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Abstract

The structures that developed as dense ZrB,—SiC ceramics were heated to 1500 °C in air were characterized using scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction. The oxidation behavior was also studied using thermal gravimetric analysis
(TGA). Below 1200 °C, a protective B,0O5-rich scale was observed on the surface. At 1200 °C and above, the B,O3 evaporated and the SiO,-rich
scale that formed was stable up to at least 1500 °C. Beneath the surface, layers that were rich in zirconium oxide, and from which the silicon carbide
had been partially depleted, were observed. The observations were consistent with the oxidation sequence recorded by thermal gravimetric analysis.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic compounds such as ZrB,, ZrC, TaC, HfB,, HfC and
HfN belong to a group of materials known as ultra high tem-
perature ceramics (UHTCs). Interest in UHTCs has increased
substantially in recent years due to growing interest in hyper-
sonic vehicles and re-usable atmospheric re-entry vehicles.!~!!
For these vehicles, materials that are resistant to oxidation at
1500 °C and above are needed for a variety of components such
as nose cones, wing leading edges and engine cowls.* Cur-
rently, UHTCs are among the candidates for these applications
as well as other applications that require stability in extreme
environments. 214

As a family of compounds, UHTCs have high melting tem-
peratures (>3000 °C) and they maintain their strength at elevated
temperatures. With a theoretical density of 6.09 g/cm?, ZrB, has
the lowest density of the UHTCs,> which is a desired property
for aerospace applications. In addition, ZrB; has a high thermal
conductivity (65-135 W/m K) and has been reported to exhibit
excellent thermal shock resistance. '’

When ZrB,-SiC is exposed to oxidizing environments at
high temperatures, it oxidizes.!%!” Several authors have reported
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that oxidation of ZrB,—SiC at 1500 °C in air produces a struc-
ture that consists of four layers: (1) a continuous silica layer
on the surface; (2) a Zr-rich oxidized layer embedded in amor-
phous silica; (3) a layer of SiC-depleted ZrB,; (4) unaffected
ZrB,-SiC.1618:19 A thermodynamic model has been developed
to understand the formation of this layered structure.?’ In the
model, the steady-state response of ZrB,—SiC to oxidation in air
at 1500 °C was analyzed with the aid of ZrB, and SiC volatility
diagrams. However, the development of the layered structure on
the surface of ZrB,—SiC as it is heated in air to 1500 °C and
the transient structures that evolve during heating have not been
investigated in detail.

The purpose of this paper is to describe the structures that
develop when ZrB; containing 30 vol% SiC is heated in air. The
compositions of the surface oxides that form during oxidation
of ZrB,-SiC are characterized for temperatures ranging from
room temperature up to 1500 °C.

2. Experimental procedure
2.1. Processing

Commercially available ZrB, (Grade B, H.C. Starck, New-
ton, MA) with a reported purity of >99% (metals basis) and
an averaged particle size of 2 wm was used. The SiC powder
(Grade UF-10, H.C. Starck, Newton, MA) was predominantly
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a-SiC, and it had a reported purity of 98.5% and an aver-
age particle size of 0.7 wm. Batches containing 70 vol% ZrB,
and 30 vol% SiC were prepared. Powders were attrition milled
(Model 01-HD, Union Process, Akron, OH) for 2 h in hexane
using ZrO, milling media (~3.5 mm diameter) to reduce par-
ticle size and promote intimate mixing. Solvent was removed
by rotary evaporation (Model Rotavapor R-124, Buchi, Flawil,
Germany) at a temperature of 70 °C, a vacuum of 200 mmHg
(~27kPa), and a rotation speed of 150 rpm. Rotary evapora-
tion was utilized to minimize segregation due to differences in
the sedimentation rates of the two powders, which have drasti-
cally different densities (6.1 g/lem? for ZrB; and 3.2 g/cm? for
SiC).

