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Abstract

The oxidation behavior of ZrB2-based ceramics was studied using

thermal gravimetric analysis and arc jet testing.  Commercially avail-

able powders were used to prepare ZrB2 ceramics containing 0, 10, 20,

and 30 volume percent SiC particulates.  Thermal gravimetric analy-

sis was used to characterize oxidation behavior by heating at 10°C/min

to 1500°C in air.  Weight gains ranged from 0.05 mg/mm2 for pure

ZrB2 to 0.01 mg/mm2 for ZrB2 containing 30% SiC.  A thin (<5 µm)

layer of borosilicate glass was found on the surface of specimens con-

taining SiC.  For specimens containing 10 or 20 vol.% SiC, the ZrB2

immediately below the glassy layer was devoid of SiC.

Thermodynamic calculations showed that SiC could be removed as

SiO and CO without oxidizing ZrB2 at 1500°C.  The oxidation behav-

ior of two specimens containing 30% SiC was also examined under

atmospheric re-entry conditions by arc jet testing.  At a heat flux of

350 W/cm2, the surface temperature increased to ~1700ºC after ~30

seconds.  An average mass loss of 0.8% was measured after 600 sec-

onds.  After exposure, a layer of ZrO2, a partially oxidized layer, and

a SiC depletion layer formed on the surface of the specimens.  The

thermodynamic model developed from the experimental results is the

first step toward understanding the fundamental oxidation mecha-

nisms, and, in turn, designing additives or coatings that will reduce the

oxidation rate of ZrB2-based ceramics used in thermal protection

applications.

Introduction

Refractory borides and carbides such as ZrB2, ZrC, HfB2, HfC, and TaC

possess melting temperatures greater than 3000ºC making them candidates

for structural applications at temperatures above 1800ºC.1 Of those ultra

high temperature ceramics (UHTCs), ZrB2 has the lowest theoretical den-

sity, 6.09 g/cm3, which makes it an attractive material for aerospace appli-

cations such as leading edges on hypersonic vehicles.2,3 Other current or

potential applications for UHTCs include molten metal crucibles and high

temperature electrodes.4-7 Along with its high melting temperature, ZrB2

has excellent thermal shock resistance because of its high thermal conduc-

tivity, which ranges from 65 to 135 W/m•K.8 Pure ZrB2 is resistant to oxi-

dation up to 1000ºC due to the formation of a passive layer of B2O3.

Above 1000ºC, oxidation resistance of pure ZrB2 is poor due to volatiliza-

tion of B2O3, which results in formation of a porous, non-protective ZrO2

layer.  Zirconium diboride ceramics containing SiC have improved oxida-

tion resistance between 1000°C and 1800°C due to the formation of less

volatile silica-containing scales.9

Interest in UHTCs has increased significantly in recent years because of

the drive to produce thermal protection systems (TPS) and other compo-

nents for hypersonic aerospace vehicles.3 Current TPS, such as the SiC-

coated carbon-carbon composites used on the leading edge of the space

shuttle orbiter, lack the necessary oxidation resistance for use above

1650°C in air.   Improvements in coating technology, primarily SiC coat-

ings on carbon-carbon composites, could improve the oxidation resistance

and extend the operational temperatures for carbon-based TPS materials.

However, pure SiC coatings have an inherent limit due to the transition

from passive to active oxidation that occurs below 1700°C for typical

Earth re-entry conditions.  Also, the ability of ceramic coatings on carbon-

carbon materials to endure thermal cycling will always be questionable

because the large mismatch in the coefficients of thermal expansion

between the coating (~3 ppm/°C for SiC) and the underlying composite

(essentially 0) leads to microcracking, which exposes the matrix to the

oxidizing environment. 

The current space shuttle orbiter has a blunt body design that limits the

maximum surface temperature on the leading edges of the orbiter to

~1650°C.11 During re-entry, the surface temperature is proportional to

the inverse square root of the body radius (e.g., the leading edge radius of

the orbiter).  Therefore, the larger the radius or the more blunt the body,

the lower the surface temperature.  Unfortunately, large, blunt leading

edges reduce vehicle maneuverability.  Most modern designs for hyper-

sonic vehicles incorporate sharp leading edges to increase aerodynamic

performance, but require materials capable of operating in oxidizing

atmospheres at temperatures over 1700°C.12 For example, predicted

steady state surface temperatures for extended flights at Mach 10 (the

speed reached for a few seconds in a recent NASA flight test of the X43A

scramjet*) are ~2100°C.10 Studies in the 1960’s and 70’s showed that Zr-

and Hf-based diborides have sufficient strength and oxidation resistance at

high temperature for leading edge applications.13 Additives such as

graphite and SiC were found to improve densification behavior, thermal

shock resistance, and oxidation resistance of the diborides.14,15 Addition

of twenty volume percent of SiC particulates improved the oxidation

resistance of the ZrB2 by promoting the formation of borosilicate layer

with low oxygen permeability leading to passive oxidation kinetics.

