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Abstract 1 Introduction 

A magnesium- andyttrium-containing sinteredsilicon 
nitride was oxidised in air at 1350°C and, after 
removal of the surface oxide film, re-oxidised. The 
rates of  product formation during the oxidation and 
re-oxidation stage can be satisfactorily described in 
terms of oxygen diffusion through a thin protective 
cristobalite .film at the nitride-silicate interface, the 
inwards diffusion of  cations and the sequential 
reaction of the cristobalite to form silicates providing 
a lesser degree of  protection. 

Magnesium- und Yttriumhaltiges gesintertes Si3N 4 
wurde in Luft bei 1350°C oxidiert und nach dem 
Entfernen der Oxidschicht einer zweiten Oxidations- 
behandlung unterzogen. Die Geschwindigkeiten 
der Schichtbildung wiihrend der zweiten Oxidation 
k6nnen gut durch die Sauerstoffdiffusion durch 
eine schiitzende diinne Cristobalit-Schicht an der 
Nitrid-Silikat-Grenzfliiche und eine nachfolgende 
Umwandlung des Cristobalits zu Silikaten mit einer 
reduzierten Schutzwirkung beschrieben werden. 

On a oxydb h 1350°C dans l'air du nitrure de silicium 
frittk contenant du magnksium et de l'yttrium puis, 
aprks avoir enlevb le film surfacique d'oxyde, on a 
rkoxyd~ le matkriau. Les vitesses de formation du 
produit lors de l'btape de rboxydation peuvent ~tre 
dbcrites de maniOre satisfaisante en termes de 
diffusion d'oxygOne gt travers un film protecteur mince 
de cristobalite ~ l'interface nitrure-silicate, la rbaction 
ultkrieure de la cristobalite conduisant fi la formation 
de silicates fournissant un degrb de protection 
moindre. 
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Silicon nitride based ceramics require metal oxide 
additives to ensure high sintered d~nsity. Densific- 
ation of silicon nitride powder occurs through a 
liquid-phase sintering process, the liquid silicates 
generally being formed by reactions between the 
additive and the natural surface silicon dioxide on 
the silicon nitride particles. On cooling the liquid 
solidifies to form an intergranular phase, which can 
be amorphous or crystalline, depending on the 
system, the starting composition within that system, 
and the heat treatment. The presence of inter- 
granular material, and more specifically its cation 
content, is believed to have a strong influence on the 
external oxidation behaviour of dense (sintered or 
hot-pressed) silicon nitride. 1 Under conditions of 
high oxygen potential, such as air or oxygen at 1 bar, 
silicon nitride materials oxidise at rates which 
normally decrease with time. The more detailed 
kinetic behaviour depends on the composition of the 
material and in some cases also on the temperature. 
A parabolic relationship tends to be followed fairly 
accurately and irrespective of temperature for 
materials containing a significant proportion of 
magnesium oxide. 2'3 Where yttrium oxide has been 
used as a densification aid approximately logarith- 
mic, or more complex, relationships can appear to 
provide better fits to experimental data, 4 although 
parabolic behaviour has also been reported. 5 The 
oxide films produced always contain, in the form of 
crystalline or glassy silicates, cations originally 
present in the silicon nitride intergranular phase. 6'7 
Where parabolic kinetics are observed, diffusion 
control of oxidation is commonly assumed and, 
because the underlying silicon nitride may show a 
marked cation concentration gradient, this leads 
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naturally to the conclusion that the outward 
diffusion of cations (and counter-balancing anions) 
may be the rate-controlling process. 8 In other cases 
where, for example, aluminium and yttrium oxides 
have been the major densification aids, workers have 
assumed that the oxidation product is protective and 
that the rate-controlling process is the inward 
diffusion of oxygen through a dense, partially 
crystalline, silicate film. 9 Changes in oxidation 
behaviour are then correlated with, for example, 
changes in film structure or in glass or liquid 
viscosity. 

Recently a detailed examination of the high- 
temperature oxidation behaviour in air of a silicon 
nitride densified with magnesium and yttrium oxides 
has been made, for which the kinetics were closely 
parabolic. ~° The study led to the conclusion that a 
combination of two primary diffusion processes may 
control the overall oxidation rate. The first process is 
the inward diffusion of oxygen through a thin 
surface film ofcristobalite; the second is the outward 
diffusion of intergranular metal oxide or its equiva- 
lent, which reacts with the cristobalite film to form 
the corresponding silicates. This model is based on 
the recognition that a major component of the 
oxidation reaction is the formation of metal silicates 
in the oxide film, and thus the partial loss of 
potentially protective cristobalite. 

