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bstract

ense ZrB2 containing 15 vol.% SiC and 15 vol.% graphite was exposed to flowing air at 1500 ◦C. A layered scale structure developed that
onsisted of (1) a uniform SiO2-rich layer on the surface, (2) a layer of ZrO2 and SiO2, (3) a layer of ZrO2 (4) a partially oxidized layer composed
f porous ZrB2, ZrO2, and graphite, and (5) unaffected ZrB2–SiC–C. A thermodynamic model based on volatility diagrams and consistent with
he experimental observations was constructed to explain the development of the layered structure. Oxidation behavior was consistent with passive

 
 

 

xidation and formation of a protective surface layer. Analysis indicated that it may not be possible to form a protective surface layer without
ctively oxidizing SiC and producing a porous partially oxidized layer between the outer protective layer and the underlying unoxidized material.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Ultra high temperature ceramics (UHTCs) are a group of
ompounds that generally consists of carbides (TaC, ZrC, HfC),
orides (ZrB2, HfB2) and nitrides (HfN) of the early transition
etals. UHTCs have recently attracted significant research

nterest due to potential applications in thermal protection
ystems (TPSs) for hypersonic aerospace vehicles and reusable
tmospheric re-entry vehicles.1–12 UHTCs can potentially be
sed at temperatures above 1500 ◦C in oxidizing environments.
he combination of desired properties such as high melting

emperature (>3000 ◦C) and strength at elevated temperature
ake UHTCs attractive candidates for hypersonic flight,

tmospheric re-entry, and rocket propulsion applications, which

ave harsh thermal and chemical environments. Because it
as the lowest theoretical density (6.09 g/cm3) among UHTCs
nd good resistance to thermal shock due to its high thermal
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onductivity (65–135 W/m K), ZrB2 is an outstanding candidate
or aerospace applications.13

Oxidation of ZrB2 and ZrB2-based ceramics has been stud-
ed by a number of investigators.14–17 When exposed to air,
rB2 undergoes stoichiometric oxidation to form crystalline
rO2 and B2O3 (l).18,19 The B2O3 (l) is an effective barrier to

he transport of oxygen, leading to passive oxidation behavior
ith parabolic mass gain kinetics.16 Rapid evaporation of B2O3

l) at temperatures above 1100 ◦C reduces the effectiveness of
he diffusion barrier because the ZrO2 that is left behind has a
orous structure and does not protect the underlying ZrB2 from
urther oxidation.20 Between 1100 ◦C and 1400 ◦C, para-linear
inetics have been observed since the rate of B2O3 (l) vapor-
zation is comparable to the rate of formation of B2O3 (l). In
his temperature regime, the overall rate of mass change is a
ombination of mass gain due to oxidation and mass loss due
o B2O3 (l) vaporization.8,21 At temperatures above ∼1400 ◦C,
rB2 exhibits linear mass gain kinetics (passive oxidation but a
on-protective oxide scale of ZrO2) because the rate of B2O3
aporization is rapid compared to its rate of formation.22

A number of additives have been used to improve the oxida-
ion resistance of ZrB2-based materials.23–26 The addition of SiC

◦
mproves oxidation resistance at temperatures above 1200 C
y promoting the formation of a borosilicate glass layer, which
educes oxygen permeability on exposed surfaces. The layer
rovides passive oxidation behavior resulting in parabolic mass

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.09.016
mailto:Alireza.rezaie@us.vesuvius.com
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ain kinetics, which reduces the oxidation rate compared to pure
rB2.25,27 The SiO2-rich glassy scale remains protective up to at

east 1600 ◦C on pure SiC.27 For ZrB2–SiC, the SiO2 is signifi-
antly less volatile than B2O3 (∼105 times lower vapor pressure
or SiO2 than B2O3 at 1500 ◦C), resulting in passive oxidation
rotection over a much greater temperature range for ZrB2–SiC
han has been reported for pure ZrB2.21,27

