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Abstract

Microstructure modifications of an ultra-high temperature ZrB,-SiC ceramic exposed to ground simulated atmospheric re-entry conditions were
investigated and discussed. Fluid dynamic numerical calculations were carried out to correlate and explain the experimental results. The cross-
sectioning of the ceramic models after exposure (examined by SEM) showed a compact scale of zirconia (20 wm thick) underlying an external
silica thin coating. A partially SiC-depleted region, a few microns thick, underneath the zirconia sub-scale was also seen. The post-test analyses
confirmed the potential of the ZrB,—SiC composite to endure re-entry conditions with temperature approaching 2000 °C, thanks to the formation
of a steady-state external multiphase oxide scale. Numerical calculations, which simulated the chemical non-equilibrium flow around the ceramic

model, matched well the experimental results only assuming a very low catalytic surface behavior.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Improved interest in ultra-high temperature ceramics
(UHTCs) is being animating the scientific community over the
past decade.!~* This emerging attention is driven by the demand
of developing re-usable hot structures as thermal protection sys-
tems (TPS) of space vehicles able to re-enter from Low Earth
Orbit (LEO) atrelatively high speed (order of 8 km/s). In contrast
to traditional blunt capsules or Shuttle-type vehicles, charac-
terised by poor gliding capabilities and complex TPS, the future
use of UHTCs opens new prospects for the development of space
planes with slender fuselage noses and sharp wing leading edges.
In fact, sharp geometries imply peak heat fluxes in the order of
1 MW/m? that state-of-art hot structures such as SiC-coated C—C
composites are not able to withstand."*> The use of UHTCs
would also imply lower aerodynamic drag, improved flight per-
formances and crew safety, due to the larger cross range and
manoeuvrability along more gentle re-entry trajectories.>-%7
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vA group transition metal diborides such as ZrB, and HfB,
have been indicated as promising candidate materials for use
in these aerospace applications, primarily for melting tem-
peratures greater than 3200 °C. Other favorable characteristics
include high elastic modulus, high thermal conductivity, retained
strength at elevated temperature, relatively good thermal shock
resistance and modest thermal expansion.?

However, pure metal diborides do not fully possess oxida-
tion resistance necessary for surviving reliably the oxidising
environment typical of hypersonic re-entry into the Earth atmo-
sphere. Expose HfB, to air at elevated temperatures, for instance,
leads to form HfO, and liquid B,O3: above 1600 °C, due to
the disruption of the HfO; scale when B,O3 starts boiling very
actively,” HfB, substantially deteriorates. A special family of
diborides-based composites have demonstrated to overcome this
limitation, thanks to the incorporation of SiC which improves
mechanical properties!®!! and resistance to oxidation. '3

From a technological point of view, the effective densification
of ZrB,, due to strong covalent bondings and low self-
diffusion coefficients, typically requires sintering temperatures
above 2000 °C and applied pressures in atmosphere-controlled
furnaces.!? Instead, several studies demonstrated that SiC added
to ZrB, enhanced sinter ability and mechanical properties,'®-!!
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in addition to the resistance to oxidation'"'3-13 of the diboride
alone. For ZrB, oxidised in air at elevated temperatures, ZrO,
and liquid B,O3 are formed.!* Below 1200°C, molten B,03
glass is basically retained in the porous ZrO; structure due
to high wettability and considerable surface tension. However,
appreciable volatilisation of B,Oj3 starts taking place above
1200 °C,'° leading to the formation of scarcely protective porous
ZrO; scale. The addition of SiC to ZrB; (for temperatures above
1200 °C) significantly reduces the oxidation rates, thanks to the
stability, at much higher temperatures than for the pure diboride,
of a protective silica-based glassy layer covering the surfaces
exposed to air. Passive-to-active transition of the SiC oxida-
tion has been also observed, resulting in regions beneath the
oxide scales formed upon the ZrB,—SiC base ceramic partially
depleted of SiC.!0-14.17

How UHTCs behave when exposed to convective flows with
significant concentrations of atomic oxygen (as is the case of
shock waves in hypersonic flows) is a central question that has
not received much attention to date. Indeed, a very few number of
(expensive) large-scale arc-jet facilities are available for testing
UHTCs (and other materials) in hypersonic flows with specific
total enthalpies in the order of 10-20 MJ/kg. Thus, the majority
of the oxidation studies on UHTCs employed conventional air-
furnaces, which ultimately fail to expose materials to significant
levels of atomic oxygen.

