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Results are presented of an experimental investigation into the efficiency of zirconium diboride/silicon carbide
and hafnium diboride/silicon carbide ultrahigh-temperature ceramic composites for catalyzing the surface
recombination of dissociated oxygen and nitrogen at moderate surface temperatures. Experiments were conducted
with a diffusion-tube side-arm reactor, together with laser-induced fluorescence species detection diagnostics.
Experiments reveal recombination coefficients in the range between silica glasses and oxidized metals, as well as
evidence of environment-induced surface modification.

Introduction

U LTRAHIGH temperature ceramic (UHTC) composites based
on zirconium diboride (ZrB2) and hafnium diboride (HfB2)

are promising materials for use as sharp leading-edge components
on hypersonic flight vehicles. Both the diborides and their primary
metal oxides have extremely high melting points.1 UHTC com-
posites have shown good dimensional stability in low-pressure su-
personic aerothermal heating environments, where other refractory
materials rapidly fail by melting, spalling, pyrolyzing, or ablating.2

Several studies have demonstrated that the high-temperature
oxidation/ablation resistance of diboride-based UHTC materials is
enhanced by the addition of silicon carbide (SiC).3−7 Two promis-
ing formulations are known as A-7, with a nominal composition of
HfB2 with 20-vol% SiC and A-8, with a nominal composition of
ZrB2 with 20-vol% SiC. These formulations were flown during the
slender hypervelocity aerothermodynamic research probe flight ex-
periments, SHARP B18,9 and SHARP B2. (Details of the SHARP B1
and B2 flight experiments are available at http://asm.arc.nasa.gov/.)

One aspect of UHTC performance not previously investigated is
the catalytic efficiency of ZrB2/SiC and HfB2/SiC composites for
recombining dissociated oxygen and nitrogen. During hypersonic
flight through Earth’s atmosphere, high-temperature shock waves
form in front of vehicle leading edges. Molecular oxygen and nitro-
gen, with respective dissociation energies of approximately 5.2 eV
(500 kJ/mol) and 9.8 eV (950 kJ/mol), can dissociate in these ex-
treme environments. If the resulting atomic species diffuse to the
vehicle surface and recombine there, this dissociation energy be-
comes available, and some fraction may go directly to the surface as
heat. The importance of surface catalyzed reactions to Earth entry
heating has been demonstrated in a series of flight experiments on
NASA’s Space Shuttle Orbiter.10−12
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Many studies of oxygen and nitrogen recombination have been
done on a variety of different structural and thermal protection sys-
tem materials. However, no experimental data exist for UHTC ma-
terials or their oxides. UHTC materials are intermetallic compounds
with unique chemical and electrical properties; their catalytic per-
formance may differ substantially from those of pure metals or pure
ceramics that have been tested in the past. It is also evident that
the catalytic behavior of UHTC materials under transient, high-
temperature plasma exposures must be closely coupled with de-
velopment of oxide layers. Generally, metals have been found to
catalyze oxygen and nitrogen recombination much more efficiently
than ceramics. It is believed that the catalytic efficiency of a material
is related to its intrinsic electronic transport properties. In their vir-
gin state, UHTC composites have an electrical resistivity of ∼10–20
µ� · cm at room temperature, a range comparable to that of many
iron alloys. As in metals, the resistivity of virgin UHTC materials
increases linearly with increasing temperature. However, once a sur-
face oxide forms, this metal-like behavior will change. B2O3 and
SiO2 are covalently bonded insulators, and ZrO2 and HfO2 are ionic
compounds. The intrinsic electrical conductivity of these materials
is much less than that of the virgin UHTC materials. The electrical
transport mechanisms are also different. In the case of B2O3 and
SiO2, semiconductorlike transport is generated by impurities that
can create p- or n-type doping, whereas for ZrO2 and HfO2, electri-
cal conductivity is dominated by oxygen ion diffusion. It appears that
oxygen recombination is more favorable on p-type semiconducting
surfaces.13,14 The n- or p-type nature of the amorphous silica and
boron oxides in UHTC oxide layers has not been experimentally
determined, and no data on oxygen or nitrogen recombination on
ZrO2 or HfO2 surfaces were found in the literature.

