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Abstract 

The oxidation behaviour of yttria denscjied p-sialon 
materials (Si~6_Z~AIZ0,N~s_,~) with z-values of 0.2, 
0.5, 1.0, 1.5, 2.0 and 3.0 at 1350°C is reported for 
times up to 256 h. The sialons can be grouped into 
two categories with respect to oxidation kinetics and 
predominant crystalline phases formed in the surface 
layers. For the z= O-2 to I.0 materials, changes in 
oxidation parabolic rate constant occur after 128 h 
and yttrium disilicate or cristobalite are the major 
crystalline oxidation products within the surface 
layers. For the higher z-value materials, no changes 
in parabolic oxidation rate are observed and mullite 
is the predominant phase formed. Examination of 
cross-sectioned specimens of the z =0.2 and 3.0 
materials indicates changes in morphology consistent 
with those reported for the surface layers. The 
kinetics and mechanism of oxidation and morpholo- 
gical development of the oxide scale are discussed in 
terms of additive d$iision efects. 0 1997 Elsevier 
Science Limited. 

Resume’ 

Le comportement a l’oxydation de materiaux p- 
SiAlON (Si(6_Zl Al, 0, NC,_,,), denstjies par ajout 
dbxyde d’yttrium et ayant des valeurs de z de 0.2 
,0..5, l-0, 1.5, 2.0 et 3.0, a dte’ suivi a 1350°C pour 
des temps aliant jusqu ‘a 256 h. Ces materiaux peuvent 
etre group& en deux categories suivant les cinetiques 
dbxydation et la nature des phases cristallines for- 
mees en surface. Pour des valeurs de z comprises 
entre 0.2 et 1.0, des evolutions de la constante para- 
bolique de la vitesse d’oxydation apparaissent apres 
128 h de traitement. Les principaux produits dbxy- 
dation a l’interieur de la couche formee sont le sili- 
cate djrttrium ou la cristobalite. Pour les materiaux 
ayan t des valeurs de z > 1, aucun changement de la 
constante parabolique d’oxydation n’est observe, et 
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Morphological 
of Pressureless 

la mullite est la phase pre’dominante. L‘observation 
en coupe de SiAlON de z=O.2 et 3.0 indique des 
evolutions de morphologie compatibles avec celles 
observees en surface. Les mtcanismes dbxydation et 
le developpement microstructural de la couche 
dbxydes sont trait& en terme d’eflets de d@sion. 

1 Introduction 

Silicon nitride-based ceramics are candidate mate- 
rials for high temperature structural applications 
because of their excellent high temperature 
strength. However, for long-term operation their 
oxidation behaviour is of major importance. It is 
well known that the oxidation resistance for nitro- 
gen ceramics densified with the aid of sintering 
additives depends on the residual secondary phases 
formed at the grain boundaries.1,2 These intergra- 
nular phases give rise to a polyphase scale during 
oxidation, which in general is not passive and det- 
rimental to oxidation resistance. In the case of /?- 
sialons, the z-value defining the fi-sialon phase 
(Si~6_,~Al,0,N,s_,~) has a significant effect on the 
amount and the viscosity of the intergranular 
phase formed and thereby on the nature of crys- 
talline phases formed in oxide scales during oxida- 
tion.3-6 For example, Schlichting,5 and Persson 
and Nygen6 have observed that materials with z- 
values between 1.0 and 2.0 oxidise more rapidly 
than materials with higher Al-substitution levels. 
Intervals between the z-values employed in these 
studies were, however, large and thus no definite 
effect of z-value can be assessed. Discontinuities in 
weight gain-time relationships have been observed7 
and these have been related to changes in oxide 
scale morphology. Clearly, therefore, it is impor- 
tant to follow the chronological development of 
oxide scale morphology as well as increases in 
weight gain. Furthermore, most of the studies 
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Code 

0.2M 
0.5M 
1 .OM 
1.5M 
2.OM 
3.0M 

y203 

7.00 
7.03 
7.08 
7.13 
7.18 
7.28 

R. Ramesh et al. 

Table 1. Compositions, densities and phase assemblage for materials 

SisN, AIN Al2O3 % theoretical density % 0 sialon z-value 

87.98 0.65 4.31 96 100 0.22 
83.33 1.73 I.9 98 100 0.54 
75.59 3.53 13.80 98 100 0.85 
68.18 5.33 19.66 98 100 1.51 
60.17 7.13 25.52 98 100 2.05 
44.82 10.70 37.20 100 100 2.70 