Additions of TaSi2 and TaB2 to ZrB2-20 vol.% SiC composites have been

shown to further improve oxidation resistance between 1200º and

1400ºC.16,17 During oxidation, these compounds form Ta2O5, which pro-

motes phase separation in the glassy layer and is thought to reduce oxygen

transport rates.

The purpose of this paper is to compare the oxidation behavior of ZrB2

ceramics containing 0 to 30 volume percent SiC in flowing air and to eval-

uate the performance of ZrB2-30% SiC under simulated re-entry condi-

tions in arc jet testing.
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Procedure

Composite Processing
Billets of ZrB2 and ZrB2-SiC were prepared from commercial ZrB2

(Grade B, H.C. Starck, Newton, MA, ~2 µm) and SiC (UF-10, H.C. Starck,

Newton, MA, ~0.7 µm).  Powders were batched to produce either pure

ZrB2 (no SiC addition) or ZrB2 containing 10, 20, or 30 volume percent

SiC particulates.  After batching, powders were attrition milled (Model

HD-01, Union Process, Akron, OH) to reduce particle size and promote

uniform mixing.  Milling was accomplished in a 750 ml polymer lined

bucket charged with 3000 grams of WC media, 131 to 152 grams of pow-

der (Table I), and 250 ml of hexane.  The mixture was milled for 2 hours

at 600 rpm using a polymer-coated spindle with WC agitator arms.  After

milling, the solvent was removed by rotary evaporation (Rotavapor R-124,

Buchi, Flawil, Switzerland) to minimize segregation during drying.  

Milled powders were uniaxially hot pressed (HP-3060, Thermal

Technology, Santa Rosa, CA) in a boron nitride coated graphite die.  The

precise heating schedule has been described elsewhere.18 Samples were

pressed at 1900ºC for 45 minutes at a pressure of 32 MPa (~5000 psi).

After densification, the bulk density of hot pressed billets was determined

using the Archimedes’ method with water as the immersing medium.  The

relative density of each composition was determined by dividing the bulk

density by the true density.  For each composition, the true density was

estimated by grinding a small (~5 g) sample of the billet to -325 mesh and

then measuring the powder density using helium pycnometry.  

Oxidation Studies
Atmospheric oxidation studies were conducted using thermal gravimet-

ric analysis (TGA).  Sample size was approximately 1 mm x 1.5 mm x 1.5

mm.  Dimensions were measured to ± 0.01 mm to calculate the surface

area of each test coupon.  Weight change was measured under flowing air

at a ramp rate of 10ºC up to 1500ºC without an isothermal hold.  Cross sec-

tions of oxidized samples were examined using scanning electron

microscopy (SEM; S570, Hitachi, Tokyo).  Chemical analysis was per-

formed using electron dispersive spectroscopy (EDS; AAT, X-ray Optics,

Gainesville, FL).

The behavior of ZrB2-30%SiC was also studied under simulated reentry

conditions using arc jet testing conducted in the 60 MW Interactive

Heating Facility at the NASA-Ames Research Center.  Two cylindrical test

coupons, approximately 2.5 cm in diameter, were exposed to a heat flux of

350 W/cm2 with a stagnation pressure of 0.07 atm.  The heat flux was ref-

erenced to a 7.63 cm diameter Cu hemisphere (Gardon gauge).  The exact

heat flux to the surface of the model was uncertain due to differences in

shape and surface properties (e.g., catalytic activity in the plasma) between

the model and the gauge.  The surface temperature of the test specimens

was monitored using both a one-color pyrometer (M90V, Mikron,

Oakland, NJ) and a two-color pyrometer (M190R2, Mikron, Oakland, NJ).

Post-test characterization of surface oxidation and the underlying

microstructure was performed using SEM and EDS.