Milled powders were hot-pressed (Model HP-3060, Thermal
Technology, Santa Rosa, CA) at 1950 °C for 45 min at a pressure
of 32 MPain graphite dies lined with graphite foil that was coated
with BN. A detailed description of the temperature ramp used to
prepare the specimens has been reported previously.?! A heating
rate of ~10 °C/min to the hot pressing temperature was used. A
mild vacuum (~20 Pa) was maintained up to 1650 °C at which
time the atmosphere was switched to flowing argon. An infrared
thermometer (Model OS 3708, Omega Engineering, Stanford,
CT) was used to monitor the die temperature. A uniaxial load
of 32 MPa was applied at 1950 °C. After holding for 45 min,
the furnace was cooled at ~20°C/min to room temperature.
Billets with a diameter of ~40 mm and thickness of ~5mm
were produced. Bars with dimensions of 4 mm x 4 mm x 6 mm
and 1.5mm x 2mm x 10 mm were sliced from the billets and
ground to a 6 pm surface finish for furnace oxidation and thermal
gravimetric analysis.

2.2. Oxidation

The experimental portion of this study focused on exposing
ZrB,—SiC specimens to air at temperatures of 800, 1000, 1200,
1400 and 1500 °C. A MoSi, resistance heated horizontal tube
furnace (Model 0000543, Rapid Temperature Furnace, CM Inc.,
Bloomfield, NJ) equipped with a high purity alumina tube was
used for the oxidation studies. Prior to oxidation, specimens
were cleaned in an ultrasonic bath in acetone. Specimens were
placed on an alumina plate which was on an alumina D-tube,
inserted into the center of the furnace, and leveled. The ends of
the furnace were sealed with gas-tight end caps. An atmosphere
of flowing air with a volumetric flow rate of 1 cm/s through the
tube relative to the specimen (~1.8 1/min based on the tube diam-
eter of 6.35 cm) was maintained. Each specimen was heated at
~5 °C/min to the target temperature and held for 30 min. Spec-
imen temperature was measured with a type B thermocouple
that was inserted into the tube and was next to the specimen at
an approximate distance of less than 2 cm. After heating to the
target temperature, the specimens were cooled to room temper-
ature at ~10°C/min. After oxidation, the specimens that had
been oxidized at 800 and 1000 °C were kept in a sealed con-
tainer, which was protected from ambient moisture to prevent
hydration of B;0O3.

The oxidation behavior of ZrB,—30 vol%SiC was also studied
using thermal gravimetric analysis (TGA). The weight change

was measured under flowing air at a ramp rate of 5 °C/min up
to 1500 °C without an isothermal hold.

3. Characterization

The bulk density of each billet was measured using the
Archimedes’ technique with deionized water as the immers-
ing medium. The relative density was determined by dividing
the bulk density by the theoretical density. The microstructure
of each specimen was characterized using scanning electron
microscopy (SEM; S-570, Hitachi, Tokyo) along with energy
dispersive spectroscopy (EDS; AAT, X-ray Optics, Gainesville,
FL) for chemical analysis. For microstructural analysis, cross
sections were cut perpendicular to the top surface of the
oxidized bars and then polished to a 0.25 pm finish using dia-
mond abrasives. The specimens oxidized in air at 800 and
1000 °C were polished with oil based polishing media rather
than water to prevent hydration and removal of any B,O3
that was present. For the specimen heated to 1500 °C, grazing
incidence X-ray diffraction (GXRD; X’Pert MRD, Panalyti-
cal, Almelo, Netherlands) was used to determine the crystalline
phases present in the SiC-depleted region underneath the surface
Si0O;-rich scale after removing the surface layers by polishing
parallel to the original surface. The material removal was mon-
itored using optical microscopy so that the desired region was
reached. The incidence angle for GXRD was set to 1°, which
resulted in a penetration depth of less than ~200 nm into the
specimen. The GXRD employed Cu Ka radiation that was
passed through a Ni filter. Grain sizes were evaluated using
an imaging software program (ImageJ, U. S. National Insti-
tutes of Health, Bethesda, MD) by counting a minimum of 250
grains.

4. Results and discussion
4.1. Density

The hot-pressed billets used to produce bars for oxida-
tion studies had measured bulk densities ranging from 5.13 to
5.18 g/cm>. Using a rule of mixture calculation, and assuming
that the true densities were 6.09 g/cm? for ZrB, and 3.21 g/cm?
for SiC, the theoretical density of ZrB, containing 30 vol% SiC
was calculated to be 5.23 g/cm>. Based on this true density, all
hot-pressed billets had relative densities of >98%. Consequently,
porosity was not considered to have a significant effect on the
oxidation behavior.