All compositions are based on 88.9 v/o of relevent sialon - 11.1 v/o Y-sialon glass of composition (in equivalent %) 28 Y,56 Si;16 
Al; 80 6;20 N. 

conducted to understand the influence of z values 
on oxidation emphasize the role of transport phe- 
nomena in the bulk of the materia1.3>4,8 In addition, 
the references cited have reported the formation of 
liquid phases during oxidation. However, whether 
the formation of such liquids is an effect of the 
oxidation process or its cause has not been ratio- 
nalised. Recently, Pomeroy and Ramesh9 have 
proposed that a solution-precipitation process- 
is responsible for the development of oxide scales 
and that the formation of a liquid phase is an 
integral part of the oxidation process. Transmis- 
sion Electron Microscopy (TEM) studies of oxide 
scales formed on silicon nitride ceramics have now 
provided evidence for this process.1° The work 
reported here attempts to more closely define the 
effect of z-value, additive diffusion effects, liquid 
formation and surface morphology on oxidation 
kinetics and mechanism. 

2 Experimental Procedure 

B-sialons corresponding to nominal z-values of 0.2, 
O-5, 1.0, 1.5, 2.0 and 3-O containing, theoretically, 
11 v/o Y-Si-Al-O-N glass (Table 1) were prepared 
by ball milling Si3N4, Y203, A1203 and AlN pow- 
ders for 24 h in isopropanol using sialon milling 
media. The mixtures were then homogenised for 
30 min, dried and sieved to < 212 pm. They were 
then cold isostatically pressed into 40 x 15 x 15 mm 
bars and pressureless- sintered in a powder bed (50 
w/o boron nitride + 50 w/o silicon nitride) at 
1700°C for 2 h in flowing nitrogen. The fired den- 
sities were measured by the Archimedes principle 
and were compared with theoretical densities 
derived from the mass fractions and densities of the 
relevant sialon and Y-Si-Al-O-N glass phases pre- 
sent in the ceramic. The phase assemblages of the 
fired materials were determined using X-ray dif- 
fraction (XRD) and the z-value of the sialon cera- 
mics was estimated using correlations and data 
published by Ekstrom et al.” The relevant com- 
positions of the materials employed in this work 
are given in Table 1 together with theoretical den- 

sities achieved, the z-value determined and phase 
assemblages observed after firing. 

The oxidation experiments were carried out in a 
tube furnace at a temperature of 1350°C for 1, 16, 
32, 64, 128 and 256 h in static air using specimens 
(lOxlOx2mm) of each of the compositions, 
polished to a 1 pm finish. After oxidation, the 
specimens were weighed and the specific weight 
change evaluated. The phase assemblages of the 
surface products were determined using XRD 
while the morphology of the surfaces was exam- 
ined using Back Scattered Electron Image (BEI) 
techniques. Energy-dispersive analyses (EDA) for 
Si, Y and Al were also conducted over large areas 
(2.3 x 1.6 mm) of the surface layers in order to 
establish cation contents in equivalent percentages. 
The values quoted are the mean of three analyses 
and the range observed was typically 5% of the 
mean value. Some selected specimens pertaining to 
0.2 and 3.0 materials were also sectioned, polished 
and examined using scanning electron microscopy. 

3 Results 

3.1 Kinetics of oxidation 
For each of the materials tested, straight-line rela- 
tionships were observed between the square of 
specific weight gain and time. In the case of the 
z=O.2, 0.5 and 1-O materials, two straight-line 
relationships were observed. Thus, after time peri- 
ods of 128 h, there was a distinct decrease in the 
slope of the curve indicating a marked decrease in 
oxidation rate. Due to the fact that a 512 and 
1024 h oxidation experiment for the 0.2 material 
showed the continuation of the line between 128 
and 256 h data points12 it is safe to assume that the 
change in slope observed is a real effect. No such 
change in slope was observed for the z = 1.5, 2.0 
and 3.0 materials. The parabolic rate constants 
determined on the basis of the measured weight 
gains are given in Fig. 1 as a function of z-value. It 
may be observed from this figure that the rate 
constants for times in excess of 128 h for the 
z = 0.2, 0.5 and 1.0 materials are typically an order 
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Fig. 1. Parabolic rate constants determined as a function of 
z-value after oxidation at 1350°C. 

of magnitude lower than those observed for times 
less than 128 h. 