Exposure of ZrB2–SiC to air at 1500 ◦C results in the forma-
ion of a layered surface structure that consists of four layers:
1) a continuous SiO2-rich layer on the surface, (2) a layer
f ZrO2 and amorphous SiO2, (3) a partially oxidized layer
hat is depleted of SiC, and (4) unaffected ZrB2–SiC.21 The
artially oxidized layer consists of ZrB2 or ZrO2, depending
n the pressure of oxygen across the layer. The structure of
his layer is similar to the original ZrB2–SiC, but with the SiC
artially or fully removed. The conditions that lead to the for-
ation of the partially oxidized layer depleted of SiC have

een described by several investigators.21,28–31 A thermody-
amic model using volatility diagrams of ZrB2 and SiC was
sed to explain the development of the layered structure and
he SiC-depleted layer.21 The model suggests that SiC below
he outer silica layer undergoes active oxidation leading to the
ormation of the SiC-depleted region.21,28 Because the outer
iO2-rich scale acts as a diffusion barrier, the oxygen activ-

ty beneath the scale is much lower than in the surrounding air.
nder the reducing conditions that exist beneath the outer SiO2-

ontaining layers, SiO (g) and CO (g) have high vapor pressures
bove SiC (∼103 Pa at 1500 ◦C), which leads to active oxidation
f SiC.

The addition of graphite to ZrB2–SiC may affect the forma-
ion of the SiC-depleted layer beneath the outer SiO2-rich scale.
raphite increases the activity of carbon compared to nomi-
ally pure SiC, which should have a corresponding effect on the
ressure of carbon monoxide below the SiO2-containing layers.
onsequently, the addition of carbon may inhibit the vaporiza-

ion of SiC due to increased pressure of carbon monoxide. As
 result, the total pressure of carbon monoxide in equilibrium
ith SiC beneath its outer SiO2 layer is dependent upon the car-
on activity of the system.32 At ∼1500 ◦C, the total pressure
pSiO + pO2) has been reported to increase substantially (∼100
imes) for carbon saturated silicon carbide in contact with silica
ompared to nominally pure silicon carbide.33

The purpose of this paper is to describe the effect of the
ddition of graphite on the oxidation behavior of ZrB2–SiC in air.
he layered structure formed during oxidation in air at 1500 ◦C
as characterized. A thermodynamic model was used to explain

he development of the layered structure.

.  Experimental  procedure

.1.  Processing

Commercial ZrB2 (Grade B, H.C. Starck, Newton, MA) with

 
 

 

n average particle size of 2 �m and reported purity of >99%
as used. The SiC powder (Grade UF-10, H.C. Starck, Newton,
A) was predominantly �-SiC and had a purity of 98.5% and

verage particle size of 0.7 �m. The purity of graphite powder

d
X
a
c
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Grade UFG-5, Showa Denko, Ridgeville SC) was >98% with
n average particle size of 3.0 ±  1.5 �m. The overall batch
omposition was 84.0 wt% ZrB2, 9.5 wt% SiC, and 6.5 wt%
raphite, which corresponds to 70 vol% ZrB2, 15 vol% SiC, and
5 vol% graphite based on densities of 6.09 g/cm3 for ZrB2,
.21 g/cm3 for SiC, and 2.20 g/cm3 for graphite. The ZrB2 and
iC were attrition milled (Model 01-HD, Union Process, Akron,
H) for 2 h at 600 rpm with the graphite added for the last 5 min
f milling to allow it to mix, but to minimize its size reduction.
ttrition milling, which reduced the particle size and promoted

ntimate mixing of the components, was performed in a 750 ml
uoropolymer-coated bucket containing ∼250 ml hexane,
150 g of the powder mixture, and ∼3000 g of ZrO2 milling
edia (∼3.5 mm diameter spheres). For solvent removal, rotary

vaporation (Model Rotavapor R-124, Buchi, Flawil, Germany)
as employed at a temperature of 70 ◦C, a vacuum of 200 mm
g (∼27 kPa), and a rotation speed of 150 rpm.
Milled powder was loaded into a graphite die lined with

raphite foil and coated with BN and then hot-pressed (Model
P-3060, Thermal Technology, Santa Rosa, CA). The furnace
as heated at an average rate of ∼10 ◦C/min using a tempera-

ure cycle that has been described in more detail previously.34,35

pecimens were heated in vacuum (∼20 Pa) up to 1650 ◦C, then
he atmosphere was switched to flowing argon. Above ∼800 ◦C,
n infrared thermometer (Model OS 3708, Omega Engineer-
ng, Stamford, CT) monitored the temperature of the graphite
ie. When the die temperature reached the hold temperature of
950 ◦C, a uniaxial load of 32 MPa was applied. The furnace
as held at 1950 ◦C for 45 min and then cooled at ∼20 ◦C/min

o room temperature. The load was removed at ∼1750 ◦C. For
xidation, bars with the dimensions of 64 mm × 4 mm ×  4 mm
ere diced from the hot pressed billets.