4.2. Microstructure at room temperature

A microstructure typical of the ZrB,—SiC specimens used
in this investigation is presented in Fig. 1. The darker phase
is SiC and it appears to be uniformly dispersed in the lighter
ZrB; matrix. SEM analysis did not reveal any obvious porosity
in the microstructure, which supports the results of the density
measurements. The average grain size of ZrB, was ~2.5 wm,
while the SiC particles had an average diameter of ~1.7 um.
The microstructure is similar to those reported previously.?2%3
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Fig. 1. SEM image of a polished, thermally etched cross section showing the
microstructure of ZrB, containing 30 vol% SiC.

4.3. Initial response during heating (800-1200°C)

Thermodynamically, both ZrB; and SiC should oxidize when
exposed to air. However, the oxidation rates of both species are
negligible below about 800 °C. Previous studies have reported
that the oxidation of ZrB, by Reaction (1) is much faster
than oxidation of SiC (specific reactions are discussed below)
between 800 and 1200 °C.?*>> Assuming that oxidation of ZrB
proceeds stoichiometrically, the reaction should produce molten
B,03 (melting temperature ~450°C) and solid ZrO,. Upon
cooling to room temperature, the BoO3 forms an amorphous
solid while the ZrO, is crystalline.?

ZrB; + 305(g) — ZrO; + B,03(1) (1)

The amounts of B,O3 and ZrO; on the surface of the spec-
imen oxidized at 800 °C for 30 min were not sufficient to be
observed in polished cross sections in the SEM. Thermal gravi-
metric analysis, which will be discussed later in this article,
did detect a small amount of oxidation of ZrB,-SiC at 800 °C

(<0.2 mg/cm?, which corresponds to a layer <0.5 pm thick based
on the mass gain and the densities of B,O3 and ZrO,). For any
B,03 that did form, hydration and dissolution could have also
led to removal of the thin reaction layer during either polishing
or storage despite the steps taken to protect it from the ambient
moisture.

Oxidation of ZrB,—SiC for 30 min at 1000 °C led to the for-
mation of enough B>O3 and ZrO; so that they could be observed
in SEM micrographs (Fig. 2). At this temperature, the surface
structure consisted of: (1) a layer of BoO3 ~2 pum thick, (2)
a ZrO, layer ~6 wm thick that contained unoxidized SiC and
(3) unaffected ZrB,-SiC. A continuous B,O3 layer was found
to form above the ZrO, layer. This structure may form due
to volume expansion upon conversion of ZrB; to ZrO, and
B>03 (~300% volume expansion based on density calcula-
tions) and/or the mutual wetting behavior of the two materials.
Because the oxidation of SiC is much slower than that of ZrB;
in this temperature regime, the SiC particles did not oxidize
appreciably. As ZrB; oxidized, SiC particles were embedded in
the growing ZrO; layer (Fig. 2). The composition of the layer
labeled ZrO; + SiC was examined using EDS mapping (Fig. 3),
which showed that zirconium and oxygen were present along
with silicon, suggesting that the reaction layer was composed of
ZrO; and SiC. Determination of the composition of the outer-
most layer by EDS was not possible due to its low sensitivity
to light elements (i.e. boron). However, EDS analysis reported
by other investigators has shown that the outermost layer con-
tained O, but was free of Si and Zr, which is consistent with
the presence of B,03.2-28 Earlier studies have also concluded
that BoO3 was an effective barrier to the transport of oxygen,
leading to passive oxidation behavior with parabolic mass gain
kinetics,2*28 which is consistent with the structure observed in

the current study (Fig. 2). Passive oxidation protection is pro-
vided by the continuous molten B, O3 layer that effectively seals

the surface and prevents direct exposure of the ZrB,—SiC to air
28

in this temperature regime.

Sic

(b

Fig. 2. SEM images at (a) low and (b) high magnification showing a layer of B,O3 ~2 m thick and a layer of ZrO,—SiC ~6 um thick formed on the surface of

ZrB,-SiC after exposure to air at 1000 °C for 30 min.
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Fig. 3. EDS maps for (a) Zr, (b) O and (c) Si for the reaction layer formed
by oxidizing ZrB,-SiC at 1000 °C in air for 30 min showing that a layer that
contains Zr, O and Si is formed.

