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The oxidation behavior and surface properties of hot-pressed ZrB,-SiC ultrahigh-temperature ceramic
composites are investigated under aerothermal heating conditions in the high-temperature, low-pressure partially
dissociated airstream of the 1.2 MW Plasmatron facility at the von Karman Institute for Fluid Dynamics. Samples
are oxidized at different flow enthalpies for exposure times of up to 20 min at surface temperatures ranging from 1250
to 1575°C. The microstructure and composition of the resulting oxide layers are characterized using electron and
optical microscopies, x-ray diffraction, and energy-dispersive x-ray analysis. Comparisons are made with samples
oxidized under similar temperature and pressure conditions in a furnace test environment in which atomic oxygen
concentrations are negligible. Changes in surface optical properties are documented using spectral reflectance
measurements, and effective catalytic efficiencies are estimated using computational fluid dynamics calculations
together with measured surface temperatures and heat fluxes.

Nomenclature
H = enthalpy, J-kg=!' - K~!
m = mass flow rate, kg - s~
P = pressure, Pa
q = heat flux, W - m2
R, = model radius, m
T = temperature, K
u, u, = dimensionless velocity gradientsin the x and y directions
u, v = velocity in the x and y directions, m - s
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Vv = dimensionless velocity in the y direction
X,y = surface parallel and normal coordinate axes
y = atomic recombination coefficient
y = catalytic efficiency
A = nondimensional boundary-layer thickness
8 = boundary-layer thickness, m
€ = emittance
o = Stefan-Boltzmann constant;

567 %108 W-m2.K™*
Subscripts
cond = conduction
cwW = cold wall
dyn = dynamic
e = boundary-layer edge
stat = static
w = wall

I. Introduction

LTRAHIGH-TEMPERATURE ceramic (UHTC) composites
containing transition metal borides, carbides, and nitrides are
under intensive investigation for applications in extreme envi-
ronments [1,2]. UHTC composites based on ZrB, and HfB,, in
combination with silica formers such as SiC and MoSi,, are
particularly attractive for high-temperature aerospace applications,
such as leading-edge and control surface components on hypersonic
vehicles. Both ZrB, and HfB, and their transition metal oxides, ZrO,
and HfO,, have extremely high melting points (>2500°C). Hafnium
and zirconium diborides have higher thermal conductivities
compared with their carbide and nitride analogs, giving them a
performance advantage for sharp leading-edge components for
which drawing heat away from the stagnation point region is
essential. Composites based on ZrB, have the additional benefits of
lower density and lower cost compared with HfB,-based composites.
The oxidation behavior of ZrB, and its composites has been
studied by many researchers using thermal gravimetric analysis
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(TGA) or conventional furnace environments [3-14]. During
isothermal oxidation at temperatures between 1200 and 1600°C
and pressures near 1 atm, an oxide scale consisting of two distinct
layers develops on the surface of ZrB,-SiC composites [4,12]. The
outer layer is a dense oxide scale consisting of a silica-rich glass
with some embedded ZrO, crystallites. This glassy scale is separated
from the underlying virgin material by a partially oxidized and
somewhat porous interlayer, containing ZrO, and/or ZrB,, from
which the SiC has been partially or fully depleted by active oxidation.

Virgin ZrB,-SiC surfaces oxidize initially through the parallel net
reactions ZrB, + 5/20, — ZrO, + B,05(1) and SiC + 3/20, —
SiO, 4+ CO(g). Liquid B,0O; mixes with amorphous SiO, to form
a borosilicate glass that seals the surface. However, B,O; has a high
vapor pressure that causes it to evaporate preferentially from the
glassy phase and leave behind a silica-rich material. As the silica-
rich-layer thickens, it limits the inward diffusion of oxygen to the
virgin material below, slowing oxidation and lowering the oxygen
partial pressure in the reaction zone [12]. At sufficiently low oxygen
pressures, the oxidation of ZrB, becomes negligible and the
oxidation of silicon carbide becomes “active,” proceeding by the
reaction SiC + O, — SiO(g) and CO(g) [12,15].

Oxidation rates are commonly quantified by measuring the
thickness of the oxide layers or by measuring the mass change of the
specimen. For oxidation of ZrB,-SiC, these rates are normally
proportional to the square root of time (i.e., parabolic kinetics)
consistent with diffusion-limited oxidation. Oxidation under lower
total pressures and higher temperatures can result in evaporation of
the SiO, in addition to the B,0;, leaving behind a single outer layer
of porous ZrO, and resulting in rapid, linear oxidation kinetics [13].

In both conventional TGA and furnace experiments, the gas
environment is in thermal equilibrium with the test specimen. The
thermochemical makeup of the test gas is determined by the feed gas
composition and test temperature and pressure through equilibrium
chemistry. In contrast, in hypersonic flight environments, large
temperature gradients exist between the leading-edge surfaces and
the boundary layer and shock layer edges. The gas temperature in a
shock layer can easily exceed 10,000°C, resulting in an energetic gas
mixture whose thermochemical makeup may contain ions, atoms,
and molecules in highly energetic states. The shocked gas will
undergo thermochemical relaxation as it nears the colder surface, but
typically will not reach chemical equilibrium at the temperature of
the surface. One ramification of this thermochemical nonequilibrium
is that UHTC materials on leading-edge surfaces may interact with
significant concentrations of highly reactive atomic oxygen.

In this paper, we report the results of oxidation tests performed in
high-temperature, low-pressure dissociated airflows on hot-pressed
ZrB, composites containing 30 vol% SiC (ZrB,-30SiC). The
ZrB,-30SiC specimens were manufactured at the Missouri
University of Science and Technology (Missouri S&T) in Rolla,
Missouri, and tested in the 1.2 MW Plasmatron facility of the von
Karman Institute for Fluid Dynamics (VKI) in Rhode-Saint-Genese,
Belgium. The microstructure and composition of the resulting oxide
layers are characterized and compared with oxidation studies
performed at SRI International in a furnace under similar tempera-
ture and total pressure conditions. Results are discussed in terms of
thermodynamic considerations, as well as previously published
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oxidation studies in furnace and arcjet environments. Changes in
optical properties resulting from surface oxidation are characterized
by spectral reflectance measurements. The effective catalytic
efficiencies for oxygen- and nitrogen-atom recombination on the
oxidizing surfaces are estimated using computational fluid dynamics
(CFD) simulations in conjunction with measured surface temper-
atures and heat fluxes.