Results and Discussion

Density and Microstructure
The bulk densities of hot pressed billets ranged from 6.26 g/cm3 for pure

ZrB2 to 5.43 g/cm3 for ZrB2-30% SiC (Table II), depending on SiC con-

tent.  These density values correspond to relative densities of >99% for the

pure ZrB2 and ZrB2 containing 20 or 30 vol.% SiC.  The relative density

of ZrB2-10% SiC was ~93%.  Examination by SEM/EDS showed that the

SiC was well dispersed in the ZrB2 matrix (Fig. 1A) and that the average

grain size was less than 5 µm (Fig. 1B).  In addition, ~2 vol.% WC was

found.  The WC impurities were incorporated during the attrition milling

Fig. 1. SEM micrographs showing a polished cross section of ZrB2-20% SiC and (B)
a polished and thermally etched cross section of ZrB2-30%SiC, both hot pressed at
1900°C.
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step due to the use of WC milling media.  Examination of ZrB2, ZrB2-20%

SiC, and ZrB2-30% SiC specimens using SEM confirmed that these com-

positions were fully dense (no apparent porosity).  Based on Archimedes’

density measurements and SEM observations, it was determined that the

ZrB2-10% SiC specimen contained ~7 vol.% closed porosity.

Furnace Oxidation
Using TGA, the change in mass as a function of temperature was meas-

ured up to 1500°C (Fig. 2).  Pure ZrB2 and all of the ZrB2-SiC specimens

had similar mass gain characteristics up to 1200ºC.  In this temperature

regime, the oxidation rate was relatively slow and resulted in mass gains

of ~0.01 mg/mm2 for all materials.  Isothermal studies (not shown)

revealed parabolic kinetics indicative of passive oxidation through a sta-

ble, protective oxide film that was increasing in thickness as exposure time

increased.  For pure ZrB2, protection is due to the formation of B2O3.19

Above 1200°C, the mass gain for pure ZrB2 was considerably greater than

for the other specimens.  In addition, the rate of mass gain, as indicated by

the slope of the TGA curve, increased as temperature increased.  Analysis

of the oxide layers formed on pure ZrB2 by heating to 1500°C (Fig. 3)

using SEM/EDS showed that the reaction layer was ~60 µm thick.  For

pure ZrB2, volatilization of B2O3 in this temperature range leaves a

porous, non-protective layer of ZrO2 behind as the only oxide reaction

product.  The normalized mass gain (total mass gain divided by surface

area calculated from the dimensions of the rectangular prism) for the ZrB2

specimen heated to 1500°C was 0.05 mg/mm2 (Table III).  The slope of

the TGA curve and additional isothermal experiments indicate that ZrB2

undergoes active oxidation in this temperature regime, as reported in other

studies.  No evidence of WC or W-containing phases was found in the oxi-

dized portion of the ZrB2.  Presumably, WC formed CO (or CO2) and one

or more volatile W-oxides upon exposure resulting in complete removal

from the oxidized layer.  Its presence did not seem to have a significant

effect on the overall oxidation process and it was disregarded for the other

compositions.

Fig. 2. Weight gain as a function of temperature for hot pressed ZrB2 and ZrB2-SiC.

Fig. 3. SEM micrograph of the cross section of pure ZrB2 after oxidation at 1500°C.

Fig. 4. (A) SEM image of the oxide layer and depletion layer formed by oxidation
of ZrB2-20% SiC at 1500°C in air and (B) EDS map of silicon verifying the reduc-
tion of Si content in the depletion layer (light gray indicates the presence of Si).



1500°C, ∆Grxn is -1246.2 kJ for Reaction 1 and -454.7 kJ for Reaction 2.

By equating these values to expressions for the equilibrium constant

(Equation 3) for each reaction (Equations 4 and 5), the partial pressure of

oxygen (pO2
) can be calculated as a function of temperature for Reactions

1 and 2.

∆Grxn= -RT1nKeq (3)

Where: R is the ideal gas constant (8.314 J/mole•K)

T is the absolute temperature

Keq is the equilibrium constant

(4)
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For ZrB2 containing SiC, the total mass gains and the rates of mass gain

above 1200°C were less than for pure ZrB2.  The mass gains loosely cor-

relate to SiC content, with ZrB2-30% SiC gaining the least mass (0.01

mg/mm2) during the TGA experiment (Table III).  Weight gains and layer

thicknesses for the 10% SiC material did not follow the trends of the other

specimens due to the presence of porosity in the ZrB2-10% SiC.  The

enhanced protection of the SiC-containing specimens was due to the for-

mation of a borosilicate scale rather than the B2O3 scale formed on ZrB2.

For the borosilicate scale, volatilization of B2O3 from the surface leaves

behind a cohesive silica-rich layer still capable of providing passive oxi-

dation resistance.15 Examination of a cross section of the ZrB2-20% SiC

specimen after oxidation at 1500°C in air showed that the surface oxide

layer was ~2 µm thick (Fig. 4A).  For specimens containing 10, 20, or 30

vol.% SiC, the layer just below the oxide scale was ZrB2 that was deplet-

ed of SiC.  Mapping of Si concentration using EDS (Fig. 4B) showed that

the surface layer was Si-rich, presumably silicate or borosilicate glass.