.2.  Oxidation

The experimental portion of this study focused on exposing
he ZrB2–SiC–C specimens to air at 1500 ◦C. For the oxida-
ion studies, a MoSi2 resistance heated horizontal tube furnace
Model 0000543 Rapid Temperature Furnace, CM Inc., Bloom-
eld N.J.) equipped with a high purity alumina tube having an

nside diameter of ∼6.35 cm was used. Prior to oxidation, spec-
mens were cleaned in acetone in an ultrasonic bath. Cleaned
pecimens were placed on an alumina plate, which was on an
lumina D-tube, and then inserted into the center of the furnace
nd leveled. The ends of the tube were sealed with gas-tight end
aps. A flowing air atmosphere with a flow rate of ∼1.8 l/min
as maintained. Specimens were heated at 5 ◦C/min to 1500 ◦C

nd held for times ranging from 0 to 8 h.

.3. Characterization

Scanning electron microscopy (SEM; S-570, Hitachi, Tokyo,
apan) was used to characterize the microstructure of the oxi-

ized specimens. Energy dispersive spectroscopy (EDS; AAT,
-ray Optics, Gainesville, FL) was employed for chemical

nalysis. Samples were prepared for microscopy by cutting
ross sections, mounting them in epoxy, and then polishing
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SiC could be removed either by direct volatilization to SiO (g)
and CO (g) or by oxidation of SiC to SiO2 (c)2 followed by
the active reduction of SiO (c) to SiO (g) due to low oxygen

 
 

 

ig. 1. A polished cross section showing the microstructure of a ZrB2–SiC–C
pecimen prepared by hot pressing at 1950 ◦C for 45 min.

o a 0.25 �m finish with diamond abrasives. A specimen oxi-
ized at 1500 ◦C for 8 h was examined using grazing incidence
-ray diffraction (GXRD; X’Pert MRD, Panalytical, Almelo,

he Netherlands) to determine the crystalline phases that were
resent at various depths into the specimen. Polishing was used
o remove the layers sequentially so that each could be examined
y GRXD. Removal of the layers was monitored using optical
icroscopy so that the desired depth was reached. An incident

ngle of 1◦ was used to minimize the penetration of the X-ray
eam into the specimen and thereby maximize the diffracted
ignal from the region of interest.

. Results  and  discussion

.1.  Density  and  microstructure

The bulk density of the hot pressed billets used in this study
as 5.01 g/cm3. A volumetric rule of mixtures was used to

alculate the theoretical density for ZrB2–SiC–C. Assuming the-
retical densities of 6.09 g/cm3 for ZrB2, 3.21 g/cm3 for SiC,
nd 2.20 g/cm3 for graphite, the theoretical density of ZrB2 con-
aining 15 vol% SiC and 15 vol% graphite was calculated to be
.07 g/cm3. Based on this true density, both billets were hot
ressed to near theoretical density (>98%), with no indication
f open porosity.

A microstructure representative of the ZrB2–SiC–C speci-
ens is presented in Fig. 1. The black phase is graphite and

he dark gray phase is SiC, which both appear to be uniformly
istributed in the lighter colored ZrB2 phase. SEM observations
id not show any indication of porosity, which was consistent
ith the density values measured by the Archimedes technique.
raphite flakes seemed to be oriented preferentially perpendic-
lar to the hot pressing direction. Based on SEM observations
nd density measurements, porosity is not expected to have a
ignificant effect on the oxidation behavior.

.2. Oxide  scale  morphology

Similar to ZrB –SiC, a layered structure formed during
2
xidation of ZrB2–SiC–C at 1500 ◦C in air.21,30 The layered
tructure (Fig. 2) consisted of (1) a uniform SiO2-rich layer on
he surface, (2) a layer of ZrO2 and SiO2 (ZrO2–SiO2), (3) a
eramic Society 33 (2013) 413–421 415

ayer of ZrO2, (4) a partially oxidized layer composed of ZrO2,
rB2, and graphite, and (5) the unaffected ZrB2–SiC–C. Due

o the formation of a stable SiO2-rich layer, ZrB2–SiC–C is
xpected to exhibit passive oxidation behavior with parabolic
ass gain kinetics at 1500 ◦C, similar to what has been reported