In comparing the relative oxidation resistance of 
/I-sialon materials, it is necessary to take into 
account the fact that as z-values increase the oxy- 
gen content of the sialon increases and accordingly 
the amount of oxygen required for the same extent 
of oxidation decreases. Because of this, the com- 
plete oxidation of one mole of a z=O.2 sialon 
requires an oxygen uptake of 78 g, whilst for a 
z = 3-O sialon only 50 g of oxygen are required. On 
this basis, the amount of sialon consumed by oxi- 
dation was determined and the corresponding oxi- 
dation rate constants were rationalised in terms of 
z-value. Figure 1 also shows the variation of these 
rationalised rate constants with z-value. Because of 
the changes in rate constant for z = 0.2, 0.5 and 1.0 
materials, it is difficult to fully compare the oxida- 
tion rates with z-value. Accordingly, the total 
weight gain recorded after 256 h was employed as 
the most effective method for comparison. Figure 2 
shows the variation of extent of weight gain as 
measured after 256 h and the values of weight gain 
rationalised with respect to z-value. It is clear from 
Fig. 2 that the z = 1.0 and 1.5 materials are the least 
oxidation resistant at a temperature of 1350°C. 

I 

1.0 1.5 2.0 3.0 

Nomlnal z-value 

Fig. 2. Variation of weight gain as a function of z-value after 
256 h oxidation at 1350°C. 

3.2 Phase assemblage of surface products 
The phase assemblages observed in the external 
layers of the oxide scales formed after different 
time periods are shown in Table 2. From this Table 
it can be seen that, in general, after 64 h oxidation 
the phase assemblage becomes effectively constant. 
The materials may be classified in terms of the 
predominant phase formed, thus the z=O.2 mate- 
rial is a silicate former, the z = 0.5 and 1.0 materials 
are silica formers and the z = 1.0, 2-O and 3.0 
materials are mullite formers. Furthermore, the 
occurrence of silicon oxynitride in the external 
layers of the z = 0.2, 0.5, 1.0 and 1.5 materials can 
be seen after various times of oxidation. The only 
other nitrogen-containing phases observed were for 
the z = 3-O material after 1 h when trace amounts of 
X-phase (nitrogen mullite) and Y2SiA10SN were 
detected. 

Two further results of note arising from Table 2 
relate to the type of yttrium disilicate formed in the 
surface layers of the z = 0.2, O-5 and 1.0 materials. 
It is seen that y-Y2Si207 only arises after 64 h oxi- 
dation. Furthermore, for the z = 0.2 and 1.0 mate- 
rials the predominant silicate formed is y-yttrium 
disilicate, whilst for the 0.5 material /?-yttrium dis- 
ilicate is the predominant form. 

3.3 Surface texture 
Typical surface morphologies observed for the 
z=O.2, 0.5, 1.0, 1.5, 2.0 and 3.0 materials after 
256 h oxidation are shown in Figs 3(a) to (f) respec- 
tively. The z = 0.2 material shows a marked level of 
crystallinity in terms of bright acicular yttrium 
disilicate crystals in a dark siliceous background. 
The z = 2-O and 3-O materials show similar textures 
but with needle-like mullite crystals embedded in a 
Y-Si-Al-containing amorphous phase. In the case 
of z = O-5 material yttrium disilicates are seen in the 
midst of a predominantly silica matrix. The 1.0 and 
1.5 materials are typified by the occurrence of nee- 
dle-like mullite crystals and a grey cristobalite 
phase located in an amorphous Y&-Al-containing 
phase. It is clear from Figs 3(c) and (d) that the 
cristobalite content for the z= 1.0 material is 
greater than that for the z = 1.5 material. This 
observation is consistent with the XRD data pre- 
sented in Table 2. The surface textures are reason- 
ably typical of those observed after various times, 
but most importantly they demonstrate the occur- 
rence of an amorphous Y-containing phase. 

3.4 Elemental analysis of surface layers 
Table 3 shows cation compositions in equivalent 
percent derived from the large-area analyses after 
the various oxidation times and includes the start- 
ing composition based on the weights of powders 
used to fabricate the materials. It may be seen that 
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Table 2. Phase assemblage observed on surface layers of /kialons after their oxidation at 1350°C for various durations 

Comp. 