The oxidation of silicon nitride materials is 
generally predominantly external, as has been 
assumed in the preceding paragraph, but a degree of 
simultaneous internal oxidation can occur. The 
exaggerated effects of this can be seen dramatically 
in materials densified with yttrium oxide and 
containing intergranular quaternary silicon yttrium 
nitride oxides. Oxidation of these quaternary 
nitrides is associated with large volume expansions, 
which are believed to be responsible for mechanical 
disruption of the intergranular regions, and conseq- 
uent complete loss of strength of the material. 11 The 
kinetics of oxidation under these conditions can be 
approximately linear, since a protective oxide film is 
not formed. 

Material densified with magnesium oxide can also 
show a more restrained and less degrading internal 
oxidation, particularly after extended times, with the 
appearance of intergranular silicon oxynitride~ 2 (the 
strain induced by the ,-,20% volume expansion 
associated with the oxidation of silicon nitride to 
silicon oxynitride must then presumably be adequ- 
ately accommodated by the system). The internal 
oxidation process may involve the simple inward 
diffusion of oxygen into an intergranular glass, but it 
has also been modelled for magnesium-containing 

silicon nitrides in terms of an intergranular phase- 
surface silicon dioxide interaction which can be 
regarded as a reaction between silicon nitride and 
intergranular magnesium-containing silicate to 
form silicon oxynitride, 13 and the release of nitride 
ion to the surface. Nitrogen gas is formed in the 
surface layer by oxidation to the nitride ion, with 
simultaneous release of oxide ions to form external 
silicate. These reactions can be regarded as: 

3MgSiOalintergranular glass) "1- 5Si3N4 
= Mg3N 2 + 9Si2NzO (1) 

M g 3 N  2 + 3SiO21surface I + 12102 

= 3MgSiO31surface I + N2 (2) 

Commonly, however, the oxynitride is only seen in a 
very thin sub-surface layer of the silicon nitride, and 
most of the oxidation mass gain of a sintered silicon 
nitride can be accounted for by the external 
oxidation of silicon nitride to silicon dioxide. This 
was the case for the magnesium and yttrium oxide 
densified material used in the present study. 

Important evidence that the surface oxide film 
may not be protective, and that the outward flow of 
intergranular phase cations could thus be rate- 
controlling, was first provided by the oxidation/re- 
oxidation experiments of Cubicciotti & Lau.14 A 
magnesium oxide densified silicon nitride was 
oxidised and the oxide film was then removed by 
grinding, before continuing oxidation under ident- 
ical conditions. The mass-gain curve for re- 
oxidation was a close fit to a continuation of the 
original parabola, rather than the repeated initial 
stage parabola which would have been expected 
from a protective surface oxide film with rate control 
by the inward diffusion of oxygen through the film. 

The oxidation/re-oxidation experiment has been 
used in many subsequent studies of the oxidation 
mechanisms of other silicon nitride based materials, 
formed with a range of densification additives, and 
with various oxidation temperatures and times. 
Three types of re-oxidation kinetics can be 
distinguished: 

(1) An uninterrupted close continuation of the 
original parabola; 

(2) initially slightly faster than that at the 
termination of oxidation, but slower than the 
initial rate in the oxidation period; 

(3) a repeat of the first oxidation period. 

A summary of data is given in Table 1. 
In the first case re-oxidation rates are apparently 

independent of the surface oxide film thickness, and 
the outward diffusion of cations might be assumed 
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Table 1. Classification of types of silicon nitride re-oxidation 
kinetics, and the sintering additives used 

Type Additive Reference 

1 MgO 14 
AI203 and CaO 15 
AI203 16 
MgO 17 
MgO 18 

2 Y203 18 
YzO3-containing systems 17 

3 CeO2 19 

to be the rate-controlling step. In the second, a 
degree of protection can be attributed to the oxide 
film, but the rate of oxidation appears to be largely 
controlled by some process not involving diffusion 
through the oxide film. In the third case, inward 
oxygen diffusion through the oxide film appears to 
control oxidation. 