In this study, microstructure modifications of ZrB,-SiC
composite subjected to arc-jet testing were investigated and dis-
cussed. Fluid dynamic numerical calculations were carried out
to correlate and explain the experimental results.

2. Experimental
2.1. Material processing

A ZrB>-SiC ceramic was prepared from commercially avail-
able powders of ZrB, (grade B, H.C. Starck, Germany) and
SiC (BF12, H.C. Starck, Germany). The powder mixture of
ZrBj + 15 vol.% SiC was ball-milled in ethanol for 1 day using
hard milling media, dried with a rotating evaporator, and sieved
through a mesh screen with 250 wm openings to minimize
agglomeration. The powder blend was then uniaxially hot-
pressed in an inductively excited BN-lined graphite die, heating
up to 1820 °C (about 20 °C/min average heating rate and 15 min
isothermal stage at 1820 °C). The temperature was measured by
means of an optical pyrometer focused on the graphite die.

Bulk density and theoretical density were evaluated using
the Archimedes’ method (water as immersing medium) and the
rule-of-mixture, respectively. The relative density was calcu-
lated dividing the bulk density by the theoretical density. The
phase composition analysis was carried out with a scanning
electron microscope (SEM, mod. S360, Leica Cambridge, UK)
combined with an energy dispersive X-ray microanalyser (EDS,
mod. INCA Energy 300, Oxford Instruments, UK). Polished sec-
tions of the as-sintered material were prepared with successively
finer diamond-based abrasives ranging from 50 to 0.25 wm.

Fig. 1. Hemispheric ZrB,-SiC model used for arc-jet testing, curvature radius
R=7.5mm.

Thermal diffusivity (D) was measured through the laser
flash method (mod. LFA-427, NETZSCH Geritebau GmbH,
Germany), while heat capacity (Cp) using a modulated dif-
ferential scanning calorimetry (mod. MDSC, TA Instruments,
USA). Thermal conductivity (Kty) was estimated through the
expression Kty =DtaCpp, p is the bulk density.

2.2. Plasma torch testing

ZrB>-SiC models with a hemispheric shape (Fig. 1) were
machined through diamond-loaded tools, and then exposed to
sustained enthalpy flows using the arc-jet facility available at
the University of Naples. The facility is equipped with a 80 kW
plasma torch that operates in inert gas (He, N>, Ar and their mix-
tures) at mass flow rates up to 5 g/s. Infrared and optical windows
in the test chamber allow visual inspection and diagnostic analy-
ses. An automatic control system monitors the main parameters
of the apparatus (voltage and current of the arc heater, water
cooling temperature, mass flow rate).

In particular, the specific total enthalpy (H) was evaluated
through an energy balance between the energy supplied to the
gas by the arc heater and the energy transferred to the cool-
ing system (measured by the water temperature jump between
inlet and outlet). The output data, processed via a dedicated
software, allow not only the evaluation of the surface temper-
ature profile versus exposure time of the model, but also some
numerical-experimental correlations.

Due to the extremely high thermal loading upon the ceramic
models, surface chemical reactions like oxidation can be respon-
sible for changes in the material’s emissivity. To overcome
this problem, the experiments were carried out with a radia-
tion ratio pyrometer (Infratherm ISQS5, Impac Electronic Gmbh,
Germany) which operates both in two colour and in the single
colour function. In the two colour mode the instrument makes
use of the ratio of two spectral radiances, measured at different
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Fig. 2. Fracture (a) and polished surface (b) of ZrB,—-SiC, SEM micrographs: round dark features are SiC (b).

wavelengths (0.9-1.05 wm), to evaluate the true temperature.
This overcomes the problem of the emissivity knowledge since
it is supposed to be the same at both wavelengths. Once the tem-
perature had been measured with the ratio pyrometer, its value
was input to evaluate the spectral emissivity using the single
colour function (A =0.9 um). In combination with the pyrom-
eter, an infrared thermo-camera (Thermacam SC 3000, FLIR
Systems, USA) was used to measure the surface temperature
distributions and the spectral emissivity in the long wave range
of the thermograph (A =9 pm). The ceramic models exposed to
the hot stream were further analysed by SEM-EDS on surface
and after cross-sectioning. A thin carbon coating was deposited
on the analysed surfaces to prevent charging effects.