Here, we present the results of a first experimental investigation
into the efficiency of ZrB2/SiC and HfB2/SiC composites for cat-
alyzing the recombination of dissociated oxygen and nitrogen. The
present study is focused on a moderate temperature regime (from
room temperature to 1000 K) that can be accessed by the use of a
diffusion-tube side-arm reactor technique. We find recombination
efficiencies that lie in the range between silica glasses and oxidized
metals, as well as evidence of environment-induced oxidation that
modifies the catalytic efficiency.

Materials and Methods
Side-Arm Reactor Facility

Surface catalysis experiments were conducted in a diffusion-tube
side-arm reactor. The theory of surface catalysis measurements in
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Fig. 1 Diagram of diffusion-tube side-arm reactor facility.

a diffusion-tube side-arm reactor, as well as the side-arm reactor
facility, has been described in a number of publications.15−17 Here
we give only a brief overview of the equipment and test procedures.
A diagram of the facility is shown in Fig. 1.

The reactor consists of a Pyrex® main flow tube and a quartz
deadend side-arm tube attached via a cross. A 46-cm length of the
side-arm tube was enclosed in a clam-shell tube furnace capable
of reaching ∼1500 K. Molecular gases are introduced into the up-
stream side of the flow tube and exhausted downstream with a tur-
bomolecular pump backed with a roughing pump. A microwave
cavity positioned upstream of the cross was used to dissociate a
fraction of the molecular gas to produce either O or N atoms. As
the atomic species diffuse down the side-arm tube, they recombine
on the walls. Under steady-state conditions, a decaying atom con-
centration profile is established along the axis of the side-arm tube.
The shape of this profile is determined by the catalytic activity of
the reactor walls. Their catalytic efficiency is parameterized by the
recombination coefficient γ , defined as the fraction of atomic col-
lisions with the surface that remove an atom from the gas phase.
Recombination coefficients are determined by matching measured
atom concentration profiles to numerical solutions of the appropriate
reaction–diffusion equation.15,18,19

Measurements of the (relative) atom concentration are made as a
function of axial position along the side-arm tube using two-photon
laser-induced fluorescence (LIF). In this process, atoms are excited
with two photons of ultraviolet light and monitored by their sub-
sequent fluorescence in the near infrared. Ultraviolet (UV) light,
at wavelengths of ∼226 nm for two-photon O-atom excitation and
∼207 nm for two-photon N-atom excitation, is generated by fre-
quency tripling red light produced by a Continuum ND60 dye laser.
Frequency tripling is achieved using two beta-barium borate crys-
tals for second and third harmonic generation. Red light at ∼678 nm
is produced using LDS 698 laser dye, and red light at ∼621 nm is
produced using Rhodamine 640 laser dye; both dyes are dissolved in
methanol. The dye laser is pumped with the frequency-doubled out-
put (∼532 nm green light) from a Continuum NY81 Nd:YAG laser.

The UV laser light is directed through a collimating Galilean tele-
scope and then through a quartz Brewster angle window down the
centerline of the side-arm tube by the use of dichroic mirrors. A
Molectron energy meter is used to monitor fluctuations in the laser
pulse energy as the beam exits the side-arm tube through a second
Brewster angle window on the cross. Atom fluorescence is moni-
tored at right angles to the side-arm tube through quartz-lined optical
access ports in the furnace by the use of four gated Hamamatsu R636
photomultiplier (PMT) tubes spaced ∼8.9 cm apart. The PMTs are
fitted with narrow-band interference filters, with a bandwidth of

∼3 nm, centered at 845 nm for O-atom fluorescence and 745 nm for
N-atom fluorescence. Signals from the energy meter and the PMTs
were sent to a Stanford Research Systems data acquisition system
consisting of a preamplifier, several boxcar integrators, and a com-
puter interface module. The laser and data acquisitions system were
synchronized at 10 Hz by the use of a Stanford Research Systems
delay generator.

Surface Catalysis Test Samples
UHTC billets were provided by the NASA Ames Research Cen-

ter, from material stock manufactured during the SHARP B1 and
B2 programs. The as-pressed cylindrical billets were ∼7.6 cm in
height and ∼7.6 cm in diameter. Catalysis test samples, in the form
of 2.1-cm-long tubes with an outer diameter of 2.0 cm and a wall
thickness of 0.28 cm were machined from a single disk cut from
each billet. The test samples where machined by the use of tech-
niques similar to those employed in the manufacture of SHARP B1
and SHARP B2 flight components. Electrical discharge machining
(EDM) was used to cut the disks from the billets and the tubes out
of the disks. Diamond grinding of the inner tube surfaces was used
to achieve final dimensions.