II. Materials

UHTC specimens were prepared from commercial powders
supplied by H.C. Starck (grade B ZrB, and UF-10 SiC). Powders
were attrition milled using tungsten carbide media for 2 h in hexane
and then dried by rotary evaporation. The dried powders were put
into graphite dies that were lined with boron-nitride-coated graphite
foil. Densification was accomplished by hot pressing (Thermal
Technology FP-20-3560). The hot press was heated under rough
vacuum (~20 Pa) at ~20°C - min~! to 1450°C, held for 1 h, then
heated at the same rate to 1650°C and held for another hour. The hot
press was then backfilled to 1 atm with argon and heated at
~20°C min~! to a temperature of 1900°C, at which a uniaxial
pressure of 32 MPa was applied and the specimens were held for
45 min. At the end of this hold time, the hot press was cooled at
~20°C - min~! to room temperature and, at ~1750°C, the load was
removed.

After removal from the dies, the hot-pressed samples were
approximately 3—4 mm thick with diameters of about 32 mm.
The large faces of the disks were diamond ground flat and parallel at
Missouri S&T and then shipped to Bomas Machine Specialties, Inc.
(Sommerville, Massachusetts), where a 30 deg bevel was diamond
ground into the disk edge, leaving a small face with a diameter
of 26.6 mm, as shown in Fig. la. This bevel was used to hold the
samples in the standard ESA 50 mm stagnation point test fixture
used in VKI’s Plasmatron facility; see Fig. 1b.

Machined UHTC specimens were cleaned with acetone in an
ultrasonic bath, rinsed with distilled water, and dried in a 100°C
oven. The mass and thickness of each specimen were measured
before testing. Specimen densities calculated from these mea-
surements and the known sample geometry ranged from 5.22 to
5.36 g-cm~3. The theoretical density of ZrB,—30SiC, assuming
densities of 6.09 g-cm™ for ZrB, and 3.21 g-cm™ for SiC,
is 5.23 g-cm™>. The slightly higher specimen densities were due
to the presence of a small volume fraction of tungsten carbide
contamination from the milling media [16].

III. Experiment
A. Plasmatron Facility

Plasma oxidation experiments were performed in the 1.2 MW
Plasmatron Facility at VKI [17,18]. This facility uses a high-
frequency, high-power, high-voltage (400 kHz, 1.2 MW, 2 kV)
solid-state power supply to generate a high-enthalpy gas flow
by inductive coupling in a 160-mm-diam plasma torch. The plasma
flow was directed into a 2.5-m-long, 1.4-m-diam vacuum chamber
equipped with multiple portholes and windows for optical diag-
nostics. Test models and probes for measuring dynamic pressure
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Fig. 1 Geometry: a) UHTC test specimens, and b) stagnation point specimen holder.
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and stagnation point heating rates were mounted on water-cooled
arms that could be swung into and out of the flow on demand.

The cold-wall stagnation point heat flux, g..,, was measured during
each experimental run using a water-cooled copper calorimeter
installed flush with the surface along the centerline of the water-
cooled copper probe. Heat flux values were determined from the
temperature change and mass flow rate of the water used to cool
the calorimeter. The size and external shape of the probe was identical
to the specimen holder so that important flow parameters (dynamic
pressure, velocity gradient) were reproduced. Both the probe and
calorimeter had polished copper surfaces that were assumed to be
fully catalytic to N- and O-atom surface recombination.

Sample surface temperatures were measured by a two-color
pyrometer (Marathon Series MR1SC, Raytek Corporation, Santa
Cruz, California) at an acquisition rate of 1 Hz. The pyrometer
uses two overlapping infrared wavelength bands at 0.8-1.1 and
1.0-1.1 pm to measure temperatures from 1000 to 3000°C. Thermal
emission from the sample was collected through a glass window
at an incident angle of 29 deg off normal. The pyrometer was
previously calibrated with the same window in place using a black-
body radiation source; temperature measurements are believed to
be accurate to =10°C.

Unlike arcjet wind tunnels, which operate in the supersonic
flow regime, inductively coupled plasma (ICP) facilities like the
Plasmatron at VKI are typically operated in the subsonic flow
regime. For materials-science-oriented studies, this operating regime
has the advantage that the conditions in the plasma stream are much
more likely to be at or near thermal and chemical equilibrium,
making estimates of the gas chemical composition at the specimen
surface more robust. In addition, metal contaminates that are often
present in arcjet flows because of the electrode sputtering are absent
in ICP facilities because the plasma flows see no metal surfaces
inside the torch head.

B. Plasmatron Test Conditions

The critical environmental parameters driving UHTC oxidation
are the sample temperature, the gas pressure, and the chemical
composition of the gas interacting with the sample surface. These
parameters are essential for correlating the extent of UHTC oxidation
with different test environments and understanding the kinetic
aspects of oxide scale formation. Whereas surface temperature and
gas pressure can be measured directly, the gas composition at the
specimen surface cannot. Computational fluid dynamics simulations
of the plasma freestream and the boundary layer around the model
holder are used to compute the gas composition from known
Plasmatron operating parameters and available surface temperature,
pressure, and heat flux measurements made on the sample and
probe during each test run. This is a two-step process. First, the free-
stream plasma flow conditions at the boundary-layer edge along the
stagnation point centerline are rebuilt for each Plasmatron operating
condition, using measured quantities and known facility and
geometric parameters; then, these boundary-layer-edge conditions
are used together with the measured sample surface temperature to
compute the gas composition and temperature through the boundary
layer to the sample surface. This procedure also couples the mea-
sured surface temperature to the boundary-layer-edge conditions
through an energy balance at the sample surface, providing an
estimation of the catalytic efficiency of the oxidizing surface for
O- and N-atom recombination.

The CFD codes used for this procedure were developed at VKI and
include the VKI boundary-layer code [19,20] and the VKI ICP code
[21,22], both of which use the PEGASE library to perform thermo-
dynamic and transport property calculations [23]. The performance
and validation of these codes and examples of their use in simulating
flows in the Plasmatron can be found in the referenced papers.
The ICP code simulates the flow inside the plasma torch and
around the test sample in the vacuum chamber by solving the time-
averaged magnetohydrodynamic equation at low Mach and low
magnetic Reynolds numbers, assuming axisymmetric flow and local
thermodynamic equilibrium. The boundary-layer code solves the
boundary-layer equations for an axisymmetric or two-dimensional

steady laminar flow of chemically reacting gas over a catalytic
surface, including thermal and chemical nonequilibrium. The code
provides computations of the stagnation point heat flux with a
functional dependence:

qw :qw(y/?Tw’PwTwAﬂulau2aVe) (1)

where )’ is the catalytic recombination efficiency, T, is the wall
temperature, 7, and P, are the gas temperature and pressure at
the boundary-layer edge, A is the nondimensional boundary-layer
thickness, V, is the nondimensional axial velocity, u; is the
nondimensional radial velocity gradient, and u, is the nondimen-
sional axial derivative of the radial velocity gradient.