3. Numerical simulation of the plasma torch flow

To assess if the environment generated by the plasma
torch at atmospheric pressure conditions was able to repro-
duce heat fluxes, temperatures and reactive environments typical
of atmospheric re-entry, a systematic numerical analysis has
been carried out. The computations have been carried out
solving the full Navier—Stokes equations for a turbulent multi-
reacting gas mixture with five chemical species (O, O,
NO, N, N») in chemical non-equilibrium. Each species of
the mixture was assumed to behave as a thermally perfect
gas, where translational-rotational and vibrational-electronic
degrees of freedom were characterised by different temper-
atures. Vibrational-translational energy exchanges have been
modeled according to the Landau—Teller model, while the vibra-
tional relaxation time was derived from the Millikan—White
formula, with Park correction for high temperatures.'® Chemi-
cal and vibrational non-equilibrium is taken into account using
the Park model.!%2! The fluid-dynamics equations have been
numerically solved in the computational domain (plasma torch
and test chamber). Convective fluxes were computed accord-
ing to Roe’s Flux Difference Splitting scheme. Integration of
the equations was performed implicit in time, until steady state
was achieved, solving the linearised system of equation by the
multigrid technique.

4. Results and discussion
4.1. Base microstructure

The bulk density of the sintered ZrB;-SiC pellets was
5.6 +0.02 g/cm?, that corresponds to a relative density higher
than 99%. The example of a fracture surface in Fig. 2a reveals
the typical grain structure, with regular ZrB, grains of about
2 wm average size. The polished section examined by SEM
(Fig. 2b) confirmed that the present composite is fully dense
(i.e. no apparent porosity). In addition, the investigation by SEM
provided evidence of SiC dispersed intergranularly within the
ZrB; matrix, sometimes in agglomerates (maximum size 5 pm).
Detailed SEM-EDS inspections of the microstructure allowed
for highlighting also some secondary reaction products in very
limited amounts like zirconia and a glass phase among aggre-
gated SiC particles (Fig. 3). A more extensive description is
reported elsewhere.

The thermal conductivity (Kyy) varied from 62 to 65 W/m K
over the temperature range 30—-1200 °C. Higher KTy values from
104 to 76.2 W/m K over the temperature range 30-1200 °C were
reported for an UHTC composed of ZrBj +20vol.% SiC.>

LTbEaeat e BT % —

Fig. 3. Polished section of ZrB,-SiC, SEM micrograph: glass phase (white
arrow) and zirconia (black arrow) are marked.
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Fig. 4. Computed mass fractions of the different species along the torch axis

(x).

A variation in Kty was likewise observed in the HfB,-SiC
system.3

4.2. Plasma flow characterisation

The numerical simulations herein presented refer to a Nitro-
gen plasma jet with mass flow rate of 1g/s, for a power
transferred to the fluid of 15 kW: mass fraction profiles of dif-
ferent species along the symmetry axis of the torch (Fig. 4), and
specific total enthalpy along the symmetry axis of the exhaust
jet (Fig. 5) are shown. At the exit of the torch the partially
dissociated Nitrogen expands through a nozzle (5 mm in diam-
eter), comes into contact with the surrounding air at ambient
conditions, so that oxygen in the atmosphere dissociates and
a reacting mixture composed by O, N», NO, O, N is formed
(Fig. 4). The specific total enthalpy decreases rapidly along the
torch axis (Fig. 5). Changing the distance between the torch exit
and the specimen, different conditions can be established. In

24

Enthalpy, MJ/kg
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Fig. 5. Computed specific total enthalpy H and specific chemical enthalpy hq
along the torch axis x, x=0 the torch outlet.
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Fig. 6. Stagnation point heat flux (¢) computed at different distances from the
exit torch (x). The continuous lines correspond to the engineering formulas (EF)
for the different assumptions of fully catalytic (FC) and non catalytic (NC) wall.
The two points are evaluated with computation fluid dynamics (CFD).

