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Oxidation of SiC-Zr02 composites 
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Planar silicon carbide-zirconium oxide composites were oxidized at temperatures between 910 
and 1050~ in oxygen, argon and CO-CO= atmospheres. In addition, bare SiC substrates were 
oxidized in oxygen. The bare substrates showed parabolic oxidation kinetics. The oxidation 
kinetics of the composites were more difficult to interpret because of the solid state reaction 
between the ZrO2 and the SiO 2, but were approximately parabolic. 

1. In troduct ion  
In the production of SiC-glass composites, a barrier 
layer is often placed between the SiC fibre and the 
glass matrix to prevent the interaction of the cations in 
the glass with the SiC. In addition, this layer is often 
needed to modify the adhesion between the glass and 
the fibre, increasing the fracture toughness by optimiz- 
ing the bonding between fibre and matrix. The barrier 
layer can interact chemically with the fibre, as well, 
either during processing or service of the composite. If 
this interaction can be controlled and understood, the 
mechanical properties of the resulting composite can 
be more precisely controlled. 

The oxidation kinetics of SiC-ZrO 2 composites 
have been studied as well as those of bare SiC sub- 
strates to understand better the interaction of a barrier 
layer with SiC in a model system. ZrO2 was chosen 
because it is simpler than many of the other barrier 
layers, and because low cation diffusivities in ZrO 2 
should make it an excellent cation barrier. Rather 
than working with fibres, a two-dimensional com- 
posite was chosen: a flat substrate of SiC coated with 
a thin layer of ZrO 2. This sample geometry simplifies 
the calculation of the oxidation kinetics, and enables 
Rutherford backscattering spectrometry (RBS) to be 
used to measure the oxide layer thickness. The oxi- 
dation kinetics of this model system were measured as 
a function of temperature, ZrO2 layer thickness, and 
oxygen partial pressure. In addition, the solid state 
reaction between the ZrO2 and the SiO2 which forms 
during oxidation was observed. 

2. Experimental procedure 
The composites used in these experiments were sub- 
strates of Ceradyne (Ceralloy 146IG a-SiC: Ceradyne 
Inc., Santa Ana, California) c~-phase SiC covered by a 
thin layer of ZrO 2 . Table I shows the major impurities 
in the hot-pressed Ceradyne SiC, as determined by 
optical emission spectroscopy (3.4m Ebert optical 
emission spectrograph). A zirconia precursor sol was 
produced by refluxing 0.0099 kg of Z r ( O C 4 H g )  4 �9 C 4 H  9 

in a solution of 85 ml 2-methoxy ethanol plus 3 ml 
HNO3. This sol was spun on to the polished surface of 
the substrate using a photoresist spinner for 1 min at 
2000 r.p.m. The zirconia gel coating that resulted was 
converted to ZrO2 by firing to 600~ in air at 
20~ min-I and then to 900~ in forming gas. This 
firing schedule produced a ZrO 2 layer about 10nm 
thick. Repeating this process produced thicker layers. 

The two-layer composites were oxidized in an 
alumina tube furnace under either oxygen, argon or 
mixtures of CO-CO2 gas. The gases were not dried 
before use, and were of commercial purity. While in 
the furnace, the samples hung from the end of a type 
R thermocouple (Pt/Pt-13% Rh) in either an alumina 
or zirconia crucible. The oxygen partial pressure in the 
furnace tube was monitored using a zirconia oxygen 
sensor. The specimens were oxidized for a given time 
and then quenched to room temperature still under 
gas. After analyses to determine the thickness of the 
S i O  2 layer and the composition of the surface layers, 
the specimens were returned to the furnace for further 
oxidation. 

The thickness of the SiO2 layer that formed during 
oxidation was determined by analysing Rutherford 
backscattering spectra of the specimens. A back- 
scattering spectrum from the sample, using 2.8 MeV 
c~-particles as the probe beam, was collected after each 
oxidation. The a-particle beam sampled an area of the 
specimen approximately I mm 2. To convert the areal 
density of the SiO2 layer which was calculated from 
the backscattering spectrum to thickness, the density 
of SiO2 was assumed to be 2.3 x 1023 molcm -3. In 
many cases, an X-ray diffraction pattern (Scintag 
PAD X diffractometer, Scintag, Santa Clara, Cali- 
fornia) using CuK~ radiation (Z = 0.154 059 nm), was 
also collected so that the phases present in the near 
surface layers (ZrO2, ZrSiO4, and SiO2) could be 
identified. 