After machining, the samples were rinsed with methanol, cleaned
in an ultrasonic bath for ∼15 min in a water–detergent mixture,
rinsed in distilled water, and then air dried. After being loaded into
the side-arm reactor, samples were conditioned under vacuum for at
least 12 h before testing. This was done to remove residual, loosely
bound volatiles from surfaces without heating and to provide a uni-
form initial condition for all experiments. In actual application,
UHTC materials may be subjected to a variety of environmental
contaminates, for example, water, salts, and hydrocarbons, the ram-
ifications of which must be addressed in separate experiments.

Surface Catalysis Measurements
Three types of measurements were done as part of the UHTC

surface catalysis experiments. First, the relative signal response of
the four PMTs was determined by turning the diffusion tube into a
flow tube. Under flow tube conditions, wall losses are minimized
and each PMT should see fluorescence from similar atom concen-
trations. With small corrections for concentration differences due to
surface recombination and pressure gradients, as well as the pressure
dependence of the fluorescence yield, the relative sensitivity of each
PMT can be determined and used to normalize diffusion tube data.
Second, diffusion tube measurements were made to determine the
recombination coefficients of quartz tube inserts. These data were
analyzed with a classic exponential decay model.18 Third, diffusion
tube experiments were made to determine the recombination coef-
ficients of UHTC samples. UHTC samples were placed within the
quartz tube inserts and positioned at the midpoint of the furnace-
enclosed side-arm tube. A three-section diffusion tube model was
used to extract recombination coefficients from the measured data.15

In this model, the recombination coefficients of the first and third
tube sections were fixed at the measured quartz values, and the tube
diameter was fixed at the quartz tube insert value.

Surface catalysis testing proceeded in a cyclical manner. Before
and after each UHTC sample was tested, the LIF signal normaliza-
tion was confirmed through flow-tube measurements and the recom-
bination coefficients of the quartz sample tubes were measured as a
function of temperature in diffusion tube experiments. Each UHTC
sample was tested on three different days, at several discreet tem-
peratures, with multiple measurements at each temperature. During
the first test run, measurements were made at 295, 473, and 673 K;
during the second test run these measurements were repeated and
extended to 923 K; and during the third test run these measurements
were repeated once more. The reactor was not opened between runs,
and the samples remained continuously under vacuum.

Surface Analysis Samples
The UHTC samples used for catalysis testing are not easily probed

by surface analysis techniques because of their tubular shape. A
second set of samples was prepared in the form of ∼1-cm2 squares
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Table 1 Test conditions seen by the 10 A-7 and A-8
UHTC surface analysis specimens

Gas environment Run 1a Run 2b

Vacuum 1,2 2
300 mtorr oxygen (discharge off) 3,4 4
300 mtorr oxygen (discharge on) 5,6 6
300 mtorr nitrogen (discharge off) 7,8 8
300 mtorr nitrogen (discharge on) 9,10 10

aRamp to 673 K, hold 4 h, cool under vacuum.
bRamp to 673 K, hold 2 h, ramp to 923 K, hold 2 h, cool under
vacuum.

from scrap material remaining from the manufacture of the catalysis
samples. These scraps were thin (∼2–4 mm thick) cross sections of
material cut by EDM directly adjacent to the catalysis sample disks
within the billets. The faces nearest the catalysis sample disks were
polished to a mirror finish with diamond grit, and individual coupons
were cut from the polished cross sections with a diamond cutting
wheel. At least 12 samples of each UHTC composition were ob-
tained in this way. The samples were rinsed with methanol, cleaned
in an ultrasonic bath, and air dried before insertion into the side-arm
reactor.