particular, the range of interest is between 4 and 12 cm, with a
corresponding decrease of the specific total enthalpy from about
18 to 3 MlJ/kg. Fig. 5 also shows the contribution of the specific
chemical enthalpy (/q) to the specific total enthalpy due to the
dissociated chemical species. The numerical results have been
interpolated to show that the here reported semi-empirical for-
mulas found for the stagnation point heat flux (g) at hypersonic
conditions?*

drc = 2.75 x 1075, /%(Ho — )" dne

=275 % 1075,/ %(Ho — hg — hy)"17 (1)

are still valid in these conditions, where the NC and FC sub-
scripts refer to a non catalytic wall and to a fully catalytic wall,
respectively, Hy is the specific total enthalpy at the exit of the
torch, A4 is the chemical enthalpy stored in the atomic species; Ay,
is the wall enthalpy, R the gas constant and p the stagnation point
pressure. In Fig. 6 the stagnation point heat fluxes evaluated with
the semi-empirical formulas are compared to the computational
fluid dynamics (CFD) results and a good agreement is found.

4.3. Arc-jet testing

The present ZrB,—SiC composite was subjected to arc-jet
testing which, as verified in Section 4.2, enabled a ground simu-
lation of conditions expected during an atmospheric re-entry.
In particular, the hemispheric models (Fig. 1) were exposed
to a reactive gas mixture with an average total enthalpy in
the order of 10-20 MJ/kg. Fig. 7a shows the temperature pro-
files of the model’s surface during two arc-jet tests. During the
test numbered 1 in Fig. 7a, the average specific total enthalpy
was 17.3 MJ/kg during the first 60s; the arc current was then
increased and the specific total enthalpy reached a value of
19.7 MJ/kg and was maintained for approximately 270s. In the
test numbered 2 in Fig. 7a, a similar procedure was applied and
the specific total enthalpy was 14.8 MJ/kg during the first 60 s
and 16.6 MJ/kg for about 1 min. The corresponding values of
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Fig. 7. Temperature (7) profiles vs. time during arc-jet testing of the ZrB,—SiC model (a), and its post-test appearance (b); specific total enthalpies during test_1 (H1;

and Hy) and test_2 (Hp; and H») are indicated.

Fig. 8. Surface of the ZrB,—SiC model after arc-jet testing (refer to the curve_1 in Fig. 7a), SEM micrographs.

the stagnation point heat fluxes, computed by numerical simu-
lations, are in the order of 8-10 MW/m?. In both cases, a value
of about 0.9 was found for the emissivity at the highest tempera-
tures. Just for comparison, arc-jet tests performed on ZrB,-SiC
and HfB,—SiC materials elsewhere described>!'* involved stag-
nation point heat fluxes in the order of 3.5-4 MW/m?.

With reference to the test numbered 1 in Fig. 7a, the surface
temperature of the (hemispheric) model rose during exposure
up to 1850 °C within about 1 min. Increasing the specific total
enthalpy up to about 20 MJ/kg, the surface temperature rapidly
reached a value of about 1930 °C, followed by a slow decay to
1910 °C for the remaining duration of the test (i.e. 5 min). After
exposure, the specimen appeared slightly glazed, but maintained
an apparent integrity: a post-test picture of the model is dis-
played in Fig. 7b. Analyses by SEM-EDS of the exposed surface
revealed a coherent and smooth silica glass coating decorated
with partly aggregated zirconia crystals of various size and shape
(Fig. 8). Silicon and oxygen apart, neither zirconium nor boron
were detected in the (outermost part of the) external glass.

To have a more detailed insight into the microstructure evo-
lution upon the model’s surface during exposure, a specimen
was tested at very similar conditions (specific total enthalpy
16.6 MJ/kg and total duration of about 2 min, see curve 2 in
Fig. 7b). Though the visual appearance does not bring on sig-
nificant differences compared to the test numbered 1 (Fig. 7a)
early described, the model’s surface after this exposure revealed

clustered craters at the top of a glass coating (Fig. 9). The typ-
ical aggregations of zirconia crystals previously emphasised in
Fig. 8 were not observed.