3. Resu l t s  and d i s c u s s i o n  
The oxidation kinetics of these ZrO2-SiC composites 
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TABLE 1 Trace impurities in the Ceradyne a-SiC as deter- 
mined by atomic absorbtion analysis 

Impurity wt % 

B 0.3-1.0 
AI, Fe 0.03-0.1 
Ca 0.01-0.03 
Cr, Mn, Ti, V Trace 

were determined as a function of temperature 
(910 ~ C < T < 1069 ~ C) in pure oxygen. At two tem- 
peratures (970 and 1069 ~ the oxidation kinetics 
were investigated as a function of ZrO2 thickness, and 
at a lower temperature (910 ~ C), the oxidation kinetics 
were measured as a function of oxygen partial pres- 
sure. It was observed that at higher oxidation tem- 
peratures the SiO2 which forms reacts with the ZrO2 to 
form ZrSiO 4. Finally, we oxidized a set of bare sub- 
strates so that we may more accurately assess the effect 
of the ZrO 2 surface layer on the oxidation kinetics. 
The bare substrate oxidation kinetics will be discussed 
first. 

3.1. Substrate oxidation kinetics 
The thickness of the SiO2 layer which grows on the SiC 
substrate during oxidation was measured by analysing 
Rutherford backscattering spectra from the oxidized 
specimens. In RBS, a monoenergetic beam of 
e-particles (here 2.8 MeV) is incident upon the sample. 
A silicon barrier detector coupled to a multichannel 
analyzer identifies the number and energy of e-particles 
scattered through large angles by nuclei in the target. 
The spectrum collected is plotted as the yield of 
e-particles as a function of their energy. There is not 
space here to discuss in great detail the interpretation 
of backscattering spectra; the interested reader is 
referred to an excellent publication [1]. Briefly, 
though, there are three fundamentals to interpreting 
an RBS spectrum. 

1. The energy of an e-particle scattered from a 
target nucleus on the surface of the specimen, for fixed 
detector position, is a function only of the incident 
energy of the particle and the atomic number of the 
target nucleus. The a-particles scattered from heavy 
nuclei return with a greater fraction of  their incident 
energy than those scattered from lighter nuclei. A 
homogeneous, multi-element target produces a spec- 
trum which resembles a set of stairs, each stair step 
arising from the contribution of another element. The 
energies at which sharp changes in yield occur can be 
used to identify the elements in a target of unknown 
composition. 

2. The probability that a target nucleus will scatter 
an incident e-particle is roughly proportional to both 
the square of the atomic number of the target atoms 
as well as to the areal density of  target atoms, 
measured in units of  atoms cm -2. Because zirconium 
is so much heavier than carbon, just a little zirconium 
produces a large signal in the spectrum. In addition, 
the yield from silicon in SiO2 will be less than that 
from silicon in SiC because there are fewer silicon 
atoms in the path of the beam in SiO:. By analysing 
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Figure l Backscattering spectrum from an SiC substrate oxidized 
for 21.4h at 970~ in oxygen. ( ) simulation, A~ = 0.24#m. 

the shape of the spectrum a compositional analysis of 
the target can be made. 

3. The e-particles which penetrate into the target 
before being scattered lose energy to interactions with 
the k-shell electrons of the target. Typically, this 
energy loss amounts to 100 to 1000eVnm -~, thus 
limiting the volume probed to the top several micro- 
metres of the specimen. An e-particle scattered by a 
nucleus deep in the target will return to the detector 
with less energy than one scattered from a target 
nucleus at the surface. Because the energy loss 
can be calculated for any target, we can calculate a 
composition profile for the target from its spectrum. 