Surface Analysis Sample Exposures
The surface analysis samples were positioned with their polished

side facing up in the side-arm tube at the same nominal location
as the catalysis samples and exposed to a variety of gas and heat-
ing conditions (Table 1). During run 1 heating cycles, two samples
at a time were heated to 673 K, held for 4 h at temperature, and
then cooled under vacuum. After cooling, one of the samples was
removed. The remaining sample was exposed to the run 2 heating
cycle, which consisted of heating to 673 K, holding at temperature
for 2 h, heating to 923 K, holding at temperature for 2 h, and then
cooling under vacuum. These heating cycles are similar to those seen
by the surface catalysis samples, though not identical. After expo-
sure, samples were stored at ambient temperature and atmospheric
conditions until surface analysis. Several additional samples were
left untested to serve as unexposed standards for comparison.

Surface Analyses
Samples were examined with energy dispersive x-ray (EDX) anal-

ysis and x-ray photoelectron spectroscopy (XPS). The EDX anal-
yses were performed with a LEO-435VP scanning electron micro-
scope operated at 20 kV, with an Oxford EDX system fit with a SiLi
detector. XPS analyses were performed in a hemispherical analyzer-
based system (Leybold-Heraeus, LH 18) with Al Kα (1486.6 eV) x
rays and a 45-deg takeoff angle.

The EDX technique samples material to a depth of several
micrometers with a lateral resolution of several 100 µm. The XPS
technique probes only near-surface material to a depth of several
nanometers with lateral resolution of ∼1 mm.

Results
The results of the side-arm reactor experiments are the measured

recombination coefficients shown in Figs. 2–6. The averaged re-
combination coefficient values for the quartz sample tubes are also
included in the Figs. 2, 3, 5, and 6 for comparison to the UHTC
values. The melting point Tm of crystalline B2O3 is indicated in
each of Figs. 2, 3, 5, and 6. Its significance will be discussed in the
Discussion section. The data demonstrate an interesting, history-
dependent behavior that suggests that UHTC surfaces are modified
during testing.

Oxygen Surface Recombination
The measured oxygen recombination coefficients for the A-8

and A-7 materials are shown in Figs. 2 and 3, respectively. The
following behavior is observed for the ZrB2, 20-vol% SiC sam-
ple in Fig. 2. During the first test, recombination coefficients of
∼1 × 10−3–2 × 10−3 are found at room temperature. On heating to

Fig. 2 Oxygen recombination coefficient of A-8 (ZrB2, 20-vol% SiC)
UHTC specimen.

Fig. 3 Oxygen recombination coefficient of A-7 (HfB2, 20-vol% SiC)
UHTC specimen.

Fig. 4 Measured oxygen recombination coefficients for the A-8 (ZrB2,
20-vol% SiC) UHTC specimen during the second test run; connecting
line serves as a visual guide only.

473 K, the recombination coefficients rise by an order of magnitude
to ∼1 × 10−2–2 × 10−2. With further heating to 673 K, they increase
slightly to the ∼2 × 10−2–3 × 10−2 range. During the second test,
the measured recombination coefficients at each of these tempera-
tures are substantially the same as in the first test (with some exper-
imental scatter). When the sample is heated to 923 K, we observe a
steady decrease in catalytic efficiency with time. This is indicated by
the downward arrow in Fig. 2, and can be seen more clearly in Fig. 4,
which plots the measured recombination coefficient as a function of
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Fig. 5 Nitrogen recombination coefficient of A-8 (ZrB2, 20-vol% SiC)
UHTC specimen.

Fig. 6 Nitrogen recombination coefficient of A-7 (HfB2, 20-vol% SiC)
UHTC specimen.

time and temperature. During the third test, the sample’s catalytic
efficiency for O-atom recombination is drastically reduced, by one
to two orders of magnitude. In fact, the recombination coefficients of
the UHTC sample cannot be distinguished from those of the quartz
sample tubes at the two lowest test temperatures.

The same basic phenomena are seen in Fig. 3 for the HfB2,
20-vol% SiC sample: reproducible recombination coefficient values
at 295, 473, and 673 K during the first two tests, a steady decrease
in catalytic efficiency with time at 923 K, and lower recombination
coefficient values at the lower test temperatures on retesting. The
recombination coefficients are somewhat higher overall and do not
decrease as much after heating at 923 K; however, the trends ob-
served for the HfB2, 20-vol% SiC sample are clearly similar to those
seen for the ZrB2, 20-vol% SiC sample.