or ZrB2–SiC.30 The protective SiO2-rich layer should inhibit
he diffusion of oxygen to the underlying ZrB2–SiC–C. Beneath
he SiO2-rich layer was a thin layer containing ZrO2 and SiO2
nd a thin layer of ZrO2. Next was the partially oxidized layer.
ome SiC may remain in this layer, although it was not detected
y XRD and the thermodynamic analysis discussed below will
how that SiC may not be stable, while graphite appears to be
table, in this layer. Analysis by EDS verified the presence of
arbon in the partially oxidized layer (Fig. 2). For the SEM
mages, graphite is the darkest phase (Figs. 1 and 2a) whereas
DS maps are brighter in areas that are rich in the selected ele-
ent (Fig. 2b–e). Because the thicknesses of the outer SiO2-rich

ayer and the ZrO2–SiO2 layer varied and the boundary between
he two was not sharp, a combined label was used to identify
hem in Fig. 2a. Also the sample was charged slightly during
ollection of EDS map and as a result it could appear that it
rifted, however, the analysis still provides a clear picture of the
hase distribution.

Grazing X-ray diffraction was used to identify the crystalline
hases present in the reaction layers. A specimen oxidized at
500 ◦C for 8 h was used for this study to maximize the thick-
ess of the layers. The top layer, as indicated by SEM and EDS
iscussed above, was composed of a SiO2-rich glassy layer.
his layer was ∼5 �m thick after oxidation in air at 1500 ◦C

or 30 min and grew to ∼20 �m after 8 h. Since this layer did
ot contain any crystalline phases, it was not examined using
XRD. Below the amorphous surface layer were a thin layer of
rO2–SiO2 and a thin layer of crystalline ZrO2 (Fig. 3). Together

hese two layers were ∼2 �m thick after 30 min and ∼8 �m
hick after 8 h. No graphite peaks were observed in these layers
y GXRD or and no graphite was detected during SEM/EDS
nalysis. The structure and composition of the SiO2-rich, ZrO2-
iO2, and ZrO2 layers are similar to what has been analyzed
or ZrB2–SiC6,8,21,30 and, consequently, will not be discussed
n detail in this paper.

Beneath the ZrO2 layer, a partially oxidized layer was iden-
ified. This layer had a porous structure from which SiC has
een partially or entirely removed. In contrast to what has been
bserved for oxidation of ZrB2–SiC, this layer contained a sig-
ificant amount of graphite. The morphology of the grains in
his region was similar to the original structure before oxida-
ion, except that the SiC has been partially or fully removed,
resumably by active oxidation. It appears that some additional
arbon may have deposited in this layer as the SiC was removed,

 phenomenon that has been reported in a few previous stud-
es, but that has not been evaluated thermodynamically.36 The
2

2 (c) stands for a condensed phase.
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Fig. 2. A polished cross section of ZrB2–SiC–C that was oxidized in air at 1500 ◦C f
Zr, (c) O, (d) Si, and (e).
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ressure in this region. The thickness of the partially oxidized
ayer was more than 20 �m after heating to 1500 ◦C for 30 min
Fig. 2) and it grew to ∼40 �m after heating to 1500 ◦C for

 h. In the upper part of this region near the ZrO2–SiO2 layer,
XRD detected ZrO2 and graphite (Fig. 4), while ZrO2, ZrB2

nd graphite were detected deeper in the layer near the interface
ith the unaffected ZrB2–SiC–C (Fig. 5). No SiC was detected

n this region. Although a distinct interface separating a ZrO2 + C
ayer from a ZrB2 + C layer might be expected in the partially
xidized region, none was observed by SEM or GXRD analysis
uggesting a graded structure that transitioned from ZrO2 and
raphite in the upper regions to ZrO2, ZrB2, and graphite in the
ower regions.

The addition of graphite to ZrB2-SiC did not affect the
hickness of SiO2-rich layer or ZrO2–SiO2 layer, but increased
he thickness of partially oxidized layer. Compared to com-
on ZrB2–SiC ceramics, the partially oxidized layer is about

wice as thick in ZrB2–SiC–C.37 The increased thickness of this

ayer could be due to the fact that only 15 vol.% SiC used in
rB2–SiC–C versus 30 vol.% used in the material in the refer-
nce study. No effect was found on morphology of newly formed
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ayer just beneath the ZrO2–SiO2 layer in ZrB2–SiC–C oxidized in air at 1500 ◦C
or 8 h showing that ZrO2 and graphite were present in this region.

hases as a result of addition of graphite. Due to the increased
hickness of the partially oxidized layer, the gradient of oxygen
ctivity across the partially oxidized layer may be less severe
ompared to the original ZrB2–SiC.