Figure 2 illustrates the relationship of the stagnation point
boundary-layer region to the various parameters given earlier; u
and v are the velocities along the x and y axes, and R,, is the radius
of the axisymmetric test model.

Together, these two codes were used to rebuild the flow conditions
at the boundary-layer edge from the cold-wall heat flux and dynamic
pressure measurements. The four nondimensional boundary-layer
parameters were computed by the ICP code for each Plasmatron test
condition, given the test and Plasmatron geometries, the power
coupled into the gas, the gas mass flow, and the static pressure. With
the assumption that the local thermodynamic equilibrium holds at the
boundary-layer edge, these computed nondimensional parameters
served as inputs to the boundary-layer code. By taking the measured
cold-wall heat flux as fully catalytic (7, = 300 K, ' = 1), values
of T, and V, could be iteratively adjusted until the computed and
measured heat fluxes agreed. The final temperature, T,, determined
the enthalpy of the gas at the boundary-layer edge, H,.

Once the boundary-layer edge conditions for a particular test
condition were determined, the VKI boundary-layer code could
compute a heat flux abacus, g, =¢q,(y,T,), where all other
variables in Eq. (1) were fixed. The catalytic efficiency of a test
specimen exposed to the same plasma flow was estimated by locating
measured specimen surface temperature and hot-wall heat flux
values on this abacus [24]. For each point on the abacus, the VKI
boundary-layer code concurrently computed the concentrations of
0, 0,, N, N,, and NO species in the gas phase above the specimen
surface. Thus, the location of each test on the heat flux abacus also
determined the particular CFD solution used to estimate the gas
composition at the sample surface.

Note that the catalytic recombination efficiency 3’ used in the VKI
boundary-layer code is the product of the species recombination
coefficient, y (the fraction of species—wall collisions that results in
recombination), and the energy accommodation coefficient, 8 (the
fraction of exothermic recombination energy transferred to the wall).
The distinction between these two recombination efficiencies has
been discussed by Bedra and Balat-Pichelin [25]; the two efficiencies
are only equivalent in the case of ideal energy accommodation,
B = 1. The VKI boundary-layer code also assumes that the catalytic
efficiency is the same for O and N atoms (y;, = yy) and does not
include NO as a heterogeneous reaction product.

“‘_‘l;_—(sw,

3

Fig. 2 General schematic diagram of the stagnation point boundary-
layer region.
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C. Furnace Oxidations

Furnace oxidations were performed in a tube furnace with resistive
molybdenum disilicide heating elements capable of operating at
1600°C in air (Model 1610-20, CM Furnaces, Bloomfield, New
Jersey). Samples were place on top of a “D-shaped” alumina
substrate and positioned at the furnace midpoint inside a 45-mm-
diam high-purity alumina tube. The furnace tube was sealed with
vacuum-tight, water-cooled compression fittings at both ends. Air
(Matheson Ultra Zero Grade, 99.999%) and argon (Matheson Ultra
High Purity Grade, 99.999%) were introduced at one end through
electronic mass flow controllers at a rate of 1 1/ min and evacuated at
the opposite end by a high-capacity roots blower pumping system.
Gas pressures were measured using a 100 torr capacitance
manometer and maintained at the desired 10* Pa (75 torr) pressure
level by adjusting a throttling valve inline with the vacuum system.

Samples were heated to either 1250 or 1575°C at a rate of
approximately 10°C - min™' under a flow of pure argon. At the target
temperature, the flow was switched from argon to air for the desired
oxidation time. After the oxidation was completed, the gas flow was
switched back to argon as the sample was cooled at a similar rate. The
UHTC samples exposed to representative heating cycles of 1250 or
1575°C under pure argon flows showed no surface oxidation,
confirming that oxygen impurities in argon and air leaks into the
vacuum system were insignificant.

D. Sample Characterization

Sample masses and thicknesses were measured before and after
testing using a Mettler Toledo XP105 analytical balance with
0.01 mg resolution and a Mitutoyo Model 543-272 Digimatic
Indicator with 0.01 mm resolution. Sample thickness was measured
at five locations, at the center and at four symmetric locations on a
concentric 1.0-cm-diam circle, and averaged.

The room-temperature, hemispherical-directional spectral reflec-
tance of several pre- and posttest UHTC samples was measured using
two spectrophotometers fit with integrating spheres. A PerkinElmer
Lambda 9 spectrophotometer (0.25-2.5 pm) was used to span the
near ultraviolet to near infrared range and a BIORAD FTS-40
spectrophotometer (2.5-18.0 um) was used for longer infrared
wavelengths.

Posttest samples were prepared for microscopy by cutting
specimens perpendicular to their oxidized faces and polishing the
cross sections to a 0.25 um finish using diamond abrasives.
Microstructure and composition analyses were performed by field
emission scanning electron microscopy (SEM, Model S4700,
Hitachi, Japan) along with energy-dispersive x-ray spectroscopy
(EDS, Model Phoenix, EDAX, Inc., Mahwah, New Jersey). Grazing
incidence x-ray diffraction (GXRD; X’Pert MRD, Panalytical,
Almelo, The Netherlands) with Ni-filtered Cu Ko radiation was used
to determine the crystalline phases present in the oxidized surface
layers. The grazing angle for GXRD was set to 1 deg, which resulted
in a penetration depth of less than ~200 nm into the specimen. To
examine the partially SiC-depleted interlayer with this technique, the
silica-rich outer layer was removed by polishing parallel to the
original surface. An optical microscope was used to verify material

removal so that the partially SiC-depleted interlayer was fully
exposed. X-ray photoelectron spectroscopy (XPS; AXIS 165, Cratos
Analytical, Kyoto, Japan) was used to acquire the nitrogen bonding
information on the posttest surface layer of one sample (sample 9).

IV. Experimental Results
A. Measured and Derived Test Conditions

All UHTC tests reported here were performed with an air mass
flow rate, 7z, of 16 g-s~! and a static chamber pressure, Py, of
10* Pa. Freestream enthalpy was varied by adjusting the Plasmatron
power between 150 and 210 kW, resulting in measured dynamic
pressures ranging from 24 to 39 Pa and cold-wall heat fluxes ranging
from 51 to 123 W - cm~2. The Plasmatron operating conditions and
derived boundary-layer-edge conditions for each test are listed in
Table 1.