4.4. Transition structure

As ZrB,-SiC was heated above ~1200 °C, the composition
and structure of the surface layers changed. The dominant chem-
ical processes between 1200 and 1400 °C are expected to be
the evaporation of B>O3 (Reaction (2)) and oxidation of SiC
(Reaction (3)).

B203(1) — B203(g) (2)
SiC + 30,(g) — Si0x (1) + CO(g) 3)

As the temperature approaches 1400 °C, the vapor pressure of
B, 03 increases substantially,® leading to its rapid evaporation.
In addition, SiC starts to oxidize producing molten SiO, and
gaseous species such as CO in this temperature regime. Like
oxidation at lower temperatures, heating to 1200 °C for 30 min

£r(),

Fig. 4. SEM image showing the formation of an outer layer of SiO, and a
second layer composed of ZrO, on the surface of ZrB,-SiC after exposure to
air at 1200 °C for 30 min.

resulted in the formation of a continuous surface layer above
another oxide layer (Fig. 4). In this case, the underlying layer
was composed of porous ZrO;. A thin SiO;-rich layer (<1 pm)
covered the underlying material and could, potentially, provide
a barrier to oxygen diffusion that may result in passive oxida-
tion protection with parabolic mass gain kinetics. This SiO»-rich
layer is expected to contain some B,O3 during transient heating
to 1500 °C based on either incomplete evaporation of the BoO3
by Reaction (2) or the continued production of B,O3 beneath
the outer scale by Reaction (1). Compositional analysis of the
outermost layer using secondary ion mass spectrometry (SIMS)
has shown that the B content of the oxide layer after heating to
1500 °C for 30 min is less than 1 wt%.?

The structure formed at 1400 °C in the current study (Fig. 5)
is consistent with literature reports that indicate that B,Oj3
evaporates rapidly at temperatures above 1100 °C.2® When the
evaporating B, O3 is not replaced, as is the case for monolithic
7Z1B,, the effectiveness of the diffusion barrier is reduced since
the porous ZrO, layer alone does not protect the underlying
ZrB, from rapid oxidation. For ZrB,—SiC, the addition of SiC
extends the oxidation resistance to higher temperatures by pro-
moting the formation of a borosilicate glass layer on exposed
surfaces. Previous studies have reported that a SiO;-rich layer
provides passive oxidation protection with parabolic mass gain
kinetics, reducing the oxidation rate compared to pure ZrB, at
temperatures above 1200°C."?#?9 In the present furnace oxi-
dation studies, formation of SiO, was first observed for the
1200 °C specimen (detected by EDS), which is consistent with
the previous reports.24

As the temperature approached 1400 °C, the thickness of the
SiO; layer on the surface increased to ~10 wm (Fig. 5). The
thickness of the SiO; layer, and the underlying ZrO;-containing
layer were not uniform over the specimen surface at this tem-
perature. This may be due to wetting characteristics or other
local variations such as composition, surface topology or sur-
face cracks that might enhance the local oxidation rate. The
ZrO, layer was thicker in the areas where the SiO; layer was
thinner, indicating less effective oxidation protection in those
regions.
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Fig. 5. SEM images at (a) low and (b) high magnification of the layered structure formed after exposure of ZrB,—SiC to air at 1400 °C for 30 min.

4.5. Evolution as temperature approaches 1500 °C

The structure of the specimen heated in air to 1500 °C (Fig. 6)
for 30 min was similar to the structure of the specimen exposed
to 1400 °C, except that the reaction layers were thicker and more
uniform after heating to 1500 °C. The thickness of the SiO;-rich
layer was ~10 wm after heating to 1500 °C with a hold of 30 min.
At this temperature, the layered structure consisted of: (1) a
Si0;-rich glassy layer; (2) a thin layer of ZrO,—SiO;; (3) a layer
of ZrO, and/or ZrB, from which SiC had been partially depleted;
(4) unaffected ZrB,—SiC. This layered structure is similar to
the structure reported for ZrB,-SiC exposed to air at 1500 or
1627 °C in other studies.'®!7

Based on isothermal studies, the SiO;-rich glassy layer
remains protective up to at least 1500 °C.11618 Because SiO is
significantly less volatile than B,Oj3 at these temperatures (the
vapor pressure of BoOj3 is ~10° times higher than that of SiO,
at 1500 °C), the SiO;-rich layer provides oxidation protection
for ZrB,-SiC over a much greater temperature range than the
B,03 does for pure 7B, B3