.3. Thermodynamic  analysis

Volatility diagrams are isothermal plots showing the pres-
ure of the predominant gaseous species as a function of oxygen
ressure in equilibrium with the various condensed phases that
re stable in the system.38 These diagrams are useful tools for
resenting thermodynamic data in a way that can be used to
nderstand the chemistry of high temperature gas–solid inter-
ctions such as oxidation.38 Volatility diagrams have been
onstructed for oxides such as MgO, Al2O3, and SiO2

38 as well
39
s non-oxide ceramics such as SiC and Si3N4. In the current

tudy, volatility diagrams were constructed for ZrB2, SiC, and
raphite to investigate the stability of graphite in the partially
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sing Fact compound database was employed as the source of
he thermodynamic data for constructing the volatility diagrams.

.3.1.  The  ZrB2 volatility  diagram  at  1500 ◦C
A volatility diagram for ZrB2 has been described

reviously.22 The ZrB2 volatility diagram based on the earlier
eport was constructed for this study (Fig. 6) and shows that the
quilibrium pO2 for the transition of ZrB2 to ZrO2 + B2O3 (l)
Reaction (1)) is 1.9 ×  10−11 Pa (log pO2 = −10.73). Below the
ransition pO2, the vapor species are in equilibrium with ZrB2.
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.3.2. The  SiC  volatility  diagram  at  1500 ◦C
Various SiC volatility diagrams have been reported in the

iterature.21,39–41 In the current study, a modified diagram was
roduced since it was assumed that the presence of graphite
ncreased the activity of carbon to one in all cases, which
ould make CO (g) the predominant gaseous species. The equi-

ibrium module of the thermodynamic software showed that
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CO = 1.013 ×  105 Pa (1 atm) for the SiC volatility diagram cal-
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abrication of the ZrB2–SiC–C specimens. The SiC volatility
iagram (Fig. 7) shows that the pO2 for the equilibrium transi-
ion from SiC to SiO2 + graphite (Reaction (2)) is 1.3 ×  10−11 Pa
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Fig. 8. A combined volatility diagram for ZrB2, SiC, and graphite at 1500 ◦C
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ig. 7. A volatility diagram for SiC at 1500 ◦C assuming pCO = 1.013 × 105 Pa.

log pO2 = −10.90). Above pO2 = 2.0 ×  10−11 Pa, graphite is no
onger stable and reacts to form CO (g) (Reaction (3)). Below
O2 = 30 Pa, the predominant vapor species in equilibrium with
iO2 (c) is SiO (g). Above pO2 = 30 Pa, SiO2 (g) is the predom-

nant gas species in equilibrium with SiO2 (c).

iC +  O2(g) →  SiO2(c) +  C (2)

 +  ½O2 →  CO(g) (3)

.3.3. Graphite  stability
Thermodynamic calculations indicated that at 1500 ◦C and

 total pressure of carbon monoxide of pCO = 1.013 ×  105 Pa
1 atm), graphite is stable below pO2 = 2.0 ×  10−11 Pa
log pO2 = −10.70). At pO2 = 2.0 ×  10−11 Pa or above, graphite
eacts with oxygen to form CO (g) (Reaction (3)). The transition
quilibrium pO2 for conversion of graphite to carbon monoxide
s represented as a vertical line (log pO2 = −10.70) in the SiC
olatility diagram (Fig. 7).

.3.4. Formation  of  the  layered  structure
To understand the thermodynamic stability of the layered

tructure that developed when ZrB2–SiC–C was exposed to
ir at 1500 ◦C, a combined volatility diagram (Fig. 8) was
onstructed by overlapping the volatility diagrams for ZrB2
nd SiC. All of the discussions for the stability of the forma-
ion of the layered structure are based on the assumption that
n oxygen pressure gradient formed across the layered struc-
ure with the highest pO2 at the outer surface and the pO2
ecreasing as the depth into the specimen increased.21 Based
n the combined volatility diagram, oxidation of graphite to
O (g) occurs at pO2 = 2.0 ×  10−11 Pa (log pO2 = −10.70). The
ext transition occurs at an oxygen pressure of 1.9 ×  10−11 Pa
log pO2 = −10.73), where ZrB2 transforms to ZrO2 + B2O3

l) by Reaction (1). Both ZrB2 and the oxidized products
ZrO2 and B2O3 (l)) have a high vapor pressure of B2O3
pB2O3 = 2.7 ×  103 Pa) near the transition pO2, although ZrB2