Preliminary tests showed that inserting and removing the UHTC
specimens rapidly from the plasma stream under these conditions
caused the SiC covers on the model holders to fracture due to thermal
shock. Therefore, specimens were moved into the plasma flows at
low power (~100 kW) and the power was increased slowly to its
target value. Similarly, after a desired exposure time, the power was
decreased slowly to ~100 kW until the surface temperature dropped
below 1100°C, before shutting the power off. Both the power ramp-
up and ramp-down times were on the order of 1 min.

Target test times were measured from the moment the sample was
inserted into the flow until to the moment that the power was ramped
down. The test times at quasi-steady surface temperatures were
shorter and were estimated from the transient temperature profiles. A
typical transient temperature profile is given in Fig. 3 for sample 9,
tested at 210 kW for a target time of 10 min.

The heating conditions for the entire UHTC test series are listed
in Table 2. The second column of Table 2 gives both the target test
time and (in brackets) the estimated time at a quasi-steady surface
temperature. Quasi-steady surface temperatures typically exhibited
fluctuations of tens of degrees Celsius (as seen in Fig. 3) and are
reported to the nearest 10 deg in column 3 of Table 2. The hot-wall
heat fluxes at the UHTC surfaces listed in Table 2 are not measured
directly, but estimated from a radiative equilibrium calculation
as g, = 0T} + geond> With £ =0.75 or 0.90, and g.nq = 0. The
simplification g ,,q = O causes a slight underestimation of the true
hot-wall heat flux; however, this underestimation is small compared
with errors introduced by uncertainty in the sample emittance.

The emittance values ¢ = 0.75 and 0.90 are reasonable for oxi-
dizing ZrB,-SiC surfaces, and each value is supported by some
indirect experimental evidence as will be discussed in Sec. IV.C. The
hot-wall heat flux estimated for ¢ = 0.75 is 17% smaller than for
& = 0.90, locating the tests at slightly different points (7, ¢,,) on the
heat flux abacus computed using the VKI boundary-layer code. This,
in turn, leads to slightly different values of derived recombination
coefficients and species concentrations at the specimen surface.

Tables 3 and 4 list the values of y’; the number densities of N;, N,
and O; and the number density ratios of O/O, and O/NO fore = 0.75
and 0.90, respectively. The derived catalytic efficiencies are about 3—
7 times larger for ¢ = 0.90 than for 0.75, because a greater chemical

Table 1 Plasmatron operating conditions, where P, = 10* Pa and iz = 16 g - s~ for all tests

Test-Sample Power, kW Gows W -cm™2 Pgyn, Pa H, k] -g! T,,°C v, ms”!
5-20 150 51.0 24 11.2 4567 87.5
6-16 160 71.5 25 15.2 5164 98.2
7-15 160 73.0 26 15.4 5180 100.4
8-14 160 75.5 26 15.9 5229 101.4
9-13 170 90.5 28 18.6 5456 110.0
10-12 170 87.5 27 17.8 5394 106.7
11-11 170 90.0 27 18.7 5461 108.2
12-5 160 71.0 24 15.3 5169 96.3
13-6 190 109.5 31 21.9 5681 121.6
14-10 190 105.0 31 21.0 5623 120.0
15-9 210 122.5 38 24.5 5844 126.0
16-4 210 116.5 39 21.9 5684 136.4
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Fig. 3 Transient surface temperature profile for test 15 sample 9 run at
210 kW for a target test time of 10 min.

contribution to heating is required to account for the higher estimated
hot-wall heat flux.

Figure 4 illustrates the uncertainty associated with the determi-
nation of catalytic efficiency, using case 10—12 as an example. The
measured wall temperature (to four digits) is 1436°C, and the
estimated hot-wall heat flux for ¢ = 0.90 is 43.5 W -cm™?; this
location is shown by the solid symbol in the heat flux abacus of
Fig. 4, giving a derived catalytic efficiency of 2.65 x 1073. Three
sources contribute to the uncertainty of this value. First, the 10C°
uncertainty in the wall temperature measurement is shown by the
horizontal error bars. Second, the freestream enthalpy can be
determined reasonably within a 10% accuracy [26], limited mainly
by the uncertainty in the cold-wall heat flux measurement. The
contribution of this uncertainty is indicated by the pair of symmetric
vertical error bars closest to the solid symbol. Finally, the more
widely spread asymmetric vertical error bars indicate the uncertainty

Table 2 UHTC heating conditions

Test-Sample Time?, min T, °C qu% W -cm™
e=0.75 £=0.90

5-20 10 (8.2) 1240 22.4 26.8
6-16 10 (7.7) 1390 323 38.8
7-15 5(@3.2) 1360 30.0 35.9
8-14 20 (18.0) 1390 323 38.8
9-13 10 (8.3) 1460 38.2 45.8
10-12 20 (18.3) 1440 36.3 43.5
1111 53.9) 1460 380 456
12-5 16 (14.0) 1350 29.7 35.6
13-6 20(17.3) 1510 43.2 51.8
14-10 10 (8.3) 1500 423 50.8
15-9 10 (7.9) 1570 49.5 59.4
16-4 1545 1550 46.7 56.0

“Target test time (approximate time at 7',,).
PFrom ¢,, = €T} + Geonas With Geona = 0.

introduced by the surface temperature and emittance together into
the radiative heat flux computation. The emittance uncertainty is
taken here as +0.1/ — 0.2, because emittance cannot exceed 1
by definition. The catalytic efficiency of 0.842 x 1073 derived by
assuming an emittance of 0.75 is also plotted in Fig. 4 as an open
symbol and lies within this error bound. The emittance makes the
dominant contribution to the radiative heat flux uncertainty and, thus,
to the catalytic efficiency uncertainty. For this case, the uncertainty in
y’ is seen to approach an order of magnitude.

Tables 3 and 4 show that atomic oxygen is the dominant oxygen
species at the sample surface under all test conditions, with O, and
NO number densities typically 1 or more orders of magnitude lower
than O-atom number densities. The O-atom number densities
computed for ¢ = 0.90 and 0.75 typically differ by less than 2%.
Oxygen is essentially fully dissociated at all Plasmatron powers
used in this study, but nitrogen dissociation is predicted to rise with
increasing power. The N- and O-atom number densities at the sample
surface become similar at the highest Plasmatron powers. Slightly
larger N-atom concentrations near the surface are computed for
& = 0.75 than for 0.90.