A ZrO,-SiO, layer with what appears to be a two phase,
interpenetrating microstructure formed beneath the SiO, layer
as the temperature approached 1500 °C (Fig. 6). Apparently, the
porous ZrO; that formed initially through oxidation of ZrB;
between 800 and 1200 °C was retained, but was covered and

Fig. 6. SEM image of the layered structure formed after exposure of ZrB,—SiC
to air at 1500 °C for 30 min.

partially filled with SiO, that formed through oxidation of SiC
at higher temperatures. Although quantitative analysis was not
possible by EDS since B is at the limit of the detection capability
or by XRD since the B,O3 is amorphous, some B,O3 probably
remained dissolved in the SiO; in this layer, although a pre-
vious SIMS investigation showed the amount to be minimal.?3
The ZrO,-Si0; layer was relatively thin (<3 wm). Experiments
that have employed thermal cycling appear to promote growth
of the ZrO,-Si0; layer, but no mechanism has been proposed
for the formation or growth of this layer.!® Diffusion of oxy-
gen molecules or ions through the SiO, and ZrO,-Si0; layers
is thought to be the rate determining step in the oxidation of
ZrB,-SiC. Materials with coherent SiO» and/or ZrO,-SiO» lay-
ers exhibit passive oxidation behavior with parabolic mass gain
kinetics at 1500 °C due to the stability of SiO; in air in this
temperature regime.>>>*

A SiC-depleted region, which was located underneath the
Zr0,-Si0; layer, had a porous structure from which the SiC
has been partially or entirely removed (Fig. 6). The morphology
of the grains in this region was similar to the original struc-
ture before oxidation, except that the SiC had been partially or
fully removed by active oxidation. The thickness of the depleted
region was ~10 pm after heating to 1500 °C for 30 min.

Grazing incidence X-ray diffraction analysis was used to
examine the crystalline phases present in oxidized specimens
that had been observed in cross section. After removing the outer
SiO; layer and the ZrO,-Si0; layer through successive polish-
ing, analysis showed that the SiC-depleted layer was composed
of a mixture of ZrO, and ZrB; from which some or all of the SiC
had been removed (Fig. 7). This result suggests that an oxygen
partial pressure (activity) gradient exists across the SiC-depleted
layer. In addition, thermodynamic analysis has suggested that the
SiO(g) that is generated as SiC is oxidized (Reaction (4) or (5)) is
transported across the SiC-depleted layer due to this oxygen par-
tial pressure gradient.2” Since a po, gradient is thought to exist
across the SiC-depleted layer, an interface separating a layer
where ZrO; is dominant from a layer in which ZrB, is domi-
nant may be located either: (1) at the interface of the unoxidized
ZrB,-SiC and the SiC-depleted layer, (2) in the SiC-depleted
layer or (3) at the interface between the SiC-depleted layer
and the ZrO,—SiO; layer. A more detailed analysis is needed



2500 A. Rezaie et al. / Journal of the European Ceramic Society 27 (2007) 2495-2501

1000 . T T T T T
i . ZI'B2 1
800 _
I ° ZrO2 1

600 [ ]

Counts/Sec
n

400 |

200 |

50 60 70 80 90
Two Theta (Degrees)

Fig. 7. Grazing incidence XRD of the SiC-depleted layer formed by oxidation
of ZrB,—SiC in air at 1500 °C.

to identify a distinguishable interface.
SiC + 02(g) — SiO(g) + CO(g) “
SiO(g) + %Oz(g) — Si0a2 (D) (5)

Formation of the SiC-depleted layer in ZrB,—SiC specimens
exposed to air at 1500 °C has been analyzed using volatility
diagrams and thermodynamic calculations.”® At intermediate
oxygen partial pressures (po, ~ 10790 1079 Pa) that are
thought to exist in the SiC-depleted layer, SiC should undergo
active oxidation by Reaction (4) or a similar process. The SiO(g)
that is formed by active oxidation is transported from the SiC
surface (high psio(e) and low po,) to the SiO; layer (low psio(g)
and high po,) due to the chemical potential gradients of O and
SiO(g) across the depleted region. At the interface between the
SiC-depleted region and the SiO,-containing layer, the SiO(g)
could either oxidize to form additional SiO, or diffuse into the
layer and react with dissolved oxygen to form SiO; closer to the
surface of the outer SiO; layer.