1
(
n

O2 range of interest.

oes not exhibit weight loss since the ZrO2 formed by oxidation
s stable and remains on the surface. At pO2 = 1.3 ×  10−11 Pa
log pO2 = −10.90 Pa), SiC reacts to form SiO2 and graphite by
eaction (2). As with ZrB2, both SiC and SiO2 have a high vapor
ressure of SiO (g) near the transition pO2 (pSiO = 4.8 ×  102 Pa
or both SiC and SiO2 at pO2 = 1.3 ×  10−11 Pa). Hence, SiC
ndergoes rapid weight loss near the transition pO2 due to either
ctive oxidation of SiC below the transition pO2 (SiO (g) and

 (s) are produced) or passive oxidation with rapid evaporation
f the SiO2 (c) above the transition pO2 (SiO2 (c) and C (s)
roduced, but the SiO2 (c) vaporizes due to high vapor pressure
f SiO (g)). Below pO2 = 1.3 ×  10−11 Pa (log pO2 = −10.90 Pa),
rB2, SiC, and graphite are all stable.

From the combined volatility diagram (Fig. 8a), exposure
f ZrB2–SiC–C to air (pO2 = 2.0 ×  104 or log pO2 = 4.31) at
500 ◦C should result in the formation of ZrO2 + B2O3 (l) + SiO2

c). The vapor pressure of B2O3 (g) is several orders of mag-
itude greater than any other species and is high enough
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pB2O3 = 2.7 ×  103 Pa in air) that B2O3 vaporizes preferentially
y Reaction (4) at this temperature.20

2O3(l) →  B2O3(g) (4)

Boron deficiency of the outer SiO2 (c) layer was confirmed
xperimentally for ZrB2–SiC using secondary ion mass spec-
rometry (SIMS), which showed that the surface layer contained
ess than 1 wt.% boron.20 This indicated that B2O3 was depleted
rom the borosilicate glass, probably due to preferential evap-
ration because of its high vapor pressure relative to SiO2.20

dditional studies have reported that only a limited amount
f ZrO2 is produced during the initial heating of ZrB2–SiC to
500 ◦C before the SiC starts to oxidize.37 These studies have
eported that the ZrO2 that was formed during the initial heating
as contained in a ZrO2–SiO2 layer, which remained near the
nderlying ZrB2-containing material, and ZrO2 was not present
t the outer surface. Thus, a SiO2-rich layer was observed on top
f a ZrO2–SiO2 layer when ZrB2–SiC was oxidized, similar to
ther literature reports.6,8,21,30 A similar structure consisting of

 SiO2-rich outer layer and a ZrO2–SiO2 layer was observed for
he oxidation of ZrB2–SiC–C in the present study.

Experimentally, a layer of ZrO2 was observed beneath the
rO2–SiO2 layer (Figs. 2 and 3) when ZrB2–SiC–C was oxi-
ized at 1500 ◦C. Formation of a ZrO2 layer is consistent with
hermodynamic equilibrium calculations. Since no graphite was
ound in this layer, the pO2 should be greater than 2.0 ×  10−11 Pa
log pO2 > −10.70), which support oxidation of graphite to CO
g). According to the combined volatility diagrams (Fig. 8a
nd b), if ZrB2–SiC–C is exposed to any oxygen pressure from
O2 > 2.0 ×  10−11 Pa (log pO2 > −10.70) up to the pressure of
xygen present in air at 1500 ◦C, ZrO2 + B2O3 (l) + SiO2 (c)
hould form. In this range of oxygen pressures, B2O3 (l) has

 high vapor pressure (pB2O3 = 2.7 ×  103 Pa) and is not likely
o exist as a stable condensed species in an open system. Any

2O3 (l) produced in this region would likely evaporate and be
ransported to the SiO2-containing layer on the surface where
t would dissolve into the glass, diffuse to the outer surface,
nd be removed from the system. Similarly, the SiO2 (c) can be
emoved from this layer. Because of the low pO2, SiO2 (c) has

 high vapor pressure of SiO (g) (pSiO > 1.0 ×  102 Pa), which
eans that it can evaporate, be transported to the outer SiO2-

ontaining layers, and condense back to SiO2 (c) to increase the
hickness of these layers. Because these are chemical reactions,
he equilibrium pressure of oxygen and the equilibrium vapor
ressure of SiO (g) can be calculated at the interfaces where
he species are produced and consumed, if some assumptions
re made. Since both pO2 and pSiO are not known, but are
nterdependent, one or the other must be assumed so that the
est of the calculations can be completed. For this study, a value
f pSiO = 1.0 ×  102 Pa at the interface between the ZrO2–SiO2
ayer and the ZrO2 layers was assumed as the pressure at which
iO (g) would condense to SiO2 (c). This value is similar to