The cross-sectioning and polishing of the models after arc-
jet testing provided insight into microstructure details of great
interest. The elemental mapping by SEM-EDS throughout the
oxidised cross-section revealed the formation of a multiphase
layered structure (Figs. 10 and 11). The outermost layer, a
few microns thick, consists of silica, and adheres to an oxide
sub-scale, 20 wm thick. The lastly cited scale includes zirconia

Fig. 9. Surface of the ZrB,—SiC model after arc-jet testing (refer to the curve_2
in Fig. 7a), SEM micrograph.
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Fig. 10. Cross-section of the ZrB,—SiC model after arc-jet testing (refer to the
curve_l in Fig. 7a), SEM micrograph; the oxide sub-scale (OX) underlying the
external glass layer (GL), and the SiC-depleted region (DE) close to the virgin
bulk (BU) are shown.

crystals embedded within a glass whose composition does not
differ significantly from that located on the surface. Underneath,
a layer partly depleted of SiC (10 wm thick) has formed, and
underlines the un-altered ZrB,—SiC matrix. The creation of such
an inner porosity most likely was caused by the active oxidation
of SiC, which represents a well-known phenomenon in SiC and
SiC-containing materials.>>~2® The interface between the fully
oxidised scale and that partially depleted of SiC appears sharp,
i.e. any transitional regions have formed. The external glass cov-
erage apart, analogous multilayered structures were observed in
MB>-SiC models subjected to arc-jet testing.>!+27

Fig. 11. Cross-section of the ZrB,—SiC model after arc-jet testing (refer to the
curve_l in Fig. 7a, SEM micrograph by back-scattered electrons) and associated
elemental maps by SEM-EDS.

The SEM-EDS analysis of the cross-sectioned specimen
associated to curve 2 in Fig. 7a (duration of about 2 min)
presented very similar details. However, different from the
ZrB,-SiC model arc-jet tested according to curve 1 in Fig. 7a,
the occurrence of a pitted surface was linked to reactions involv-
ing the evolution of gaseous by-products. In fact, during the
initial exposure to such harsh convectively heating conditions,
SiO, B,03 and other highly volatile boron sub-oxides, which
tend to evolve outside, most likely coalesced in bubbles inside
the external forming glass. Shear forces associated to the hot
stream facilitated the bursting of bubbles and, for prolonged
exposure (curve 1 in Fig. 7a), the smoothing of the outermost
glassy coating. According to the SEM-EDS analytical resolu-
tion, silicon and oxygen apart, the characteristic peaks for boron
and zirconium, due to the very low intensities, were of uncertain
attribution. The postulation of mass loss mechanisms were not
correlated to quantitative evaluations of weight changes and size
recession of the models.

The arc-jet tests presented in Fig. 7a provided an indica-
tion for the potential of this material for sharp leading edge
applications: the significance of the microstructure changes
after exposure to (simulated) re-entry conditions resulted within
acceptable limits. It is the authors opinion that reasons for the
configurational stability coupled to the high oxidation resistance
of the present UHTC when subjected to heat fluxes typical of
a re-entry environment should be inquired into the coherence
of the passivating oxide scales covering its surfaces. The mul-
tiphase oxide scales of the present UHTC maintain protective
capabilities even at extremely high temperatures thanks to the
prompt recovery after bubble bursts: in that case, viscosity of
the glass as well as its wetting behavior to the underlying oxide
scale played a fundamental role. When the model’s temperature
levelled off at about 1930 °C (test 1 in Fig. 7a), the passivating
silica layer which formed from the oxidation of SiC supported
the maintenance of a steady state temperature. In addition, the
condensation of volatile SiO (and boron sub-oxides) at the base
of the oxide sub-scale (Fig. 10) could explain the stability of
that microstructure as a quasi steady-state region, volatilising
from the outer surface and re-constituting at lower depth. The
crystalline zirconia that appears adherent to the formed glass
(Figs. 10 and 11) suggests an extremely low solubility between
the cited couple of compounds. Due to the preferential evapo-
ration of boron oxides, precipitates of zirconia decorating the
outermost glass layer after a relatively long exposure may indi-
cate a change in ZrO» solubility for borosilicate glasses versus
the pure B>03.