Fig. 1 is a backscattering spectrum from an SiC 
substrate oxidized in oxygen for 21.4h at 970~ C. The 
step in the yield at 1.6 MeV originates from scattering 
by silicon nuclei in the SiO2 at the surface. Correspond- 
ingly, the step in yield at 1.0 MeV comes from scatter- 
ing by oxygen nuclei in the SiO2 layer. The third step 
in the yield, at 1.4 MeV, comes about because the areal 
density of silicon in the SiC of the composite is greater 
than that in SiO2. This edge marks the boundary 
between the SiO2 and the SiC substrate. The spectrum 
provides two independent measures of the SiO2 layer- 
thickness: (1) the width of  the step in the silicon signal 
and (2) the width of the hump from the oxygen in the 
SiO2 layer. Lying over the data points is a simulation 
of the spectrum calculated with the modelling pro- 
gram described by Doolittle [2]. The modelling pro- 
gram takes as input a description of the sample as a 
stack of constant composition slabs, such as that 
shown in the upper right-hand corner of Fig. 1, as well 
as the spectrum acquisition parameters. The only free 
parameter in the simulation is the thickness of the SiO2 
layer, which is varied until the 7, 2 error between the 
simulation and the actual spectrum is a minimum. In 
this spectrum the SiO2 layer is 0.24 ffm thick. 

Several subtle features of the spectrum are worth 
noting. The scattering cross-sections for boron and 
carbon are so low that these elements are essentially 
invisible. Carbon in the SiC should produce a step in 
yield at 0.6MeV; the noise in the spectrum totally 
obscures that increase. The simulation also predicts 
that the yield-energy curve should be steeper than it 
actually is both at 1.4 and 0.85 MeV. This shallowness 
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of the spectrum indicates that the interface between 
the SiO2 and the SiC is not planar, as depicted in 
Fig. 1. A planar SiC-SiO2 interface implies a disconti- 
nuity in the areal density of silicon, which gives rise to 
a vertical step in the yield in the backscattering spec- 
trum. Because the interface is characterized by a non- 
vertical step in the yield from silicon, the areal density 
of silicon must be varying continuously in the region 
of the interface. A rough interface means that some 
SiC, with its greater areal density of silicon, projects 
above the average position of the interface, making 
the yield from silicon higher than the simulation 
predicts. Similarly, SiO2, with its smaller areal density 
of silicon, projects below the average position of the 
interface, making the yield from silicon lower than the 
simulation predicts. That the interface is non-uniform 
is not surprising, because the oxidation rate of SiC is 
highly orientation dependent [3], varying by a factor 
of up to seven [4] from one orientation to the next. The 
individual, randomly oriented, grains in the substrate 
oxidize at different rates, producing a rough interface. 

The square of the oxide layer thickness is plotted as 
a function of time for three temperatures in Fig. 2. The 
best-fit lines are the linear least squares fit to the data, 
not constrained to pass through zero. The oxidation 
kinetics are parabolic in time, suggesting that mass 
transport through the SiO2 layer, rather than the oxi- 
dation reaction to form SiO2, limits the rate of oxi- 
dation. Whether the species whose diffusion limits the 
rate of reaction is molecular or atomic oxygen cannot 
be determined. 

Each of the curves in Fig. 2 yields a parabolic 
reaction rate constant, kp, of the form 

l ~  2 = 2kp t (1) 

where A~ is the thickness of the SiO2 layer and t is the 
oxidation time. The parabolic reaction rate constants 
determined from the slopes of the best fit lines are 
displayed in Fig. 2. These parabolic reaction rate con- 
stants are also plotted on an Arrhenius plot in Fig. 3. 
The uncertainty associated with each data point is of 
the order of the symbol size. The activation energy for 
oxidation is 209 + 9 kJ tool-1. Also plotted in Fig. 3 
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Figure 2 Square of the oxide layer thickness as a function of oxi- 
dation time for bare substrates oxidized in oxygen. (O) I050~ 
kp = 6.6 x 10 3#m2h i; (zx) 970~ kp = 2.1 x 10-3#m2h-I; 
(~ )910~  v = 6.9 x 10 4#rn2h-S. 
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Figure 3 Logarithm of the parabolic reaction rate constant, kp, as 
a function of inverse temperature. (�9 SiC substrates; (zx) [3], hot 
pressed; (+)  [3], sintered; (11) 55 nm ZrO 2. Q = 209 _+ 9 kJmol 1. 

are data from Costello and Tressler [3] for the oxi- 
dation of both hot-pressed and sintered e-SiC. The 
sintered e-SiC studied there has approximately the 
same impurity content as the SiC studied here. The 
oxidation rate measured here is approximately ten 
times slower than that given by Costello and Tressler 
[3], when extrapolated to their higher oxidation 
temperatures. Their activation energies, about 
220 kJ tool i, are comparable to ours. The reason for 
the discrepancy in the absolute magnitude of the 
parabolic reaction rate constants between those 
measured here and the extrapolation of those 
described by Costello and Tressler [3] is not clear. 
Given that trace amounts of water vai~our increase the 
oxidation rate of SiC [5, 6], it is especially interesting 
that the oxidation rate measured here is slower than 
that measured by Costello and Tressler [3] in which 
oxidation was done in dry oxygen. 