The bulk of the specimen had Si-rich regions corresponding to the SiC par-

ticulates.  This analysis revealed that most of the Si had been removed

from the region between the oxide layer and the bulk ZrB2-SiC.  The selec-

tive removal of SiC from this region suggests that active oxidation of SiC

had occurred without significant oxidation of ZrB2.  Justification for this

assertion is provided by the thermodynamic calculations below.  

At the interface between the depletion layer (assumed to be ZrB2) and

the unaltered ZrB2-SiC material, SiC is oxidized and removed, but ZrB2 is

stable.  Upon its initial exposure to oxygen, ZrB2 would be expected to

form B2O3 vapor and solid ZrO2 as described by Reaction 1.  Similarly, the

initial response of SiC can be described by Reaction 2.  

ZrB2(s) + 5/2O2(g) → ZrO2(s) + B2O3(g) (1)

SiC(s) + O2(g) → SiO(g) + CO(g) (2)

The choice of phases is based on phases observed at the interface

between the depletion layer and the unaltered ZrB2-SiC after oxidation at

~1500°C.  Any B2O3 formed would be expected to volatilize rapidly at

1500°C.  Likewise, SiC reacts to form SiO and CO with SiO2 only form-

ing near the outer surface depletion layer near the surface of the specimen

(i.e., SiO2 is not observed in contact with ZrB2-SiC under these condi-

tions).  Using Gibbs’ free energy of formation (∆Gf) data from standard

reference tables,20 the Gibbs’ free energy of reaction (∆Grxn) for

Reactions 1 and 2 can be calculated as a function of temperature.  At

Fig. 5. Phase stability diagram for ZrB2-SiC plus O2 with labels designating the sta-
ble phases in each region.  The vertical line at 1500°C crosses a pO2

region where
ZrB2 is stable, but SiC is not.

Fig. 6. The surface of a ZrB2-30%SiC specimen (A) before and (B) after arc jet
testing.  Specimen diameter is 1 inch.
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(5)

To calculate Keq, ZrB2
, pB2O3

was assumed to be the equilibrium vapor

pressure of B2O3 that can be calculated from available Gibbs’ free energy

data for the liquid and vapor phases.20 The determination of pSiO and pCO

was more complex.  In the temperature range of 1000 to 2000 K, pSiO and

pCO were calculated from a SiC volatility diagram prepared as part of a

broader study of the thermodynamics of ZrB2-SiC oxidation.   A ZrB2-SiC

phase stability diagram in the temperature range of 1000°C to 2000°C was

calculated (Fig. 5) by plotting the equilibrium pO2
for Reactions 1 and 2 as

a function of temperature.  At any temperature, ZrB2 and SiC are stable at

pO2
values below both lines.  Between 1000°C and ~1700°C, temperature-

pO2
combinations are possible for stability of ZrB2, but oxidation of SiC.

The conditions for active oxidation of SiC, but stability of ZrB2 are

described by the area above the equilibrium pO2
for the oxidation of SiC

(dashed black line on Fig. 5), but below the equilibrium pO2
for oxidation

of ZrB2 (solid black line on Fig. 5).  At 1500°C, the equilibrium pO2
for

SiC oxidation is ~10-17 while the equilibrium pO2
for ZrB2 oxidation is 10-15.

During oxidation, the pO2
in the depletion layer, including the interface

between the depletion layer and the unaltered ZrB2-SiC, would be set by

the oxidation of SiC (i.e., the equilibrium among CO, SiO, SiC, and O2)

thereby protecting ZrB2 from attack.  Formation of SiO2 would be favored

only at the outer surface of the specimen where SiO could react with O2

from the flowing air atmosphere.  After formation of the initial scale, the

rate of condensation of SiO to SiO2 is likely controlled by the diffusion of

O2 through the SiO2 scale resulting in the parabolic oxidation kinetics

observed in other studies.19

Arc Jet Testing
The performance of two ZrB2-30% SiC specimens was evaluated in

simulated atmospheric re-entry conditions using arc jet testing.  During

operation, an arc is struck between electrodes in a column.  Gas flows

through the arc column, is heated, and then expands through a nozzle.  The

gas convectively heats the specimen with typical stream enthalpies on the

order of mega-Joules per kg (MJ/kg) of gas.  A stagnation heat flux of

~350 W/cm2 was measured using the Cu Gardon gauge.  Images of the

surfaces of the ZrB2-SiC specimens before and after testing are shown in

Fig. 6.  During exposure, the surface temperature of the specimen, as mon-

itored by a two color optical pyrometer, increased from room temperature

to ~1700°C within about 30 seconds.  The surface temperature increased

slowly during the remaining 570 seconds of the test, approaching 1800°C

after 600 seconds.  The two specimens lost ~0.8 wt.% during testing due

to volatilization of reaction products.  Most likely, high vapor pressure

species such as B2O3, B2O2, B2O, and SiO were evolved during testing.