The improved performances of this material under strong
heat flux conditions are deemed to arise also from its high
thermal conductivity. This requisite allows heat to be conducted
from the stagnation points to colder zones, and from there
re-radiated away. In this respect, this class of UHTCs differs
a typical insulating thermal protection structure which rejects
heat almost solely by radiation. In addition, surface emissivities
at very high temperatures around 0.9 helped the material
maintain steady state surface temperature, levelling off for
instance around 1930°C as in the test early described in
Fig. 7a.
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Fig. 12. Cross-section of the ZrB,—SiC model after arc-jet testing (surface peak
temperature 2400 °C): a general view (a) and details of heavily altered zones (b
and c) are shown, SEM nicrographs.

Limited applicability is however expected when the multi-
layer oxide scales stop mitigating the influence of high pressure
inner gaseous by-products like SiO, B,O3 and CO that find
ways to evolve outside disruptively. In this respect, an addi-
tional arc-jet test was carried out in the same environment but at
extremely high heat fluxes (higher than 10 MW/m?). The tem-
perature climbed up so rapidly to about 2400 °C within 20 s that
the tested model was unable to offer a valuable resistance to the
aero-thermal load applied, and a stable configuration was never
established. A large activity of volatile products due to the vio-
lent jump in temperature occurred in proximity of the hottest
zones, leading to micro/macro-spallation of the model surface
(Fig. 12a). Due to the multiform variety of the altered regions,
a comprehensive description resulted an hardly solvable task.
For sake of simplicity, examples of some intriguing features are
given in Fig. 12b and c. The extent of the damage in these condi-
tions is to be considered not acceptable for the foreseen demand
of reliability and re-usability.

4.4. Role and influence of dissociated oxygen

The present work has been inserted into the experimen-
tal effort that has recently begun to address the question if
oxidation of SiC-containing metal borides based materials in
dissociated oxygen, the primary oxidant in a re-entry environ-
ment, proceeds more rapidly than that by molecular oxygen.
Preliminary indications seem confirmatory.* However, aspects
like the characteristics of the oxide scales produced by oxy-
gen atoms, or the passive-to-active oxidation boundaries of SiC
remain basically unexplored. Atomic oxygen for instance is
reported to accelerate oxidation rates in a variety of metals,
ceramics and semiconductors.* A series of experiments by Balat
et al. showed that the temperature-pressure boundary between
passive-to-active oxidation of SiC can be shifted significantly
if atomic oxygen is present.>> Rogers and co-workers, studying
the oxidation behavior of UHTCs and their constituents at high

temperature, found dramatically enhanced oxidation rates on Si,
SiC and Si3Ny in dissociated versus molecular oxygen, under
the same temperature and pressure.”®

As the oxide scales development in a oxidising (re-entry)
environment is concerned, it actually involves the composite
interaction of factors primarily associated with mass transport.
In contrast to oxidation studies in conventional high temper-
ature furnaces where the primary oxidant is the molecular
oxygen, %-13-15.17.22 the transport mechanisms governing oxi-
dation under an oxygen atom exposure are not yet clearly
identified, even in pure silica scales. In fact, while the diffu-
sion of interstitial molecular oxygen seems confirmed as the
dominant oxygen transport process within amorphous silica,
what happens when oxygen atoms are the major oxidant agent
arriving at the surface does not find a shared explanation yet.
Instead, the multilayer oxide scales formed upon oxidation
tests in conventional furnaces and in simulated atmospheric
re-entry conditions>%!%1727 show however similarities. In the
present case, an heat treatment at 1450°C of 20h in flow-
ing air at ambient pressure revealed a rather similar layered
configuration.?? The oxidation of ZrB,-SiC in air was also
analysed using volatility diagrams for ZrB; and SiC.?>*3° The
diagrams justified, thermodynamically, formation and stability
of the outermost silica coating as well as the development of SiC-
depleted regions beneath the outer oxide scales. The question
whether atmospheric re-entry conditions characterised by equiv-
alent temperatures and dwell times, induce varying thickness of
the separate oxide scales is matter of future work.