3.2. Oxidation of the composites 
3.2.1. Microstructural observations 
Qualitatively, the backscattering spectra from the 
ZrO2-coated SiC substrates resemble those from the 
uncoated substrates. Fig. 4 shows the spectrum from 
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Figure 4 Backscattering spectrum from a ZrO2-SiC composite oxi- 
dized for 47.7 h at 970 ~ C. (o) Unoxidized, ( - - )  970 ~ C, 47.7 h. 
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Figure 5 (a) Scanning electron micrograph of the surface of an SiC-ZrO 2 composite oxidized 145 h at 970~ in oxygen. The oxide layer is 
greater than 0.8 #m thick. (b) The surface of the same specimen after all the SiO 2 was removed by etching in hydrofluoric acid. 

an unoxidized composite with a 70nm thick ZrO2 
layer. Superimposed upon this spectrum is the spec- 
trum from the same sample oxidized for 47.7h at 
970~ in oxygen. The most notable difference in the 
spectra from the ZrO 2 coated specimens with respect 
to those from the uncoated specimens is the appear- 
ance at 2.4 MeV of a large peak from the zirconium in 
the surface layer. The small peak at 1.0 MeV comes 
from the oxygen in the ZrO2 in the surface layer as well 
as that in a thin layer of SiO 2 which forms during the 
transformation of the zirconium sol to ZrO2. The tiny 
peak just visible at 2.5MeV is due to a 0.01 at% 
hafnium impurity in the precursor sol. The growth of 
the SiO2 layer manifests itself in the same way as in the 
spectra from the uncoated specimens. A shelf appears 
in the edge of the silicon signal, while the oxygen peak 
at 1.0MeV widens. The specimen is modelled as 
shown by the schematic cross-section in the upper 
right-hand corner of Fig. 4. The thickness of the ZrO2 
layer was calculated from the spectrum from the 
unoxidized material. As with the uncoated specimens, 
the SiO2 layer thickness was calculated by finding the 
thickness which minimized the ) i 2  e r r o r  between the 
simulated and actual spectra. For the spectrum shown 
in Fig. 4 the SiO 2 layer is 0.26 #m thick. 

The slope of the yield-energy curve in the region of 
the SiO2-SiC interface shows that the SiO2 layer is not 
of uniform thickness. Scanning electron micrographs, 
such as that shown in Fig. 5a, demonstrate that the 
surface of the oxidized composite remains flat even 
after the oxide layer grows as thick as 0.8#m. The 
small cracks visible on the surface of the specimen in 
the micrograph probably formed during the repeated 
quenching and reheating of the sample due to the 
mismatch in the thermal expansion coefficients between 
the substate and the oxide layer. Clearly, these cracks 
will be short circuit transport paths for oxygen, and 
are probably partly responsible for the deviation from 
parabolic oxidation kinetics at long oxidation times. 
When the layer of SiO2 is stripped off the sample by 
etching in hydrofluoric acid, the SiC surface remain- 
ing shows the texture of the original SiO2-SiC inter- 
face. Fig. 5b is a scanning electron micrograph of the 
surface of the sample shown in Fig. 5a, after all the 
SiO2 and ZrO2 have been stripped off. Clearly, most of 

the roughness is at the SiO2-SiC interface rather than 
the surface of the sample. 

At the highest oxidation temperature (1069 ~ C) the 
ZrO2 surface coating quickly reacts with the SiO 2 layer 
to form zircon, ZrSiO4. At this temperature, the thin- 
nest ZrO2 coatings (27 nm) had completely reacted to 
form zircon after only 3.35 h, while the thickest coat- 
ings (70 nm) required over 100 h to completely trans- 
form. At 970~ some zircon formed as the oxidation 
progressed, but after 145 h oxidation the surface layer 
remained predominantly ZrO2 for all thicknesses of 
ZrO2. No zircon formed when the ZrO2-SiC com- 
posites were oxidized at 910~ even after 162h. 