2

 
 

 

he value of pSiO = 4.0 ×  10 Pa calculated in another study
or the condensation of SiO (g) to SiO2 (c) at the interface of
he SiC-depleted layer and ZrO2–SiO2 layer when ZrB2–SiC
as exposed to air at 1500 ◦C.21 Based on this value of pSiO,

P
i
a
(

eramic Society 33 (2013) 413–421 419

he activity of oxygen at this interface was calculated to be
O2 = 2.9 × 10−10 Pa (log pO2 = −9.54). Based on the pSiO
ssumed for the interface between the ZrO2–SiO2 layer and the
rO2 layer and the criterion for graphite stability, the ZrO2 layer
hould have oxygen pressures that range from 2.0 × 10−11 Pa
o 2.9 ×  10−10 Pa (log pO2 from −10.70 to −9.54).

iO2(c) →  SiO(g) +  ½O2(g) (5)

Experimentally, a partially oxidized layer composed of ZrO2,
rB2, and graphite was observed by SEM and XRD analysis
eneath the ZrO2 layer. According to the volatility diagram
Figs. 7 and 8b), the pressure of oxygen should be below
.0 ×  10−11 Pa (log pO2 < −10.70) in this layer based on the sta-
ility criterion for graphite. Oxygen pressure should decrease
cross the layer due to the gradient associated with the diffu-
ion profile. At the lower end of this layer, the interface between
he partially oxidized layer and the unoxidized ZrB2–SiC–C,
he pO2 must be less than 1.9 ×  10−11 Pa (log pO2 > −10.73)
ince ZrB2 is observed in this region. In addition, the pO2 at this
nterface may also be below the equilibrium pO2 for SiC–SiO2
Reaction (2)), which is 1.3 ×  10−11 Pa (log pO2 < −10.90).
f the pO2 was greater than 1.3 ×  10−11 Pa, then a layer of
iO2 (c) would form on the surface of the ZrB2–SiC–C layer,
hich would be reduced to SiO (g) and be transported across

he partially oxidized layer and ZrO2 layer.21 Assuming that
O2 = 1.3 ×  10−11 Pa at this interface, then pSiO can be cal-
ulated to be pSiO = 4.8 ×  102 Pa based on the equilibrium
stablished by Reaction (5). It seems more likely that the pO2
s less than 1.3 × 10−11 Pa at this interface since no condensed
iO2 is observed there. Based on the volatility diagram for SiC
resented in Fig. 7, the pSiO in equilibrium with SiC decreases
s pO2 decreases. In addition, a pSiO gradient must be main-
ained across the partially oxidized and ZrO2 layers to maintain

 driving force for diffusion of SiO (g) from where it is gener-
ted at the upper edge of the ZrB2–SiC–C layer to where it is
onsumed at the lower edge of the ZrO2–SiO2 layer. Based on
he decrease of pSiO with pO2 in equilibrium with SiC, the pSiO
annot be lower than 1.0 ×  102 Pa, its value at the interface of
he ZrO2–SiO2 and ZrO2 layers to maintain a chemical potential
radient to drive transport of SiO (g) across the partially oxi-
ized and ZrO2 layers. Using pSiO = 1.0 ×  102 Pa as the lower
imit, the minimum pO2 was calculated to be 5.5 ×  10−13 Pa for
iC–SiO equilibrium (Reaction (6)).

iC +  ½O2(g) →  SiO(g) +  C (6)

The range of pressures of oxygen calculated for
ormation and stability of the partially oxidized layer
5.5 ×  10−13 Pa < pO2 < 2.0 ×  10−11 Pa) corresponds to three
egions in the combined volatility diagram (Fig. 8b). These
hree regions are: (1) 1.9 ×  10−11 Pa < pO2 < 2.0 × 10−11 Pa
−10.73 < log pO2 < −10.70) in which the stability of
rO2 + B2O3 (l) + SiO2 (c) + C is favorable; (2) 1.3 ×  10−11