The present authors' detailed investigation 1° into 
the oxidation of a silicon nitride sintered with a 
combination of magnesium and yttrium oxides 
provides the basis for a model which assumes that 
the essential function of the intergranular-phase 
cations (and associated charge-balancing anions) is 
to modify the thickness of a thin, but potentially 
protective, cristobalite layer forming at the interface 
between the silicon nitride and the outer silicate 
layer. The oxidation rate-controlling process is thus 
the sequential inward diffusion of oxygen (to 
generate silicon dioxide), and the outward diffusion 
of intergranular metal oxide as a result of ionic 
chemical potential gradients (to convert silicon 
dioxide to silicate). It is assumed that oxygen 
mobility in the silicate is greater than that in 
cristobalite. 

A series of oxidation/re-oxidation experiments 
has now been carried out to test whether the model 
permits predictions of re-oxidation rate and cristo- 
balite film thickness. In principle, if the rate 
constants controlling cristobalite formation and its 
reaction to form silicate are known, it is a simple 
matter to simulate by computer the consequences of 
removing the cristobalite layer, and then allowing 
oxidation to continue. 

2 Experimental 

A sintered reaction-bonded silicon nitride (SRBSN) 
designated 10.2.2 by the suppliers (British Ceramic 
Research Laboratories, Stoke-on-Trent, UK) was 
used. This designation refers to the sintering additive 

composition of 10% Y203,  2% MgO and 2% Cr203  
(by mass), which gives approximate molar pro- 
portions of 7:7:2. According to the suppliers the 
three oxides were mixed with silicon powder which 
was then compacted, nitrided and finally sintered to 
full density using the standard powder bed method. 
Further details of the preparation route and 
material are given in a patent application. 2° 

The SRBSN was supplied as a tile ~ 150mm x 
150mm× 12mm. A minimum of l ' 5mm was 
ground from all surfaces to remove a layer of 
material which showed significant structural dif- 
ferences compared with the interior. Samples, 
~ 4 mm × 4 mm × 8 mm, were cut from the tile and 
prepared for oxidation by grinding with 400mesh 
silicon carbide powder, followed by ultrasonic 
cleaning under acetone. The density of the material, 
as measured by mercury immersion, was 
3"22 Mg m-  3. 

Oxidation was carried out in a vertical tube 
furnace, at 1350 + 5°C in an atmosphere of flowing 
laboratory air (1.5 cm 3 s- 1). The oxidation rate was 
followed by intermittently withdrawing the sample 
and weighing to + 10/~g. Mass change data were 
normalised to mass gain per unit area of surface 
(Am/A). After 85ks the oxide film was carefully 
removed from the surface by scraping with a piece of 
unoxidised SRBSN followed by gently grinding with 
1000 mesh SiC powder. Measurements of the change 
in mass of the sample after it had been scraped, and 
during grinding, were used to monitor the amount of 
oxide removed. The sample was then re-oxidised 
under the same conditions for a further 85 ks, with 
continued intermittent measurements of mass 
change. 

Sample surfaces were intermittently examined 
under standardised conditions using X-ray diffrac- 
tion analysis (XRD) during the oxidation and the re- 
oxidation processes. To allow for partial absorption 
of the X-ray beam by the surface silicate film, 
oxidation product peak-height values were adjusted 
using a semi-empirical correction factor obtained on 
the basis of the reduction in intensities of selected 
major fl-Si3N 4 peaks of the oxidised material, by 
comparison with those obtained under identical 
conditions from the surface of unoxidised material. 
The molar proportions of the three crystalline 
products in the oxide film, ~-cristobalite, proto- 
enstatite and 7-yttrium disilicate, were then cal- 
culated from the corrected XRD peak heights, on 
the basis of conversion graphs constructed using the 
XRD peak heights of mixtures of known compo- 
sition of the three phases. These standard mixtures 
were prepared from the three-component binary 
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oxides by equilibration at 1300°C for 85 ks, followed 
by quenching to room temperature and powdering. 
The eutectic temperature in this sub-system is 
~ 1385°C, 1° and the equilibrated phase composition 
thus depends only on the proportions of the 
components used. The diffraction peaks used for 
these analyses were ~-cristobalite (101), proto- 
enstatite (220), (310), (102), 3)-Y25i207 (121), (111), 
(210) and fl-Si3N 4 (200), (101), (210). 

3 Results 

The means of three sets of oxidation/re-oxidation 
data are presented as plots of Am/A and of (Am/A) 2 as 
functions of time in Figs 1 and 2. Oxidation shows 
clear parabolic behaviour, whereas the re-oxidation 
does not. Over the time period studied the re- 
oxidation was slower than that of the initial 
oxidation, but slightly faster than that which would 
have given a continuation of the first parabola. The 
form of the (Am/A)2-time relationship suggests that 
prolonged re-oxidation might eventually lead to re- 
establishment of the first stage oxidation parabola. 