Evidence of zircon formation is present in both the 
X-ray diffractometer traces and the backscattering 
spectra. After oxidation an X-ray diffractometer trace 
was acquired from each specimen. Rather than relying 
upon the literature values for the SiC and ZrO2 peak 
positions, we also made X-ray diffractometer traces 
from the bare substrate and from ZrO 2 powder made 
from the sol and heat treated identically to the com- 
posites. No such standard was used for zircon. Fig. 6 
is such a trace from a composite oxidized in oxygen 
for 24.8h at 1069~ The three strong peaks in the 
range 0.249 nm < d < 0.264nm come from the SiC 
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Figure 6 X-ray diffractometer trace from a ZrO2-SiC composite 
oxidized 45.! h at 1069~ in oxygen. 
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Figure 7 RBS spectra from (o) an unoxidized ZrO2-SiC composite 
and ( ) the same specimen oxidized in oxygen for 45.1 h at 
1069~ 

substrate. The two very weak peaks at d = 0.3178 
and 0.2847 nm are from the ZrO2 in the surface layer, 
while the larger peak at d = 0.3276 nm comes from 
the ZrSiO4 in the surface layer�9 The very large peak at 
d = 0.4051 nm is from crystalline SiO2, as cristoba- 
lite, in the oxidized layer. 

There  is evidence for the ZrO= to ZrSiO4 transform- 
ation in the backscattering spectrum from this sample 
as well. Fig. 7 shows two spectra, one from a com- 
posite before oxidation and the second from the same 
specimen after oxidation. The SiO2 layer which has 
grown between the SiC and the ZrO 2 layer is 0.44/~m 
thick. There are two pieces of evidence pointing 
towards the formation of ZrSiO4. The zirconium peak 
height has dropped to 81% of  its initial value and has 
broadened, but the integral under the zirconium peak 
has remained constant. Therefore, the amount of 
zirconium cannot have changed during the heat treat- 
ment, but its areal density must have decreased, con- 
sistent with the addition of SiO2 to the layer. The 
second piece of evidence is the appearance of a second 
shelf in the spectrum just above 1.5 MeV. The signal 
from silicon now appears at a greater energy than it 
does in the unoxidized specimen. The energy at which 
the small shelf appears indicates that there is silicon at 
the surface of the specimen, as there should be if the 
surface layer is ZrSiO 4. The small shift in the zir- 
conium peak position between the two spectra 
occurred because they were acquired at slightly dif- 
ferent beam energies. It is important to note that the 
X-ray diffractometer trace is necessary to identify 
completely the new phase as zircon. RBS is incapable 
of discriminating a 1 : 1 mixture of SiO2 and ZrO2 from 
ZrSiO 4 . 

3.2.2.  Ox ida t ion  k ine t ics  
The oxidation kinetics of the ZrO=-SiC composites 
are comparable in magnitude to those of the uncoated 
substrates, though slightly slower. Though the sub- 
strates oxidize more slowly, the growth of the oxide 
layer still follows a parabolic law. Fig. 8 shows the 
square of the oxide layer thickness as a function of 
time for several temperatures for composites having a 
55 nm thick ZrO2 layer: The 150 h datum for the speci- 
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Figure 8 Square of the SiO 2 layer thickness as a function of oxi- 
dation time at three temperatures for composites with 55 n m  ZrO 2 

, coating. (O) 1069~ kp = 4.1 x 10-3#m2h-1;  (zx) 970~ kp = 
9 . 2 x  10-4#m2h l ; ( O )  910oC, kp = 6 .9 •  10-4#m=h -1. 

men oxidized at 970~ has not been included in the 
calculation of the best fit line because the surface of 
the specimen was extensively cracked. This sample 
had been quenched to room temperature six times 
during the 150h oxidation. The parabolic reaction 
rate constants for this set of specimens are also plotted 
on the Arrhenius plot in Fig. 3. At higher tem- 
peratures, the ZrO2-SiC composites oxidize slightly 
more slowly than the uncoated substrates, though at 
910 ~ C the rates of oxidation are nearly equal. Because 
at temperatures greater than 910~ the ZrO= and the 
SiO= react to form zircon, thus changing the nature of 
the surface layer, an activation energy calculation for 
the oxidation has little meaning. The parabolic reac- 
tion rate constants are only overlayed in Fig. 3 for ease 
of comparison with the constants from the bare sub- 
strate oxidation. 