B. Oxide Formation

All UHTC test specimens survived the Plasmatron exposures
with minimal dimensional and mass changes and without any visual
evidence of mechanical failure, such as chipping associated with
spalling or specimen fractures induced by the thermal cycle between
room temperature and the test temperature. This was true even during
the initial exploratory tests that resulted in the failure of the SiC
model cover.

Figure 5 shows measured changes in the total sample mass and
thickness as a function of target test time and surface temperature.
For fixed test times, the samples generally gained the most mass and
thicknesses at the lower temperatures, with these gains decreasing or
turning into net losses at the higher temperatures.

All posttest UHTC surfaces were black, shiny, and smooth on a
macroscopic scale, indicative of the formation of a glassy oxide
layer. Figure 6 shows SEM images of the oxidized surfaces (top row)
and cross sections (bottom row) of samples 20, 16, and 9. These
samples were exposed to the Plasmatron flow for target test times
of 10 min at increasing power levels, attaining correspondingly
higher surface temperatures. At this magnification, the surfaces are
inhomogeneous, mostly covered by a glassy coating, but with
regions of exposed crystalline material. Chemical analysis by EDS
confirms the presence of Zr and O in the exposed crystallites and
Siand O in the glassy phase, consistent with the anticipated oxidation
products ZrO, and SiO,. Boron was not detected by EDS, but may be
present in small quantities because light elements are difficult
to quantify by EDS.

The surface morphologies differ on the different samples. On
sample 20, the glassy layer appears as a thin patchy film with many
small, well-dispersed regions of exposed ZrO, grains. On sample 16,
most of the surface is covered with a uniform glassy film, with only a
few exposed regions. On sample 9, the glass film appears thicker and

Table 3 Catalytic efficiencies and species number densities at the surface for ¢ = 0.75

Number Density, x10%* m~

3

Test-Sample ¥, x1073 [N,] [N] [0] [0]/[0,]  [OJ/[NO]
520 0.333 2.97 0.0444 175 122 460
6-16 1.04 2.44 0.379 1.53 178 675
7-15 0.285 2.37 0.516 1.56 653 1420
8-14 0.681 233 0.504 1.52 309 973
9-13 0.936 2.04 0.728 1.41 291 933
10-12 0.842 2.13 0.666 1.44 304 959
11-11 0911 2.04 0.734 1.41 300 949
12-5 0.349 2.40 0.488 1.56 533 1300
136 0.680 1.70 1.05 1.31 498 1220
14-10 0.828 1.79 0.955 1.33 389 1090
159 113 1.52 1.16 1.23 334 988
16-4 115 1.69 1.01 1.28 298 935
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Table 4 Catalytic efficiencies and species number densities at the surface for ¢ = 0.90

Number Density, x10%* m

-3

Test-Sample Y, x1073 IN,] [N] [O] [0]/]0,] [OV/INO]
5-20 2.33 3.05 0.000203 1.49 7.47 344
6-16 291 2.66 0.157 1.50 429 202
7-15 1.78 2.57 0.301 1.55 94.1 405
8-14 2.36 2.55 0.279 1.51 69.7 314
9-13 2.81 2.30 0.483 1.43 80.1 354
10-12 2.65 2.35 0.426 1.44 79.2 352
11-11 2.78 2.27 0.486 1.41 81.8 361
12-5 1.87 2.61 0.270 1.56 84.7 371
13-6 2.56 1.93 0.793 1.32 118 485
14-10 2.73 2.02 0.702 1.34 103 436
15-9 3.27 1.77 0.888 1.25 101 428
16-4 3.19 1.92 0.753 1.29 93.3 402

more continuous than on sample 20, but with large regions of
partially exposed ZrO, grains.

The cross-sectional SEM images of Fig. 6 reveal a partially
oxidized sublayer extending below the outer glassy layer in all three
specimens. Figure 7 shows a higher-magnification SEM image of
the two-layer oxide structure formed on sample 9, along with XRD
spectra (plotted as diffracted x-ray intensity versus twice the dif-
fraction angle) collected in each layer. The diffraction pattern
suggests that monoclinic zirconia (m-ZrQ,) is the major phase in the
outer glassy layer (layer 1), but the amorphous glassy phases produce
no diffraction peaks. The m-ZrO, peaks must originate from exposed
crystalline regions in layer 1. The SEM image reveals some porosity

1420 1430 1440
T,°C
Fig. 4 Heat flux abacus for the determination of the catalytic efficiency
for case 10-12 with uncertainty bars: temperature (horizontal), free
stream enthalpy (symmetric, narrow vertical), and radiative flux
(asymmetric, wide vertical).
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Fig. 5 Changes in total sample mass (in milligrams) and average
sample thickness (in microns) as a function of surface temperature and
target test time in the Plasmatron stream.

in the sublayer (layer 2), and the XRD spectrum indicates that
m-Zr0,, hexagonal «-SiC, and ZrB, are present.

The XRD spectrum of layer 1 shows an additional peak near
30 deg that was not detected in layer 2. This peak may indicate
the presence of r-ZrO,, the high-temperature tetragonal phase of
zirconia quenched by rapid cooling, or a partially nitrided zirconia
phase, such as Zr;O,;N, [27]. Monteverde and Bellosi [6] cycled
ZrB,-SiC-Si3N, composites in atmospheric-pressure air up to
1350°C and assigned a similar peak in their surface XRD spectra to
t-Zr0O,, hypothesizing that this phase was stabilized by impurities.

The presence of a nitrided zirconia phase on the surface of
sample 9 is plausible in view of the high N-atom concentration in the
boundary layer during run 15; see Tables 3 and 4. The characteristic
XRD peaks of Zr;O;N, fit very well with the unidentified peaks
shown in the layer 1 spectrum. Quantitative calculations using the
layer 1 XRD spectrum and the structural parameters of m-ZrO, and
Zr;0,;N, single crystals indicate that the mass fraction of Zr;0;;N,
is ~10%. The nitridation of ZrO, on the surface on the sample 9
surface was additionally investigated by XPS. Figure 8 shows the N
1s core level feature in the measured XPS spectrum near 398 eV,
confirming the presence of nitrogen atoms in the oxidized surface.

Figures 9a and 9b show measurements of oxide layer thickness as
a function of test temperature and time. Each point is the average of
~10 measurements made on high-magnification cross-sectional
SEM images of regions with relatively uniform glassy surface oxide
layers. The SEM images chosen for analysis, though necessarily
selective, are representative of the oxide formed on each specimen.
The error bars indicate scatter in the measurements for each analyzed
image; larger variations in layer thicknesses are expected over the
samples as a whole.