Nitrogen Surface Recombination
The measured nitrogen recombination coefficients for A-8 and

A-7 are shown in Figs. 5 and 6, respectively, along with the averaged
values for quartz. Distinctly different behavior is observed when the
tests are conducted under dissociated nitrogen.

The initial room temperature recombination coefficients of the
A-8 sample steadily decrease with time, reaching values of around
1 × 10−4. These values increase to the 1 × 10−2–3 × 10−2 range at
473 and 673 K. On the second test run, the room temperature recom-
bination coefficients are no longer at 1 × 10−4 but are two orders of
magnitude higher. The measurements at 473 and 673 K are in rea-
sonably good agreement with those obtained on the first run. The
measurements made at 923 K show a steady decline in recombina-
tion efficiency with time, eventually making the UHTC specimens
indistinguishable from the quartz side-arm tube. The third run shows
recombination coefficients of order 1 × 10−2 at room temperature,
473 K, and 673 K, in agreement with the results of the second run,
though generally somewhat lower. At 923 K, the recombination
coefficient is again indistinguishable from the quartz.

Similar behavior is seen for the A-7 specimen in Fig. 6, with an in
initial decrease in recombination efficiency toward the quartz value

Fig. 7 EDX analysis of run 2 A-7 (HfB2, 20-vol% SiC) specimens,
showing peak intensity vs x-ray energy over the range 0–2 keV: nitrogen
(0.392 keV), oxygen (0.525 keV), and hafnium (1.28 keV) peaks are
highlighted by bars; O/Hf peak ratios are indicated for each panel.

during the first run, a dramatic three orders of magnitude increase
in the room temperature recombination coefficient, followed by a
steady decrease in catalytic efficiency at 923 K to the quartz value
during the second run. The third run again shows similar, though
somewhat lower values, to the second run, and recombination coef-
ficients are indistinguishable from quartz at 923 K.

Surface Analysis
Visually, no changes were observed in any of the specimens after

run 1 heating cycles. After run 2 heating cycles, a faint tarnishing
could be seen on the samples exposed to vacuum and nitrogen en-
vironments, whereas a more obvious discoloration was present on
the samples exposed to oxygen environments. Similar results were
seen for both the A-7 and A-8 specimens. These observations are
consonant with the appearances of the catalysis test specimens after
testing.

The run 2 A-7 specimens were examined by the use of EDX anal-
ysis. The results are summarized in Fig. 7. The N (0.392 keV), O
(0.525 keV), and Hf (1.28 keV) peaks are indicated by black, gray,
and banded bars, respectively. The nitrogen peak is negligibly small
for all of the different test conditions. The EDX system is not sensi-
tive to boron, and the silicon peaks at 1.74 and 1.836 keV are present
but obscured by the strong hafnium peaks at 1.645 and 1.698 keV.
The approximate ratio of the O to Hf peaks is also indicated in each
panel. This ratio is about 0.20 in the untreated specimen, about one
and one-half times larger for the vacuum and nitrogen exposed sam-
ples, and about three times larger for the oxygen exposed samples.
There are no significant differences between the discharge-on and
discharge-off spectra.

Figure 8 shows XPS survey spectra for the untreated A-7 sample,
along with the A-7 samples exposed to oxygen and nitrogen during
discharge-on run 1 and run 2 heating cycles. The oxygen, hafnium,
and carbon peaks are prominent, whereas the silicon and boron peaks
are very small. No nitrogen peak is seen. The surface composition
of each sample (neglecting any contribution from silicon) was cal-
culated with standard methods and published sensitivity factors.20

Figure 9 plots the relative surface composition for these samples.
Compared to the untreated sample, the oxygen to hafnium ratio in-
creases by approximately 35% during the O2 + O run 1 treatment,
but then decreases to approximately 10% below the untreated sam-
ple during the O2 + O run 2 treatment. Similarly, during the N2 + N
run 1 treatment, the oxygen to hafnium ratio increases by approx-
imately 35% compared to the untreated sample and decreases to
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Fig. 8 XPS survey scans of A-7 (HfB2, 20-vol% SiC) specimens ex-
posed the oxygen and nitrogen with the discharge on; spectra have been
offset to enable comparison.