Thicker ZrO2 layers improve the oxidation resist- 
ance of the SiC substrate, though not dramatically. 
Fig. 9 shows the square of the oxide layer thickness as 
a function of time for three thicknesses of ZrO= as well 
as that for the uncoated substrate, all oxidized in 
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Figure 9 Square of  the SiO= thickness as a function of  oxidation 
time for three thicknesses of  ZrO 2 as well as the uncoated substrate 
for composites oxidized in oxygen at 970~ (O) 70nm ZrO=, 
kp = 9.0 x 10 4#m2h l; (A) 55nm ZrO=, kp = 9.2 x 
1 0 - 4 # m = h - I ; ( O )  2 7 n m Z r O  2.kp = 1.1 x 10 3 # m 2 h - I ; ( e )  bare 
substrate, kp = 2.1 x 10 3~tm2h 1. 
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oxygen at 970 ~ The composite with the thinnest 
coating shows the greatest oxidation rate, while the 
two more thickly coated composites showed nearly 
identical, slower oxidation rates. The parabolic reac- 
tion rate constants are summarized in the caption of 
Fig. 9. The best fit lines for the data from the two 
samples with thinner coatings are not constrained to 
pass through the points at 150 h. 

Similar oxidation behaviour occurs at 1069 ~ as- 
well. Fig. 10 shows the square of the oxide layer 
thickness for the same three thicknesses of ZrO~ as 
shown in Fig. 9, along wit h that for the bare substrate. 
Generally, the specimens showed parabolic oxidation 
kinetics. The two specimens with the thinner coatings 
showed unusual oxidation behaviour. The oxide layer 
thickness follows a t '/2 dependence, but the best fit line 
does not extrapolate back to near zero thickness at the 
start of the oxidation. 

When the composites were oxidized at low oxygen 
partial pressures, the thin oxide layer formed during 
the conversion of the precursor to ZrO2 did not grow 
thicker. Fig. 11 compares the square of the oxide layer 
thickness as a function of time for composites oxidized 
at 910~ in oxygen (Poe = 10SPa), argon (Pot = 
103SPa), and a CO-CO2 mixture (Po2 = 10 s4~'a). 
That the SiO2 layer did not grow is not surprising. The 
parabolic reaction rate constant for oxidation of SiO2 
is proportional to the square root of the oxygen par- 
tial pressure at temperatures above 1300~ [7, 8]. If 
the same dependence holds at 910 ~ C, the predicted 
oxidation rates will be 25 times slower for oxidation 
in argon, and 107 times slower for oxidation in the 
CO-CO2 mixture, compared to oxidation in oxygen. 
Neither of these oxidation rates will produce measur- 
able oxide layer growth in the time scale of these 
experiments. 

The striking observation of all the oxidation data, 
ZrO2-coated and bare substrates alike, is that the 
oxide layer growth always follows a parabolic depen- 
dence upon time. The question which must be 
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Figure 11 Square of the oxide layer thickness as a function of  time 
for composites oxidized at 910~ in different oxygen partial pres- 
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answered, given the preceding observations is: what 
effect can the addition of a ZrO2 (or ZrSiO4) layer 
have on the oxidation process without altering the fact 
that the oxidation process is still diffusion limited e, ven 
in the presence of the added surface layer? To answer 
this question, it is instructive to outline the major 
features of the derivation of a parabolic reaction rate 
constant for the oxidation of SiC. 

The parabolic dependence of the reaction layer 
thickness, A~, upon time arises in the following way. 
The instantaneous rate of growth of the oxide layer is 
proportional to the flux of oxygen arriving at the 
SiO2-SiC interface 

dA~ 
- �89 (2) 

dt 

where V m is the molar volume of SiO2, and the 1/2 
arises because one mol of oxygen arriving at the SiO2- 
SiC interface produces 1/2 mol SiO2. If it is assumed 
that the gradient of the chemical potential of oxygen 
is everywhere constant in the oxide layer then, to a 
first approximation, the flux of oxygen across the SiO2 
layer, jo, is given by a modified version of Fick's first 
law 

DoCo Afro 
Jo - (3) 