Other open topics connected to the consequences of the
oxidation in presence of a reactive hot stream containing dis-
sociated oxygen are currently receiving much attention. Does
dissociated oxygen recombine at the surface or within the silica-
based glass? Does it then diffuse inward in molecular form? In
this respect, the experimental temperature—time profiles (Fig. 7)
matched adequately the calculated heat flux distribution only
assuming a non catalytic behavior with reference to the oxygen
recombination (see specific comments in Section 4.5). It should
be pointed out that the present tests have been carried out at
atmospheric pressure conditions. Experimental and theoretical
works on the catalytic activity of silica-based materials under
simulated re-entry conditions®'32 have shown that the catalytic
atomic recombination coefficients, for a constant temperature,
are decreasing functions of the pressure. Therefore the catalytic
properties of the material, in respect to the recombination of
oxygen atoms, may be larger at lower pressures, as found for
instance in arc-jet experiments with ZrB,/SiC and HfB,/SiC
ceramic materials.?

It should also be emphasised that the co-existence of
crystalline (i.e. zirconia) and amorphous (i.e. silica) phases con-
stituting the multiphase oxide scales makes the establishment of
the rate-limiting transport extremely difficult. In contrast to the
amorphous silica behavior, the monoclinic crystal structure of
zirconia for instance favors oxygen incorporation and diffusion
in ionic rather than in molecular form. This suggest that the dis-
sociated oxygen in the reactive gas mixture enhances oxidation
since its incorporation into the zirconia scale would not require
an endothermic dissociation reaction. To conclude, although the
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Fig. 13. Experimental results and numerical solutions corresponding to the dif-
ferent assumption of fully catalytic (FC) and non catalytic (NC) wall, 14.8 MJ/kg
of specific total enthalpy.

ZrB,-SiC composite already displayed encouraging technical
merits to be a valuable candidate in aerospace applications,
many facets of the resistance to oxidation in re-entry conditions
need further confirmations in order to extend this technological
challenge for repeated safe uses.

4.5. Experimental-numerical correlation of aerothermal
heating

Numerical computations have been carried out, using the
model described in Section 3, under two different assumptions
about the catalytic properties of the specimen surface with refer-
ence to recombination of atomic oxygen. The simulations refer
to the plasma torch test characterised by a specific total enthalpy
of 14.8 MJ/kg (whose results are shown in curve 2 of Fig. 7a)
assuming the two extreme situations of a non catalytic wall and
a fully catalytic wall.>3 Based on the computed heat flux dis-
tributions, a thermal analysis has been carried out in both cases
to evaluate the corresponding time profiles of the temperature.
Fig. 13 shows the results computed under the two assumptions
of fully catalytic and non catalytic wall, and the experimen-
tal profile obtained with the pyrometer. Fig. 13 shows that the
experimental results match quite well the numerical ones corre-
sponding to the non catalytic wall condition. This points out that
the material herein tested exhibits, at very high temperatures, a
non catalytic behavior. This behavior can be explained by the for-
mation of a silica surface thin layer (Figs. 9—11) which is known
to possess very low catalytic recombination behavior.’33* The
presence of such a surface layer also justifies the high values of
the surface emissivity, according to the literature data.>

5. Summary and future work

An ultra-high temperature dense ZrB,—SiC ceramic was
produced by hot-pressing. Hemispheric ZrB,—SiC models (cur-
vature radius 7.5mm) were exposed to ground simulated

atmospheric re-entry conditions using arc-jet testing, with an
average specific total enthalpy (H) in the order of 10-20 MJ/kg.
The model’s surface reached a peak value of 1930 °C within
1 min for H approaching 20 MJ/kg. Elemental mapping by SEM-
EDS of the cross-section after exposure showed a rather compact
scale of zirconia (20 wm thick) underlying a thin silica-based
smooth coating. A partially SiC-depleted region underneath
the zirconia scale, a few microns thick, was also seen. Forma-
tion of a steady-state external multiphase oxide scales and high
thermal conductivity were indicated and therefore discussed as
the favorable factors which provided a considerable potential
for this material in sharp leading edge applications. Numeri-
cal calculations, which simulated the chemical non-equilibrium
flow around the hemispheric model correlated well with the
experimental results only assuming a very low catalytic sur-
face behavior (with reference to the oxygen recombination).
Additional work needs to address the key question if this class
of materials oxidises in dissociated oxygen more rapidly than
in air-atmosphere. Moreover, correlate dimensional stability-
oxidation rates-active oxidation of SiC is of priority relevance.
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