The figures demonstrate that the glassy outer layer thickens with
increasing temperature (1250, 1390, 1570°C) for a fixed test time
of 10 min and thickens with increasing test times (5, 10, 20 min)
at a fixed surface temperature in the 1360-1390°C range. Both
the surface and sublayers in Fig. 9b exhibit parabolic growth in
time, consistent with diffusion-limited oxidation. Figure 9a shows
that growth of the glassy outer layer accelerates with increasing
temperature, but that the sublayer is thickest at low temperatures,
has a minimum at intermediate temperatures, and increases again at
high temperatures. This behavior must reflect a balance between
temperature-dependent transport and reaction kinetics, which
increase with temperature and favor oxidation, and the thickening
outer glassy layer, which hinders oxygen diffusion and suppresses
oxidation.

Figures 10a and 10b show surface SEM images of samples
oxidized in a furnace for 20 min at 1250 and 1575°C, respectively,
at a total air pressure of 10* Pa. The surface oxides formed on
the ZrB,—-30SiC specimens in the furnace environment and the
Plasmatron environment under similar temperature and total
pressure conditions are very different. At 1250°C, glassy oxide
and exposed zirconia grains on the furnace-oxidized sample are
segregated into much larger regions than on the Plasmatron-oxidized
sample. Note the factor of 5 difference in magnification between the



MARSCHALL ET AL. 273

Sample 20, 7, = 1240°C

Fig. 6 Posttest SEM images of samples 20, 16, and 9, which reached quasi-steady surface temperatures of 1240, 1390, and 1570° C during exposure to the
Plasmatron flow for 10 min at different power levels. The top row shows the oxidized surfaces, and the bottom row shows the cross sections showing

oxidized layers.
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Fig. 7 XRD spectra of the oxidized layers on sample 9.

surface SEM images of Figs. 6 and 10. At the higher furnace
temperature, the surface is made up of zirconia grains in a glassy
matrix with no indication of a distinct overlaying glassy layer as
observed for sample 9 oxidized in the Plasmatron. The furnace-
oxidized sample at 1575°C appears white/gray in contrast to the
black color of sample 9.

C. Optical Properties
Changes in the hemispherical-directional spectral reflectance
measured before and after exposure to the plasma flow are shown in

INTENSITY, a.u.
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Fig. 8 The N 1s feature in the XPS spectrum of the surface layer of
sample 9.

Fig. 11a for samples 5 and 6. Reflectance measurements performed
on other pre- and posttest samples were very similar, with little
discernible dependence on Plasmatron power or sample exposure
time.

In all cases, exposure to the plasma stream leads to a significant
drop in reflectance, with posttest values around 0.1 for most of
the spectral range. ZrB, has metallic electrical properties, with a
room-temperature electrical resistivity of about 8 €2 cm [28]. In
the infrared region, a large drop in reflectance is consistent with the
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Fig. 9 Oxide layer thicknesses estimated from SEM images of samples
exposed to the Plasmatron stream: a) samples 20, 16, and 9 oxidized for
similar times (~10 min) at increasing temperatures, and b) samples 15,
16, and 14 oxidized at similar temperatures (1360-1390°C) for
increasing test times.
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Fig. 11 Comparison of measured and calculated reflectance spectra: a) experimental hemispherical-directional spectral reflectance of samples 5 and 6
before and after exposure to the plasma flow, and b) normal spectral reflectance computed for SiO,, SiC, and ZrO, from published optical constants.

conversion of the UHTC surface layer from metallic to dielectric
by oxidation of ZrB, and SiC. In the visible region, this drop in
reflectance explains the color change in specimen surfaces from a
metallic gray to a deep black after exposure to the plasma flow.

Some structure is evident in the measured spectra: a broad peak in
the 10-13 um range for the pretest samples and a sharper feature
centered near 9 pm for the posttest samples. Figure 11b shows that
similar features are found in theoretical reflectance spectra computed
for a semi-infinite dielectric at normal incidence [29] using published
optical constant data for SiC and SiO, [30]. These reflectance
features derive from the stretching mode vibrations of Si—C and Si-O
bonds in the virgin and oxidized UHTC composite, respectively.
Figure 11b includes a similar calculation for ZrO, using the optical
constants of Synowicki and Tiwald [31]. The predicted ZrO,
reflectance feature above 14 pm is not observed in the experimental
spectra. The presence of the SiO, feature and the absence of the
ZrO, feature correlate reasonably well with the SEM microscopy
of the posttest specimens that show a glassy outer layer with only
minor amounts of exposed ZrO, on the surface.

Figures 12a and 12b show close-ups of the Si—O stretching mode
reflectance feature for the same specimens in Figs. 9a and 9b,
respectively. Growth of the reflectance feature in Fig. 12a correlates
well with the significantly increasing glassy layer thickness with
temperature in Fig. 9a (3.1-8.7 um), whereas Fig. 12b shows the
relative insensitivity of the feature to more moderate thickness
changes with time in Fig. 9b (2.5-4.3 pum).

Temperature-dependent total hemispherical emittance values can
be estimated from room-temperature spectral reflectance measure-
ments by using optical relations for an opaque solid and Kirchhoft’s
law to convert spectral reflectance into spectral emittance and then
averaging the spectral emittance weighted by the Planck function
for different temperatures. This procedure presumes that weighting
by the Planck function, rather than temperature-dependant optical
constants, dominates the temperature-dependant total emittance.
Figure 13 shows the results of such an estimate calculated from the
spectral reflectance data of Fig. 11a. The predicted emittance of the
oxidized specimens is quite high, near 0.9 over the entire temperature
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Fig. 12 Si-O stretching mode reflectance feature: a) samples 20, 16,
and 9 tested for 10 min at 1250, 1390, and 1570°C; and b) samples 15, 16,
and 14 tested at 1360-1390°C for 5, 10, and 20 min.

range, whereas that of the virgin UHTC rises from a low value of
~0.25 at room temperature to ~0.6 at 2000°C. Because differences
in the Plasmatron operating conditions had very little influence on
reflectance spectra as a whole, the estimated emittances of all posttest
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Fig. 13 Temperature-dependent total hemispherical emittance esti-
mated from room-temperature spectral reflectance measurements.
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samples are essentially identical to those shown for samples 5 and 6
in Fig. 13.

The emittance of a UHTC specimen will change as its
surface progressively oxidizes during a Plasmatron test. The true
instantaneous hemispherical emittance during a test run may lie
between these pre- and posttest estimates, particularly during the
initial heat-up of the specimen upon insertion. The lower value of
& = 0.75 used in our hot-wall heat flux estimates lies within these
bounds and is in good agreement with the measurements of total
hemispherical emittance performed at temperatures between 1000
and 1700°C on ZrB,—-15SiC-2MoSi, composites by Scatteia et al.
[32] The higher value of ¢ =0.90 is consistent with our posttest
reflectance measurements and also with the results of Monteverde
and Savino [33], who recently tested hot-pressed ZrB,—15SiC in an
80 kW plasma torch and derived an in situ emittance of ~0.9 from
simultaneous two- and one-color radiometry measurements.