XRD surface analyses carried out under standar- 
dised conditions showed the presence of ~- 
cristobalite, proto-enstatite and V-yttrium disilicate. 
The underlying fl-silicon nitride was the only other 
crystalline phase detected and its XRD peaks 
became progressively weaker with increasing time of 
oxidation. Calibration curves I° were used to obtain 
a measure of the amount of each crystalline phase 
present in the oxide film. This amount is expressed in 
terms of a quantity Qi, the product of the corrected 
and summed XRD peak heights (~Ii) for that phase 
(i) and a conversion factor (f/) relating summed peak 
height to (molar) proportion of the phase present in 
a mixture of the three. Oxide film compositions 
during oxidation and re-oxidation as a function of 
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Data from Fig. 1 plotted in parabolic form. 

time at 1350°C are shown in Fig. 3. The curves drawn 
for the oxidation period are the best-fit parabolas for 
the data up to 60 ks. 

During oxidation the formation of all three 
phases in the film closely follows parabolic kinetics 
(consistent with the mass gains obtained) although 
the formation of cristobalite shows a more marked 
decrease after ,-, 60 ks. 

At the end of the first oxidation period proto- 
enstatite is the major component of the oxide film, 
with much smaller amounts of ~-cristobalite at the 
nitride-silicate interface and of 7-yttrium disilicate 
near the silicate-air interface. 1° 

During re-oxidation the rates of formation of the 
two crystalline silicates do not fit parabolic kinetics, 
although the rate of formation of cristobalite is still 
closely parabolic, but slightly faster than the 
oxidation stage rate. This effect is shown clearly in 
the ratio of (Qsilicate/Qcristobalite), which in the first 
oxidation period is much larger than that of the 
initial stage of re-oxidation (Fig. 4). The horizontal 
line drawn is the best fit through the first three 
points, in recognition of the departure (Fig. 3) of the 
cristobalite curve from parabolic form after ,-~ 60 ks, 
and which would have the effect of increasing the 
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Fig. 3. Oxide film composition (Q~) as a function of oxidation 
and re-oxidation time. 
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silicate/cristobalite ratio for enstatite and yttrium 
disilicate. The steady and marked shift in the ratio 
with increasing time of re-oxidation suggests that a 
ratio corresponding to that of the first oxidation 
period might eventually be re-established. 

4 D i s c u s s i o n  

The earlier detailed study x° showed that in this 
system at temperatures below the oxide product 
eutectic temperature of 1385°C a thin layer of 
cristobalite is developed at the nitride-silicate 
interface. Oxygen diffusion in cristobalite (the fl-phase 
at high temperature) is very slow compared with 
that in silicate glasses. 21 Inward diffusion of oxygen 
through the cristobalite layer will therefore be an 
important factor controlling the oxidation rate, 
and any process influencing the thickness of the 
crystobalite layer must also control the oxidation 
rate. A major component of the oxidation process, 
shown clearly by Fig. 3, is the extensive reaction 
between cristobalite and metallic (and oxide) ions 
diffusing from the intergranular phase to form 
magnesium and yttrium silicates. The protective 
layer of cristobalite cannot therefore develop as 

Oxygen 
diffusion Air 

lI ~ ~  fasf 

w Silicon dioxide stow 

Fig. 5. Schematic representation of  the silicon nitride oxid- 
ation process, with simultaneous formation of  silicon dioxide at 

interface I and its reaction to form silicate at interface II. 

effectively as would be the case in the absence of the 
intergranular-phase material. 

The model for the overall oxidation process, in 
which cristobalite is simultaneously formed by 
oxidation of silicon nitride, and consumed by 
reaction with (effectively) metal oxide to form a 
silicate is shown schematically in Fig. 5. Oxidation is 
postulated to be controlled by the rate of permeation 
of oxygen through a thin cristobalite film, the 
thickness (w) of which is determined by the two 
factors: 

(1) The rate of formation by oxidation of the 
silicon nitride: 

d w  

dt w 
(3) 

(2) 
where e is an experimental rate constant; 
the reaction with metal oxide to form a 
silicate: 

dw 
d t -  fl" t-  1/2 (4) 