0.2M 

Ih 

p&N4 
Silica 

#I-Y&07 
S12N2W 

16h 

Silica 
B-Y2Si207 

/I-S&N4 

Phase assemblage 

32h 64h 

Silica Silica 
&Y&O7 B-Y2Si207 
/J-S&N4 y-Y&Or 

128 h 

Silica 
y-Y&O+ 
B-Y2Si207 

256 h 

y-Y#i20rc 
Silica 

B-Y&O7 
Si2N20a 

0.5M Silica Silica 
B-sialon /I-sialon 

/l-Y&O7(1 B-Y&07 
Mullite” Mullite” 

Silica 
/?-Y&O7 

&sialon 
Mullite 

Y-Y2Si20ra 

Silica Silica 
/I-Y2Si207 /3-Y&0,b 
y-Y&O7 Mullite 

Mullite Y-Y$Si207a 

&Y&Orb 
Mullite 
SizNzO 

Silica 
Mullite 
B-sialon 
S&N20 

/3-Y&07a 

Silica Silica Silica 
Mullite Mullite Mullite 

y-Y$$07” y-Y&07c Si2N200 

Mullite Mullite 
Silica Silica 

j?-sialon Si2N20a 

Mullite 
Silica 

SizNzO” 

Mullite 
Silica 

Silica Mullite Mullite Mullite 
Mullite Silica Silica Silica 

l*OM Silica Silica 
/I-sialon Mullite 
Mullite j!?-sialon 

1.5M /I-sialon 
Silica 

Mullite 

2.OM Silica 
Mullite 
/I-sialon 

3.OM /I-sialon 
silica 

Mullite 
YzSiA105Nu 

X-phase0 

Mullite 
Silica 

/I-Sialon 

Silica 
Mullite 
#I-sialon 

Mullite Mullite Mullite Mullite 
Silica Silica Silica Silica 

fi-sialon /I-siaon /?-Y2Si207 /l-Y&07 

Mullite 
Silica 

O+ trace quantity: b+ preferred orientation < 110 > : c+ preferred orientation < 010 > . 

Table 3. Cation compositions of base materials and surface layers (equivalent %) 

Base 
material 

Ih 32h 64h 128h 256 h 

z=o*2 
Y 
Si 
Al 
z=o*s 
Y 
Si 
Al 
z=l*O 
Y 
Si 
Al 
z=l-5 
Y 
Si 
Al 
z=2.0 
Y 
Si 
Al 
z=3.0 
Y 
Si 
Al 

2.3 24 20 30 35 30 
93.8 70 75 67 61 57 

3.9 6 6 3 4 13 

24 9 4 18 19 15 
90 86 92 77 76 82 

7.6 5 4 5 6 3 

2,4 6 9 10 6 6 
83.6 79 65 52 75 73 
14 15 26 38 19 22 

2.5 5 11 8 9 8 
76.9 69 47 45 50 46 
20.6 26 42 46 41 47 

2.5 8 6 6 10 7 
70.1 59 53 52 50 47 
27.4 33 41 42 40 46 

2.6 11 7 7 8 7 
55.7 59 46 53 47 45 
41.4 30 47 40 45 48 

for each of the materials there is a significant 
enrichment of yttrium in the surface layers after 
1 h. The extent of this enrichment varies with z- 
value and the enrichment effect is more pro- 

nounced for the z = 0.2 material. After a period of 
64 h, yttrium levels become relatively constant and 
the yttrium levels observed for the z=O-2 and 0.5 
materials are significantly greater than those 
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(a> (b) 

Cd) 

(e) 

Fig. 3. Surface textures of surface products formed on fi-sialon materials after 256 h oxidation at 1350°C (a) z = 0.2 sialon (b) z = 0.5 
sialon (c) z= 1.0 sialon (d) 1.5 sialon (e) 2.0 sialon and (f) 3.0 sialon. 

observed for the z = 1-O to 3.0 materials. In terms 
of aluminium content, with the exception of z = 0.5 
and 3.0 materials, there is an initial enrichment in 
the surface layers after 1 h. In the case of the mul- 
lite forming z = 1.5, 2.0 and 3-O materials, alumi- 
nium contents become constant after 32 h 
oxidation. For the z = 1.0 material there is a gra- 
dual enrichment in aluminium up to 64 h, followed 
by a significant decrease after 128 h after which the 
aluminium level is constant. 