D. Catalytic Properties

In Fig. 14, we compare catalytic efficiencies derived in the present
work with laboratory measurements reported by Scatteia et al. [32]
and Marschall et al. [34] for similar hot-pressed ZrB,-based
composites. Measurements by Scatteia et al. were performed in
the MESOX facility, which uses a solar furnace to heat specimens
to high temperatures, a microwave-discharge flow tube to generate
partially dissociated air, and an optical emission spectroscopy
combined with actinometry to measure O-atom density gradients
near the sample surface. Measurements by Marschall et al. were
performed in a diffusion-tube side-arm reactor using a microwave
discharge to generate binary O/O, or N/N, mixtures and two-
photon laser-induced fluorescence detection of O-atom or N-atom
concentration gradients. Experimental facilities, measurement
techniques, and data analysis methods have been described in detail
in the literature, for both the MESOX [35-39] and the side-arm
reactor [40-44] setups.

The MESOX and the side-arm reactor laboratory measurements
derive values of the atom catalytic efficiency y, whereas the
experiments in the Plasmatron give values of the catalytic efficiency
¥’ = yfB. Marschall et al. performed measurements at relatively low
temperatures (up to 650°C). Silicon carbide oxidation is negligible
in this temperature range. The primary oxidation products are B,05
and ZrO,, and the surface catalytic efficiency decreased once the
melting point of B,O; (~450°C) was exceeded. All of the MESOX
and Plasmatron data were obtained at temperatures well above
450°C.

Figure 14 shows that y’ values from Plasmatron experiments
performed over a 1200-1700°C surface temperature range are
factors of 5-20 times smaller (depending on the value of emittance
used in the hot-wall heat flux estimate) than y values from the
MESOX experiments. In this temperature range, SiC oxidation
becomes increasingly important and, in both experiments, the
oxidized UHTC surfaces are covered with a glassy silica-based oxide
layer. If the silica-based surfaces are assumed to be similar in the two
experiments, Fig. 14 implies that the exothermic recombination
energy is not fully accommodated to the surface, with § roughly in
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Fig. 14 Comparison of catalytic efficiencies determined for ZrB,-SiC
UHTC materials; measurements of Scatteia et al. [32] were performed in
the MESOX facility and those of Marschall et al. [34] in a side-arm
diffusion-tube reactor.

the 0.2-0.05 range. Rutigliano et al. [45] and Bedra et al. [46] have
recently performed molecular dynamics simulations for N-atom
recombination on S-crisobalite and O-atom recombination on quartz
surfaces, respectively. In both studies, 8 was found to be about 0.4.
Values of y around 0.01 are generally consistent with measurements
on silica surfaces at these temperatures [25].

V. Discussion

The oxide morphologies of the UHTC samples exposed to the
Plasmatron stream suggest the following explanations. At tempera-
tures below ~1000°C, SiC oxidation is negligible and only the ZrB,
component of the UHTC composite oxidizes significantly [12]. The
lowest-power Plasmatron test produces a slightly higher surface
temperature of 1240°C (sample 20), at which SiC oxidation becomes
more important, but is still slow compared with ZrB, oxidation. This
condition limits the formation of SiO, relative to ZrO, and B,0;.
However, the vapor pressure of liquid B,O; at this temperature is
already high, and the evaporation of boron oxide is significant.
As a result, the borosilicate glass formed is only semiprotective as
an oxygen barrier, and in-depth oxidation of ZrB, and SiC proceeds
readily, resulting in a relatively thick sublayer of partially oxidized
UHTC material. At moderately higher surface temperatures, like the
1390°C experienced by sample 16, the oxidation rate of SiC becomes
sufficiently high to form a continuous glassy layer over the oxidized
UHTC surface, slowing in-depth oxidation by limiting inward
oxygen diffusion. At the highest Plasmatron test temperature of
1570°C (sample 9), SiC oxidation is even more rapid and an even
thicker silica-rich glassy layer develops. However, at this tempera-
ture the added protection provided by the thicker glassy layer is
somewhat mitigated by faster oxygen diffusion rates in the glass,
resulting in a partially oxidized sublayer thicker than sample 16,
but still thinner than sample 20.

With rising temperature, the combination of decreasing glass
viscosity and increasing in-depth SiC oxidation can lead to
greater gas formation rates below the glassy layer and, potentially,
bubble formation. This interpretation is consistent with the
surface SEM images of Figs. 6; the larger areas of exposed zirconia
grains on sample 9 have an appearance that suggests the bursting
of bubbles formed by gases evolving from beneath a relatively
thick glassy layer, whereas on sample 20 the exposed areas are
more consistent with direct oxidation of ZrB, to ZrO, on the outer
surface.

Comparison of furnace-oxidized specimens with Plasmatron-
exposed specimens suggests that the formation of silica is faster
and/or the volatilization of silica is slower in the dissociated oxy-
gen environment of the Plasmatron as compared with the furnace
environment. Simple Gibb’s free energy calculations based on
thermodynamic data from [47] show that the reaction of SiC with
atomic oxygen has a larger thermodynamic driving force than the
reaction with molecular oxygen. Similar thermodynamic compu-
tations show that the equilibrium partial pressure of SiO gas over
Si0, is higher in an atmosphere of 2 x 10° Pa O, (furnace environ-
ment) than in an atmosphere of 3 x 10> Pa O atoms (Plasmatron
environment) for all temperatures in our experiments.

Experiments at ~900°C using a microwave-discharge source to
generate atomic oxygen in a ~400 Pa O,/Ar mixture have shown
dramatically increased silica formation on Si wafers, and SiC and
Si3Nj; thin films, over similar experiments without atomic oxygen
[48]. The O-atom densities in these discharge experiments were 2—4
orders of magnitude lower than in the Plasmatron tests.