The silicate-forming reaction, summarised in eqn 
(4), is assumed also to follow parabolic kinetics, on 
the basis that its rate is determined by the rate of 
diffusion of metal oxide (or the ionic equivalents) 
from the silicon nitride intergranular region, with an 
experimental rate constant ft. The overall rate of 
increase of thickness of the cristobalite layer (dw/dt) 
is therefore: 

d w  
- ft. t -  1/2 (5) 

dt w 

and 

w = [(flz + 2ct)l/z _ fl]. tl/2 (6) 

The observed oxidation rate is: 

dP ~t t -  1/2 (7) 
dt [(f12 + 2e)x/2 _/33 • 

and i f P = 0 a t  t = 0 ,  then 

2e 
P = [(f12 + 2~)1/2 _ fl]- tl/2 (8) 

where P is proportional to the distance moved by the 
nitride-oxide interface into the silicon nitride, and 
thus to the recorded oxidation mass gain. 

The value of fl is related to the outward diffusion 
of cations from the intergranular phase, and can 
readily be determined from the observed rates of 
formation of silicate, in this case crystalline enstatite 
and yttrium disilicate. The value for ~ is obtained 
from the measured oxidation mass gain, and the 



130 P. Andrews, F. L. Riley 

calculated value of fl, using eqn (8). Mean values of ct 
and flare4.7 x 10-16m2 s -1 and 2.8 x 10-8ms  -1/2 
respectively for oxidation at 1350°C, on the basis of 
mass gain and XRD analysis datum points for the 
first oxidation stage. These are close to the values 
of 2.9 x 10-16m2s -1 and 2-5 × 10-Sms -1/2 pre- 
viously reported. 1° 

It must be noted that because this method for 
determining fl, and thus a, rests on XRD data, any 
silica or silicate glass will be ignored and a possible 
source of error exists. SEMs of oxide films (including 
dot-mapping) show, however, that the bulk of the 
surface film is crystalline, and visually accounted for 
by the presence of the three crystalline phases 
indicated by the XRD patterns. While there is no 
obvious glass phase, the presence of small amounts 
certainly cannot be ruled out; it is not considered 
likely, however, that the values of a and fl will be 
seriously in error. 

Use of the detailed XRD data for the product 
oxides permits calculation of the amounts of each of 
the three phases in the oxide film. This is readily 
carried out on the basis of the total amount of silicon 
dioxide generated, which is obtained immediately 
from the mass gain data, since: 

SiaN 4 + 302 = 3SiO 2 + 2N 2 (9) 

and a mass gain of l g  m - 2  corresponds to the 
formation of 4.51 g m - 2  of silicon dioxide, and the 
proportions (Q,) in molar terms of cristobalite, 
enstatite and yttrium disilicate obtained from the 
XRD data. The amount of each phase present is for 
convenience converted also into film thickness of the 
phase, using standard density values, and assuming 
that each phase is present as a uniform thin film 
(which in fact is not far from the actual case). 

The values of ~ and fl derived from the oxidation 
mass gain and XRD peak height data have been used 
to generate theoretical mass gain and product film 
thickness curves for the oxidation and re-oxidation 
processes. For the re-oxidation stage it is assumed 
that all the cristobalite has been removed from the 
silicon nitride surface, thus resetting w to zero. The 
time axis is continuous, since this represents the 
uninterrupted flow of metal oxide from the inter- 
granular phase, and thus the smooth continuation of 
process (4). 

Oxidation and re-oxidation data are shown in 
standard parabolic form in Fig. 6, in which the 
points correspond to the derived total thickness of 
the oxide film as a function of time, and the curves 
drawn are those calculated using the a and fl values. 
The computed line for the oxidation stage fits well all 
the experimental points, indicating that there is no 
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significant drift in the rate constants with oxidation 
time (and build-up of product film thickness). The re- 
oxidation curve has the same overall form as the 
experimental curve, with initial values of oxidation 
rate being slightly lower than those predicted on the 
basis of the first-stage oxidation behaviour. The 
overall good agreement, however, confirms the 
applicability of the model. 