After exposure (Fig. 6B), the surface appeared oxidized.  Examination by

SEM (Fig. 7) and EDS suggests that the surface layer was primarily com-

posed of ZrO2.  The surface layer appears dense with the exception of a

few, relatively large (~15 µm) voids.  These voids are more numerous near

the center of the specimen than near the edge, possibly due to a tempera-

ture gradient across the surface.  Evaluation of Hf-based UHTCs has

shown formation of similar voids in the surface oxide layer, although the

number of voids appears greater in the Hf-based specimens.21,22 The Hf-

based materials were tested under nominally identical conditions, but had

a higher surface temperature due to differences in emissivity.  The higher

temperatures may have caused the formation of additional voids since they

are thought to allow gaseous products formed in the depletion layer to

escape.  

After testing, arc jet specimens were sectioned and polished for

SEM/EDS (Fig. 8).  Analysis revealed the presence of four distinct layers,

in contrast to the three distinct layers reported for Hf-based materials.22

The outer layer (not shown in Fig. 8) was ~10 µm thick and composed of

ZrO2, as had been observed in Fig. 7.  Beneath the ZrO2 was a layer ~100Fig. 7. SEM images of the surface of ZrB2-30%SiC after arc jet testing from (A)
near the center of the specimen and (B) near the edge of the specimen. 

Fig. 8. Polished cross section of a ZrB2-30%SiC specimen showing three of the four
layers formed during arc-jet testing.
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µm thick (Layer 2) that was not reported for Hf-based materials.  From

Fig. 8, it appears that this layer may have been molten under the test con-

ditions.  Further analysis of Layer 2 (Fig. 9) showed that it consisted of a

SiO2-rich phase (dark phase) and a Zr-rich phase (light phase).

Compositional analysis by EDS showed that the Zr-rich phase was com-

posed of mainly Zr and B, but that it also contained some O.  Apparently,

this is a transitional region between fully oxidized ZrO2 and the underly-

ing SiC-depletion region (layer 3).  Thermodynamically, this would be

possible if the temperature of the specimen was above ~1750°C, the tem-

perature where the stability fields on Fig. 5 converge near the left side of

Fig. 5.  The fourth layer is the unaltered ZrB2-SiC.

The interface between Layers 2 and 3 is shown at higher magnification

in Fig. 10.  This image shows a sharp transition from a SiO2 containing

layer to the SiC depletion layer.  As with the furnace oxidation specimens,

active oxidation of SiC occurred at the interface between the depletion

layer and ZrB2-SiC.  Apparently, SiO condenses to form SiO2 at the inter-

face shown in Fig. 10 between the depletion layer and the partially oxi-

dized layer.  Based on the measured surface temperatures, the observed

layer structure may be indicative of a slight, but significant temperature

gradient through this section.  

Summary

Specimens of dense ZrB2 containing 0, 10, 20, or 30 volume percent SiC

particulates were produced by hot pressing.  Up to ~1200ºC, the furnace

oxidation behavior of pure ZrB2 and ZrB2-SiC were similar due to the for-

mation of a protective B2O3 layer on the surface.  At higher temperatures,

B2O3 vaporization resulted in an increased oxidation rate for the pure

ZrB2 specimen.  The rate of oxidation of specimens containing SiC was

lower due to the incorporation of SiO2 into the protective layer.  The total

mass gain during heating to 1500°C in air decreased from 0.05 mg/mm2

for ZrB2 to 0.01 mg/mm2 for ZrB2-30% SiC.  Examination of the cross

section of oxidized specimens revealed the presence of a SiC depletion

region between the protective oxide and the unaltered ZrB2-SiC.  The con-

ditions required to promote the oxidation of SiC, but the stability of ZrB2

were defined using a phase stability diagram.  Two ZrB2-30% SiC speci-

mens were evaluated under simulated re-entry conditions using arc jet

testing.  A layer of ZrO2 ~10 micro-meters thick formed on the surface of

the specimens.   Below the ZrO2 was a layer containing a mixture of SiO2

and Zr-rich phases.  The arc jet specimens also contained a SiC depletion

layer.  Studies are underway to apply these findings to design additives or

coatings that will improve the oxidation resistance of ZrB2-based materi-

als for thermal protection applications.
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