R T  

where Do is the diffusion coefficient of oxygen in the 
oxide layer, Co is the concentration of oxygen in the 
oxide layer, A/~o is the difference in the chemical poten- 
tial of oxygen between the surface of the SiO2 and the 
SiO 2-SIC interface. The surface of the SiO2 is either 
the SiO2-gas interface, in the case of oxidation of the 
bare substrates, or the SiO2-ZrO2 interface, in the case 
of oxidation of the composites. Substituting Equation 
3 into Equation 2 yields a differential equation describ- 
ing the oxide layer thickness as a function of time. If 
we further assumed that both the diffusion coefficient 
and concentration of oxygen are constant across the 
oxide layer, then the integral of that differential 
equation expresses the parabolic dependence of the 
oxide layer thickness upon time 

A~ 2 = 2kpt (4) 
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where 

1 DoCo 
k,, = ~ R--7- ZX~o (5) 

Equation 5 shows that the rate of oxidation is con- 
trolled by two independent factors: the ability of the 
oxygen to diffuse through the growing oxide layer 
(expressed in Do), and the thermodynamic driving 
force for the oxidation (expressed by A/to). 

Putting a layer of ZrO 2 on top of the SiO2 modifies 
the oxidation problem in two important ways. An 
obvious consequence of the presence of this added 
layer is that to get to the SiC-SiO2 interface, the 
oxygen must first cross the ZrO 2 layer, of fixed thick- 
ness, and then the growing SiO2 layer. Either of these 
two transport steps could limit the rate of reaction. 
The flux across each layer will be fixed by the differ- 
ence in chemical potential of oxygen across the layer 
as well as the thickness of the layer. When the SiO2 
layer is thin, transport across the ZrO2 layer will limit 
the rate of reaction because there will be insufficient 
oxygen supplied at the ZrO2-SiO2 interface to satisfy 
the demand for oxygen at the SiC-SiO2 interface. If 
the drop in the oxygen chemical potential across the 
ZrO 2 layer remains constant with time, the flux of 
oxygen across that layer will remain constant. Con- 
sequently, the thickness of the SiO2 layer will increase 
linearly with time. Eventually, however, the SiO2 layer 
will grow so thick that transport across it will limit the 
rate of reaction. At this poiht, the thickness of the 
oxide layer will begin to increase with the square root 
of time. The time at which this crossover from linear 
to parabolic kinetics occurs will be a function of the 
diffusion coefficient of oxygen in both the SiO 2 and the 
ZrO2 layers, as well as the chemical potential of oxy- 
gen at each of the interfaces in the transport path. The 
conclusion that should be drawn here is that the trans- 
port of oxygen across the ZrO~ layer is not causing the 
decrease of the oxidation rate of the ZrO2-coated 
specimens with respect to the uncoated specimens. If 
it were, the oxidation kinetics of the coated substrates 
would be linear in time. 

A second effect of the ZrO2 layer, or any other layer 
for that matter, is to lower the thermodynamic driving 
force for oxidation of the SiC. Because oxygen clearly 
diffuses across the ZrO2 layer, there must be a drop in 
the chemical potential of oxygen across the ZrO2 
layer. Because the chemical potential of oxygen at the 

SiC-SiO2 interface is determined by the oxidation 
temperature, the thermodynamic driving force for the 
oxidation of the SiC, A/to, in the composite is less than 
that for a bare substrate oxidizing under the same 
external conditions. In other words, compared to the 
oxidation of the uncoated substrates, the composites 
are effectively oxidizing under a reduced oxygen par- 
tial pressure. The oxidation kinetics for the case of the 
ZrO2-coated specimens will remain parabolic, but 
because the oxidation rate of the SiC is so strongly 
dependent on the oxygen partial pressure, the oxi- 
dation rate will be slower than that for the bare sub- 
strates. 

4. Conclusions 
There are two main conclusions from this work. 

1. SiC coated with ZrO 2 oxidizes more slowly than 
bare SiC, but in both cases the oxidation kinetics are 
parabolic. One explanation for this phenomenon is 
that the presence of the ZrO2 effectively lowers the 
driving force for the oxidation of the SiC. 

2. At oxidation temperatures above 970~ the 
ZrO2 coating reacts with the SiO2 formed by oxidation 
to produce ZrSiO 4. 
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