Balat et al. [49,50] have studied the active—passive oxidation
transition boundary of silicon carbide in standard and microwave-
excited air. The theoretical transition temperature between active
and passive SiC oxidation, computed using Wagner’s model
for boundary-layer diffusion-limited surface oxidation [51], was
determined to be the same for molecular and atomic oxygen when
the latter was expressed as equivalent molecular oxygen partial
pressure (i.e., Po, = 0.5P;) [30]. Experimentally, however, they
found that the temperature—pressure domain characterized by
passive silica formation on sintered SiC specimens was significantly
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enlarged over the theoretical domain by oxygen dissociation [49,50].
Both our highest-temperature furnace oxidation (at 1575°C) and the
two highest-power Plasmatron tests (15-9 and 16-4) lie just inside
the active SiC oxidation regime as calculated by Balat et al. [49,50].
Our finding of a glassy outer layer on sample 9 (Fig. 6) versus a
largely zirconia surface on the 1575°C furnace-tested specimen
(Fig. 10) is consistent with the hypothesis of an expanded passive
oxidation domain under dissociated oxygen.

In general, surface properties like emittance and catalytic
efficiency depend on both the chemical nature and the microstructure
of the surface. Based on spectral reflectance measurements, and
the temperature-dependent total emittance behavior estimated from
these data, oxidation in the Plasmatron increases the emittance of
the ZrB,—30SiC materials. This result is in good agreement with the
measurements of Scatteia et al. [32], who showed that the emittance
of ZrB,—15S1C-2MoSi, composites heated in an oxidizing environ-
ment was always higher than that of specimens heated under
vacuum. Despite differences in the morphology of the posttest
surfaces (e.g., Fig. 6), reflectance spectra varied little over most of
the spectral range (except in the immediate vicinity of the Si-O
stretching mode feature between 7 and 11 um), leading to an
essentially identical estimated temperature-dependant total emit-
tance behavior for all posttest specimens. In a very recent study,
Scatteia et al. [52] investigated the effects of diamond tool versus
electrical discharge machining methods (producing different surface
roughness) on the emittance of ZrB,-15SiC and ZrB,-10HfB,—
15SiC materials. They found little difference between the samples
once the surfaces were oxidized, concluding that the chemical
composition of the oxide was the dominant factor over surface
morphology in determining emittance.

Ito et al. [53] tested ZrB,-based UHTC specimens in a flat-face
stagnation point configuration similar to ours (see Fig. 1b) in a
110 kW ICP wind tunnel at gas enthalpies of 16-21kJ-g7!,
reaching surface temperatures of between about 1400 and 1850°C.
The samples became whitish after testing at their highest heating
conditions. Ito et al. interpreted an apparent jump in sample surface
temperature with increasing gas enthalpy (near 19 kJ-g~') as a
reflection of decreasing emittance and increasing catalytic efficiency
due to sample oxidation. No sample manufacturing information or
posttest characterization results were presented, though the whitish
surface is identified by the authors as “oxidized zirconium,”
suggesting that no silica former was incorporated. By contrast, the
formation of a borosilicate glassy layer on the ZrB,-30SiC
specimens tested at VKI resulted in a black posttest surface with
relatively high emittance and moderate catalytic efficiency, as
reflected by the lower steady-state surface temperatures for higher
stream enthalpies.

Monteverde and Savino [33] have recently tested a hot-pressed
ZrB,—15SiC composite at atmospheric pressure in an 80 kW plasma
torch facility located at the University of Naples. Samples were
diamond machined into hemispherical test specimens with a 7.5 mm
radius. Tests were run at total enthalpies between 14 and 20 kJ - g7!,
reaching surface temperatures of up to 1930°C for up to 4.5 min.
Posttest sample surfaces were smooth and dark in appearance.
Sample emittance during testing, derived by simultaneous two- and
one-color radiometry measurements, was about 0.9. Simulations of
fully catalytic versus noncatalytic heating of the test specimens
suggest that the oxidized UHTC surfaces must possess very low
catalytic efficiency to explain the measured surface temperature
transients. Both the optical and catalytic behaviors reported by
Monteverde and Savino are generally consistent with those found in
the present study. However, cross-sectional SEM images of their
oxidized specimens reveal a somewhat different oxide structure,
with the outer glassy layer and the virgin UHTC material separated
by a distinct layer of ZrO, imbedded in glass over a thinner
SiC-depleted layer. Similar multilayer oxide structures have been
reported in furnace experiments and arcjet tests [14]. In the present
study, only a single sublayer of partially oxidized UHTC is observed,
perhaps because the temperatures were not sufficiently high and/or
the exposure times were not sufficiently long to fully deplete the
SiC from the layer beneath the outer glassy scale. In furnace

oxidation tests, SiC depletion is only significant at test temperatures
approaching 1500°C, but it occurs readily at higher temperatures
[12]. The depletion of SiC from the layer beneath the outer glassy
layer occurs by active oxidation of SiC to SiO and CO, which has a
strong temperature dependence [15].

VI. Conclusions

Ultrahigh-temperature ceramics are candidates for leading-edge
and control surface applications on future hypersonic aerospace
vehicles, for which sustained operation at surface temperatures of
1500-2000°C and above are desired [1,2]. In such flight
environments, materials will be exposed to highly dissociated air,
particularly atomic oxygen. This study tested materials in a partially
dissociated air environment at the lower end of the desired
temperature range, but with generally favorable results. Under the
conditions of this study, exposure to cold-wall heat fluxes ranging
from 51.0 to 122.5 W-cm™ resulted in surface temperatures
ranging from 1240 to 1570°C. The Plasmatron stream consisted of
highly dissociated oxygen and, as heat flux increased, an increasing
proportion of dissociated nitrogen. The exposures resulted in
oxidation of the specimen surfaces, which produced an outer layer of
silica-based glass and an underlying layer of ZrO, with some residual
ZrB, and SiC. Changes in specimen dimensions and mass were
minimal. The derived catalytic efficiency of the oxidizing surface
was low (~1073%) and the measured posttest emittance was high
(~0.9), both favorable properties that help lower the quasi-steady
surface temperatures attained during hypersonic flight.

Future experiments are planned using a redesigned model
configuration, which will enable higher-enthalpy/higher-temper-
ature studies. In addition, other variables, such as the volume fraction
of SiC in the UHTC composite and the composition of the UHTC
material (HfB, vs ZrB,), will be evaluated to determine their effects
on the properties of the resulting surfaces. Additional diagnostics are
planned for these experiments, in particular a wideband radiometer to
enable in situ determination of the surface emittance and emission
spectroscopic diagnostics for the detection of volatile species. The
importance of the former diagnostic is evident, given the significant
uncertainty that emittance introduces into evaluations of the surface
test environment and such properties as catalytic efficiency. The
value of the latter diagnostic was recently demonstrated in an
adjunct to this test series in which the temporal emission signatures
of volatile boron species were detected during UHTC oxidation
in the Plasmatron; these results will be reported in a separate
paper [54].
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