%SiC ceramic sample after exposure to the supersonic flow of dissociated
CO; (Figure 11): point 1 corresponds to the surface in the central region of the sample and
points 2—4 correspond to different cracked areas. As can be seen, the Raman spectra at
points 1 and 2 (the oxidized surface and the one closest to the surface crack of the sample
in the region of the HfO,-5i0; layer, respectively) have the same set of bands. A detailed
analysis of these spectra reveals 14 characteristic bands (w1—w14 at 150, 165, 241, 257, 332,
381, 398, 499, 525, 554, 578, 631, 671 and 756 cm’l) of different intensities belonging to the
Ag and Bg modes of the monoclinic phase of HfO,, in good agreement with the literature
data [62-65]. In addition to the monoclinic HfO; phase, seven characteristic Raman modes
of the wy1—why7 phase of hafnone (HfSiO4) are detected at these sites at 442, 808, 854, 907,
937,976 and 1028 cm ™!, which are also in good agreement with the available literature
data [66-69].
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Figure 11. Marking on the optical micrograph of the surface (point 1) and spall (points 2—4) of the oxi-
dized HfB,-30vol.%SiC sample from which Raman spectra were recorded (a) and the corresponding

spectra (b).

For points 3 and 4 (Figure 11b), located just below the oxide layer and in the appar-
ently unoxidized volume of the HfB;-30vol.%SiC ceramics, the Raman spectra are almost
identical: only two intense modes ws;; and wg;p at 798 and 973 cm™ 1, belonging to sili-
con carbide (most likely polytype 3C) [70,71], as well as two very weak and faint modes
wp and wg at 1380 and 1635 cm ™!, which are characteristic bands of different forms of
carbon, probably residual carbon after in situ SiC production during the manufacture of
HfB,-30v0l.%SiC ceramics.

Thus, the set of methods confirms the fact that as a result of the short-term (5 min)
thermochemical influence of the supersonic flow of dissociated CO; at the selected pa-
rameters of the experiment, it is possible to observe the initial stage of oxidation of the
HfB,-30vol.%SiC high-temperature ceramic, at which the formation of the depleted SiC
layer has not yet occurred. This may be due to the fact that the HfO,-5iO, surface layer
formed during oxidation of the HfB,-SiC composite was not yet sufficiently tight at the
time the experiment was completed to create the low oxygen content required for active
oxidation of SiC [57,72]. For example, there may have been pores in this layer that promote
oxygen diffusion into the material volume, or there may have been HfO, particles that
act as a bridge for oxygen due to their ionic conductivity, or the thickness of the SiO,
melt layer of the order of 20-25 pm, are insufficient to form an oxygen content gradient.
The present study of the peculiarities of the oxidation process of ultrahigh-temperature
ceramics under the influence of a high-velocity flow of dissociated CO; is one of the first
steps indicating the important need to continue systematic studies of the degradation
process of such materials in gaseous media that differ significantly in composition from the
Earth’s atmosphere.

5. Conclusions

Our team continues to study the heat transfer and behavior of UHTC materials when
exposed to high enthalpy molecular gas plasma flows.

It is experimentally shown that as a result of relatively short-term exposure (within
5 min) on ultrahigh-temperature ceramics of composition HfB,-30vol.%SiC of supersonic
flow of dissociated CO, on the surface a temperature between 1615-1655 °C is established
and there is a tendency towards insignificant growth at the rate of 8°/min. Under the
experimental conditions chosen, it is likely that the oxide layer began to form on the
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surface of the material, since the analytical methods used (SEM with different detectors
and accelerating voltages, optical microscopy and Raman spectroscopy) did not allow
us to detect the formation of a porous SiC-depleted region under the HfO,-5iO, surface
oxide layer. With some degree of doubt, we can note the existence of a very thin region
(less than 1 ym thick, according to SEM data) of increased porosity/defectivity just below
the localization of the layer of hafnium oxide particles distributed in the silicate glass,
which may be caused not only by the onset of active oxidation of SiC with the formation of
5i0/CO, but also by the detachment of HfO,-5iO, from non-oxidized HfB,-SiC due to the
differences in thermal expansion coefficients revealed by the abrupt cooling of the sample.

Ceramic sample surface spectral emissivities obtained during the experiment for two
independent spectral ranges were almost equal. This result allowed us to use the gray body
model assumption for radiative heat transfer analysis. However, additional emissivity
studies in specialized facilities are still appropriate and important. The estimated heat flux
to the surface of the heated UHTC sample was lower than that measured by the cold copper
probe. This fact confirms that catalytic properties of the surface and wall temperature
should be taken into account when modeling heat transfer. Numerical flow simulations
allow detailed analysis of test conditions.

In general, it is necessary to note the usefulness of a systematic study of the peculiarities
of the behavior of ultrahigh-temperature ZrB, /HfB,-SiC ceramics, including those doped
with various components, under the influence of high-speed gas flows containing CO,. Our
future plans also include studies of UHTC materials in a mixture of methane and nitrogen,
in pure nitrogen, in a mixture of nitrogen and carbon dioxide, and under additional
radiative heating.

This has potential application for material selection in the development of advanced
space exploration vehicles.
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