Based on the thermodynamic analysis and the observations
reported in this paper, the dominant chemical process in the SiC-
depleted layer at 1500 °C appears to be the active oxidation of
SiC (Reaction (4)) which results in the depletion of SiC.

4.6. Thermal gravimetric analysis (TGA)

To complement the compositional and structural information,
the oxidation behavior of the ZrB,—SiC was examined by TGA
up to 1500 °C with the same heating rate (5 °C/min) that was
used in the furnace oxidation experiments. The change in the
mass as a function of temperature is shown in Fig. 8. The weight
started to increase just below ~800 °C, which corresponds to the
temperature at which ZrB; is reported to begin oxidizing.?*23-?8
The weight gain was consistent with SEM analysis that showed
a minimal amount of B,O3 formation for specimens heated in
air to ~800 °C (<0.2 mg/cm?), but thicker oxide layers at higher
temperatures. Between 700 and 1200 °C, the weight increased
at a constant rate (~3.3 x 1073 mg/cm2 °C). This is consistent

0.02 : . ' . . . :
& 0.015 [
0.01 [

0.005

Weight Gain (mg/mm

-0.005 [ 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

Temperature (°C)

Fig. 8. TGA analysis of ZrB,-SiC in air up to 1500 °C.

with SEM observations that showed formation and growth of
ZrO; and a protective layer of B,O3 (Figs. 2 and 3). As the tem-
perature approached 1200 °C the specimen weight decreased
slightly, with a mass loss rate of ~1.0 x 1073 mg/cm?°C
between 1215 and 1300 °C. The mass loss was attributed to a
significant increase in the rate of volatilization of B,03.8 Even
though the specimen mass decreased in this temperature regime,
analysis by EDS verified that SiO; was present after oxidation at
1200 °C whereas no silicon was detected on the surface after oxi-
dation at 1000 °C (Fig. 3). Thus, SiO3 is formed at ~1200 °C, but
the rate of formation must have been less than the rate of evapo-
ration of B, O3 since an overall mass loss was observed by TGA.
Above ~1300 °C the specimen mass increased with a mass gain
rate of ~1.8 x 1073 mg/cm? °C. Based on SEM observations
and other analysis, the mass gain was due, primarily, to the
formation of SiO».

5. Summary

The changes in structure for ZrB,;—SiC during heating to
1500°C in air were examined using furnace oxidation fol-
lowed by SEM/EDS and XRD analysis. Thermal gravimetric
analysis was also employed to evaluate the mass change as
a function of temperature. Between 800 and 1200 °C, oxida-
tion of ZrB, to ZrO; and B,0O3 was the dominant chemical
process. TGA showed that the weight gain started just below
800°C. This resulted in passive oxidation behavior due to
the protection provided by the formation of a continuous
molten B>O3 layer. Weight gain continued at a constant rate
(~3.3 x 1073 mg/cm? °C) up to ~1200°C. At ~1200°C, oxi-
dation of SiC was initiated resulting in the formation of SiO,.
In addition, the evaporation of B»O3 became rapid resulting
in a weight loss recorded by TGA (~1.0 x 1073 mg/cm? °C).
The B>03 was depleted by ~1300 °C, which resulted in mass
gain above this temperature due to SiO, formation. Oxidation of
SiC continued up to 1500 °C and the thickness of the SiO>-rich
scale increased to a maximum of ~10 wm. At 1500 °C, alayered
structure is formed that consisted of: (1) a continuous SiO;-rich



A. Rezaie et al. / Journal of the European Ceramic Society 27 (2007) 2495-2501

layer (~10 wm); (2) a Zr-rich oxidized layer embedded in amor-
phous SiO3 (<3 wm); (3) alayer of SiC-depleted ZrB; and ZrO»
(~10 pwm); (4) unaffected ZrB,—SiC. The observed increase in
the thickness of the outer SiO, layer required several steps
including: (1) the active oxidation of SiC in the SiC-depleted
region; (2) transport of SiO(g) across the SiC-depleted region;
(3) re-oxidation of SiO(g) to SiO,. Through the entire temper-
ature range, ZrB,—SiC exhibited passive oxidation behavior in
which the diffusion of oxygen through protective molten layers
containing B3 and/or SiO; controlled the rate of oxidation.
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