Fig. 9 XPS determined relative surface composition of the untreated,
run 1, and run 2 A-7 samples exposed to oxygen and nitrogen with the
discharge on.

approximately 40% below the untreated sample during the N2 + N
run 2 treatment.

Discussion
The maximum oxygen and nitrogen recombination coefficients,

measured at 473 and 673 K before samples are heated to 923 K,
are about 5 × 10−2. A recombination coefficient of 5 × 10−2 is sim-
ilar to values measured in this same temperature range for oxidized
Inconel 617, but is one to two orders of magnitude greater than
typical values found for glassy silica-based coatings such as the re-
action cured glass (RCG) shuttle tile coating.21 When samples are
heated to 923 K, catalytic efficiencies are seen to decrease steadily
in time. Retesting of these samples reveals a lowered catalytic ef-
ficiency, in some cases indistinguishable from the quartz side-arm
tube. This irreversible behavior suggests that some morphological
and/or chemical changes are occurring at the sample surfaces during
temperature cycling and gas exposure, even at these relatively mild
environmental conditions.

Before suggesting possible scenarios for this behavior, we com-
ment on the repeatability of the experimental technique and the
accuracy of the derived recombination coefficients. For a chemi-
cally stable low catalytic efficiency material such as quartz, mea-
surements made in rapid succession generally produce recombina-
tion coefficients that differ by less than 10%. Exceptions occur at
high temperatures where the decreasing atom number density and
the increasing thermal background from the furnace degrades the
signal-to-noise ratio, or when initial heating or discharge operation
produces transients associated with the removal of surface contam-
inates such as water. For materials with higher catalytic efficiency,
the scatter in successive measurements is typically higher at a given
temperature because more atoms are removed from the gas phase,
lowering the LIF signal. However, this scatter still rarely exceeds

25%. It is evident that the systematic decreases in catalytic activity
observed in successive measurements on UHTC samples heated to
923 K are not artifacts of experimental scatter. The observed changes
are monotonic, large, and occurred on four different samples over
the same temperature range.

The absolute accuracy of measured recombination coefficients
is more problematic to evaluate. First, recombination coefficients
extracted from the experimental data are coupled to the surface
chemistry and gas flow assumptions used during data analysis. Be-
cause these vary with different techniques, it is safest to compare
values for materials measured by the same experimental and data
analysis approaches. Second, the recombination coefficient values
we obtain are effective values in the sense that both the intrinsic ma-
terial chemistry and the microscopic reactive surface area contribute
to the measured value. We make no attempt to separate these con-
tributions experimentally. Test samples are prepared as they would
be for actual service; that is, we employ EDM and surface grind-
ing techniques consistent with those used for the SHARP B1 and
SHARP B2 flight articles. Third, when UHTC materials are tested
it is likely that some recombination of atoms occurs on the ends
and outer cylindrical surface of the tubular specimens, because the
fit between the samples and the quartz tube inserts was not snug.
Data were evaluated by the use of the inner diameter of the quartz
tube inserts, which could lead to a systematic overestimation by a
factor of ∼2. Thus, we make no claims of absolute accuracy beyond
order-of-magnitude type quantification, which is sufficient to place
the maximum observed UHTC catalytic efficiencies in the range
typically seen for oxidized metals and from one to two orders of
magnitude above the range for silica, quartz, and RCG.

We now present some possible scenarios for the transient catalytic
behavior described earlier. For the oxygen-exposed samples, the
results can be rationalized under the presumption of the formation of
a B2O3 surface oxide. Crystalline B2O3 has a well-defined melting
point of ∼723 K that lies above 673 K, the highest temperature
that produced no irreversible changes in catalytic efficiency, and
below 923 K, where steady declines in catalytic efficiency were
observed. Amorphous B2O3 glass does not have a distinct melting
point, but softening temperatures between ∼830 and 900 K have
been reported.22 The formation and melting of B2O3 could plausibly
lead to lower catalytic efficiency, either by decreasing the reactive
surface area as the B2O3 melts or because B2O3 is inherently less
catalytic than the underlying UHTC material.