−11
a < pO2 < 1.9 ×  10 Pa (−10.90 < log pO2 < −10.73)
n which the stability of ZrB2 + SiO2 (c) + C is favor-
ble; and (3) 5.5 ×  10−13 Pa < pO2 < 1.3 ×  10−11 Pa
−12.26 < log pO2 < −10.90) in which ZrB2 + SiC + C are
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Fig. 9. A model showing the composition of the layers in the structure formed after oxidation of ZrB2–SiC–C in air at 1500 ◦C along with the chemical process that
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re active, and the calculated oxygen and SiO (g) pressures.

table and no new condensed phases are expected to form. In all
hree regions (5.5 ×  10−13 Pa < pO2 < 2.0 ×  10−11 Pa), neither

2O3 (l) nor SiO2 (c) were observed as condensed phases,
resumably due to their volatility. As discussed earlier, B2O3
g) and SiO (g) were formed, transported across the partially
xidized layer, and then condensed in the SiO2-containing
rO2–SiO2 layer. Likewise, SiC is also expected to be removed

rom this region through active oxidation (Reaction (6)) due
o the formation of SiO (g). Vaporization of B2O3 (l) and
ctive reduction of SiO2 (c) from the layer where ZrO2 + B2O3
l) + SiO2 (c) + C were predicted as condensed phases resulted
n the formation of a region containing ZrO2 and C. Active
eduction of SiO2 (c) from the region where ZrB2 + SiO2
c) + C were stable resulted in the formation of a region
ontaining ZrB2 and C. Active oxidation of SiC from the
noxidized ZrB2 + SiC + C could also increase the thickness
f the region containing ZrB2 and C. As discussed earlier,
o distinct interface was observed between the ZrB2 + C and
rO2 + C layers. Rather a graded structure that was composed of
rO2 + C at the top and ZrB2 + C at the bottom appears to have

ormed.
A model that schematically represents the likely oxygen

ressures and chemical process predicted to be active in the
tructure produced during oxidation of ZrB2–SiC–C at 1500 ◦C
n air is shown in Fig. 9. The surface protective layers can
nly grow with time if some Si-containing species is trans-
orted to this layer from an underlying layer. Because of the
ormation of the partially oxidized region that is free of Si-
ontaining species, continued active oxidation of SiC (Reaction
6)) at the upper interface of the unoxidized ZrB2–SiC–C and
he subsequent transport of SiO (g) from the SiC-containing
ayer to the ZrO2–SiO2 layer is required. From the microstruc-
ural and thermodynamic analysis, the addition of graphite
oes not inhibit the formation of a partially oxidized layer.

urther, based on the oxygen activities below the outer SiO2-
ich scale, suppression of the formation of a partially oxidized
ayer may not be possible in SiC-containing diboride sys-
ems.
.  Summary

Specimens of ZrB2 containing 15 volume percent SiC and
5 volume percent graphite were oxidized in a flowing air at
500 ◦C. A layered structure was formed on the surface during
xposure. Graphite was found to be stable in a porous partially
xidized layer below the SiO2-rich surface layer. A combined
olatility diagram for ZrB2, SiC, and graphite was used to jus-
ify, on a thermodynamic basis, the development of the layered
tructure and stability of graphite in the partially oxidized layer.
he active oxidization of SiC and/or its oxidation to SiO2 (c) and

hen reduction to SiO (g) at the reducing conditions thought to
xist under the external layer of SiO2 leads to the removal of SiC
rom a layer that contains ZrO2, ZrB2, and graphite. Silicon con-
aining phases are not stable in the partially oxidized layer due to
he high vapor pressure of SiO in reducing conditions. Based on
he fact that graphite is stable in the partially oxidized layer, the
O2 in this region was calculated to be less than 2.0 ×  10−11 Pa.
sing the thermodynamic conditions needed to drive the trans-
ort of SiO (g) from the SiC in the unoxidized ZrB2–SiC–C,
cross the partially oxidized region, and to ZrO2–SiO2 layer,
he lower limit of pO2 in the partially oxidized layer was calcu-
ated to be 5.5 ×  10−13 Pa. In air at 1500 ◦C, ZrB2–SiC–C should
xhibit passive oxidation with diffusion controlled kinetics due
o the protection provided by the stable SiO2 scale on the sur-
ace even though SiC undergoes active oxidation beneath the
rotective outer scale resulting in the formation of a porous par-
ially oxidized layer between the outer scale and the underlying
noxidized ZrB2–SiC–C.
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