Computed data for the silicate film thickness as a 
function of time are shown in Figs 7 and 8. Because 
the silicates are the major products these curves also 
have the same overall form as that of the corre- 
sponding mass gain curve (Figs 1 and 2). An 
important difference, however, is that the curve 
describing the silicate film thickness gives a 
continuation of the original parabola, whereas 
the mass gain curve does not. Figure 9 shows 
the computed curves for the cristobalite film 
thickness during oxidation and re-oxidation, and the 
experimental datum points. Although the curves 
have the same form, the experimental cristobalite 
film thicknesses are uniformly a factor of 1.8 larger 
than those predicted. This is possibly the result of 
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Fig. 8. Computed total oxide film thickness (squared) as a 
function of time during oxidation and re-oxidation. 

systematic errors in calculating the proportion of 
cristobalite present in the oxide film. The cristobalite 
always lies at the nitride-silicate interface, magnify- 
ing the effects of small errors in the peak-height 
correction factor. It is likely that slight systematic 
errors will also be attached to calculation of the 
proportions of enstatite and yttrium disilicate 
present in the film, because of the influence of crystal 
preferred orientation on peak intensity. The use of 
summed intensities from these peaks in each case 
would, however, be expected to alleviate this 
problem to some extent. This also means that the 
calculated values of ~ and fl have a similarly based 
error attached to them, but the broad qualitative 
picture is not changed. The rapid increase in 
cristobalite yield at commencement of re-oxidation, 
by comparison with that of the uninterrupted 
oxidation, is explained by the loss of protection to 
the silicon nitride, and the now reduced flux of metal 
oxide as a result of the depletion of the intergranular 
phase material, and hence decreased chemical 
potential gradient. 

It is instructive to examine the consequences of 
accidentally, and probably unavoidably, removing 
some unoxidised silicon nitride during removal of 
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Fig. 10. Schematic representation of the changing chemical 
potential gradient of Mg 2 ÷ and y3  + (vertical axis) with distance 
from the silicon nitride surface, before (i) and after (ii) removal of 
a thin silicon nitride film. The concentration gradient is most 

disturbed in the y3+ case. 

the surface oxide film prior to re-oxidation. This is 
shown schematically in Fig. 10. Because Mg 2+ is 
,,~ 2-5 times more mobile in the intergranular phase 
than y3÷ (seen clearly in the preponderance of 
enstatite in the product film), ~° the Mg 2÷ chemical 
potential gradient will be shallower that that ofY 3 ÷ 
The removal of an outer layer of silicon nitride will 
have a less marked effect on the Mg 2* chemical 
potential gradient existing at the commencement of 
re-oxidation by comparison with that of y3+.  In 
these experiments the proportion of yttrium disili- 
cate formed on re-oxidation was greater than that 
for oxidation, consistent with some loss of silicon 
nitride together with sub-surface intergranular 
metal oxide, and giving a consequently increased 
relative flux of y3+. 

Examination of the earlier data for oxidation/re- 
oxidation experiments shows a similar pattern, and 
the probable effect of the accidental removal of some 
unoxidised silicon nitride (and thus some inter- 
granular metal oxide) during preparation for the re- 
oxidation stage. There is a clear tendency for the re- 
oxidation stage to be slightly faster than the 
projected continuation of the oxidation curve, which 
is now explained by the loss of protective cristobalite. 
This tendency is, however, most marked in the case 
of materials densified with the less mobile y3 ÷ (and 
possibly the also highly charged Ce a +) ions. This is 
as would be expected, because the underlying metal 
oxide chemical potential gradient is most disturbed 
by the loss of a thin layer of silicon nitride in these 
cases. With the slower moving ions, loss of surface 
silicon nitride is equivalent, in the limit, to restarting 
the oxidation process from t--0. 

5 C o n c l u s i o n s  

The application to the silicon nitride re-oxidation 
experiment of a model which assumes that oxidation 
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is controlled by the diffusion of oxygen through a 
developing surface film of cristobalite which is 
simultaneously reacting with metal oxide to form 
silicates, gives mass gain and product composition 
data which are in good agreement with experi- 
mentally determined values. It appears that the 
oxidation rate of this multiphase silicon nitride 
material is controlled by a thin surface film of 
cristobalite. The stability of this film is controlled by 
the type and availability of silicon nitride inter- 
granular phase cations. Intergranular phase Mg 2 + is 
more mobile than y3 ÷, and with the mixed additive 
system of this material, the oxidation product is 
predominantly enstatite. Metal ion chemical potent- 
ial gradients between the silicon nitride inter- 
granular phase and the silicon dioxide surface film 
tend to be shallower for Mg 2 ÷ than for y-3 +, and the 
effects of the removal of a layer of silicon nitride with 
surface oxide in preparing for re-oxidation are 
therefore less marked. An interpretation of the 
results of previous oxidation/re-oxidation experi- 
ments is obtained in these terms. 
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