The temperature and oxygen partial pressure conditions present
during catalysis testing should restrict any oxidation of SiC, ZrB2,
or HfB2 to the passive oxidation regime where no volatile oxides
are formed directly.23,24 A very rough estimation of B2O3 oxide
growth, based on the activation energy and pressure dependence of
the ZrB2 oxidation rate determined by Kuriakose and Margrave,25

predicts ∼230 nm of B2O3 after 10 h of exposure to 923 K and
0.3 torr oxygen. The oxidation rate for SiC should be much slower,
and similar estimates based on an extrapolation of the single-crystal
SiC oxidation rates measured by Zheng et al.26 predict a ∼3-nm-
thick SiO2 layer. Though dissociated oxygen can cause more rapid
oxidation, this is not likely to be a significant mechanism in our
experiments because the ratio of O atoms to O2 molecules is less
than ∼10−3 at the sample location in the side-arm reactor.

Support for surface oxidation under the catalysis test conditions
is provided by the EDX measurements, which show a significant
increase in the O/Hf ratio for the A-7 samples after exposure to
oxygen and heating to 923 K. A similar increase is seen in the XPS
result for the A-7 sample heated to 673 K in O + O2, though the XPS
results for the analogous sample heated to 923 K show a drop in this
ratio. Some discrepancy between EDX and XPS trends are expected
because XPS is very sensitive to surface contamination, such as
adventitious hydrocarbons and surface depletion and/or enrichment
of elements. EDX data are less affected by monolayer scale changes
on the surface and will better reflect changes in the top micrometer
or so of material.

For the nitrogen-exposed samples, the surface catalysis results
are more puzzling. The initial decrease in catalytic efficiency sug-
gests a transient period of surface reaction involving N atoms and
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surface adsorbed species that tie up active sites on the surface. After
the first heating cycle to 673 K, the second room temperature test
reveals a much higher catalytic activity at room temperature, which
is consistent with the thermal desorption of adsorbed species from
the active sites, freeing them to be sites for N-atom recombination.

The irreversible reduction in catalytic efficiency at high temper-
ature is difficult to explain in terms of nitrogen chemistry because
nitride formation does not seem reasonable at these temperatures.
Moreover, no nitrogen signatures were found in either the EDX or
the XPS surface analysis. In principle, B2O3 should not form dur-
ing these experiments, but in practice it is plausible that residual air
leaks in the side-arm reactor system could admit sufficient oxygen
into the test environment. The side-arm reactor is constructed of
glassware joined by O-ring fittings and does not reach a base pres-
sure below a few millitorr. EDX measurements support this view
because both samples heated in a (nominal) vacuum and under ni-
trogen exhibit larger O/Hf ratios than the untreated specimen. If it
is postulated that B2O3 is formed, then the reduction of the cat-
alytic efficiency during the second run at 923 K could be ascribed to
a similar B2O3 melting/coating phenomena as that for the oxygen
catalysis experiments. This hypothesis is also consistent with the
general reduction of catalytic efficiency during the third runs that
occurred in the oxygen experiments.

In actual application, these materials are expected to see much
higher surface temperatures and experience significant surface shear
stresses. Boron oxide surface layers will not survive, both because
shear forces will strip the B2O3 melt from leading edges and because
B2O3 evaporation becomes significant above about 1500 K (Refs.
6, 27, and 28). However, a similar interplay between surface oxida-
tion and surface catalytic efficiency might be anticipated at higher
temperatures were silica formation and subsequent melting become
significant. This elevated temperature regime (above ∼1500 K) can-
not be accessed by the use of side-arm diffusion-tube techniques and
awaits exploration with arc-jet testing.17,29

Conclusions
The two major findings of this study are as follows:
1) The efficiency of ZrB2/SiC and HfB2/SiC composites for re-

combining dissociated oxygen and nitrogen can be nonnegligible
between room temperature and 1000 K, with maximum observed
recombination coefficients of ∼5 × 10−2.

2) The catalytic efficiency of UHTC materials can be altered by
interactions with the environment even at relatively low tempera-
tures; in particular, surface oxidation appears to lower the catalytic
efficiency below that of the virgin material.

For aeroconvective heating computations, we suggest that, for
temperatures up to 1000 K, a constant (temperature-independent) re-
combination coefficient of 0.1 would be an appropriate compromise
between the extreme conservative limit of 1 and the observed max-
imum of 5 × 10−2. Above 1000 K, it would be advisable to use the
limiting value of 1 until the true situation is explored experimentally.
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