The overall surface compositions obtained after 
different time periods have been plotted on the 

oxide face of the Y-S-Al-O-N phase diagram in 
Fig. 4 and the following effects are indicated: 

(1) After 1 h, with the exception of the z = 0.2 and 
1.5 materials, the compositions lie close to a 
line joining the oxide eutectic (melting point 
1340°C) and silica (0.5 and 1.0 materials) or 
the oxide eutectic and the starting composi- 
tions (2.0 and 3.0 materials). 

(2) For times of 32 h and greater the overall sur- 
face compositions for the z = 1.5, 2.0 and 3.0 
become relatively constant and lie on a line 



1906 R. Rained2 et al. 
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Fig. 4. Large scale surface compositions observed on surfaces of sialon materials after various time periods (a = Oh, b = 1 h, c = 32h, 
d = 64h, e = 128h and f= 256h) S = silica, M = mullite, YS2 = yttrium disilicate (compositions are based on cation (Y, Si and Al) 
compositions and are expressed in equivalent percentages: the starting compositions are rich in nitrogen and surfaces are also likely 

to contain nitrogen). 

joining mullite and the oxide eutectic, thus 
confirming the XRD results obtained. 

(3) After 32 h the oxide formed on the z= O-5 
material again has a composition close to the 
line joining the oxide eutectic and silica. For 
times in excess of 32 h the overall surface 
composition shifts to a position close to the 
yttrium disilicate-silica join. 

(4) For the z = 0.2 material, the composition gra- 
dually shifts toward that of yttrium disilicate 
and then after 256 h lies close to a line joining 
yttrium disilicate and the oxide eutectic. 

(5) After 1 h oxidation the overall surface compo- 
sition for the z = 1 0 material lies close to a 
line joining silica and the oxide eutectic. The 

composition then shifts to a point close to the 
mullite-oxide eutectic line after 32 and 64 h. 
After 128 and 256h, the composition returns 
to a position close to the line joining silica and 
the oxide eutectic. 

The above information demonstrates that for all 
materials, overall surface compositions lie close to 
a line joining a crystalline phase and the oxide 
eutectic at some point during the development of 
the scale, and that after 128 and 256 h all materials 
develop surface layers in the scale with composi- 
tions which lie close to a line joining yttrium disili- 
cate and the oxide eutectic (z = O-2), a line joining 
silica and the oxide eutectic (z = 0.5 and l-0) or a 



Kinetics of weight changes and morphological developments during oxidation ofpressureless sintered p-sialons 1907 

Fig. 5. Cross-sectional back-scattered electron image for 
z = 0.2 sialon oxidised at 1350°C for 128 h. 

line joining mullite and the oxide liquid (z = 1.5, 2.0 
and 3.0). 

3.5 Cross-sectional analysis 
Figures 5 and 6 show typical cross-sectional back 
scattered electron images obtained after 128 h oxi- 
dation for z = 0.2 and 3.0 materials respectively. It 
can be seen from Fig. 5 that for z = O-2 material the 
morphology comprises an external layer of yttrium 
disilicate crystals and an yttrium-rich layer adja- 
cent to the underlying bulk ceramic. Examination 
of the intermediate layer revealed rich levels of 
silicon and low levels of aluminium and yttrium. 
The cation compositions obtained from a few 
energy-dispersive analyses conducted across the 
oxide layers on the z= 0.2 material are superim- 
posed on part of the oxide face of the Y-S-Al-O-N 
Janecke prism in Fig. 7. It is seen from the figure 
that the compositions of the oxide layers are loca- 
ted close to a line joining silica and the liquid 

Fig. 6. Cross-sectional back-scattered electron image for 
z = 3.0 sialon oxidised at 1350°C for 128 h. 

e Intermediate scale 64&120h 
q imer layer - 64h 
0 -#I - - 128h 

liquid 

liquid 

3. sio2 6/13&&013 

Fig. 7. Cation compositions obtained across oxide layers of 
z=O.2 sialon formed after 64 and 128 h oxidation at 1350°C 

superimposed on part of oxide face of Y-S-AI-O-N system. 

composition. In the case of the specimens oxidised 
for 64 h the composition of the yttrium-rich layer 
adjacent to the underlying ceramic lies on the silca- 
liquid join but closer to the liquid composition. In 
contrast, for specimens oxidised for 128 h (and also 
for 256 h) the composition of the yttrium-rich layer 
adjacent to the ceramic was located close to the 
yttrium disilicate-silica join (see Fig. 7). 

The z = 3-O material shows the presence of nee- 
dle-like mullite crystals in the external layers of the 
oxide scale (Fig. 6). A high level of porosity can 
also be seen in the region of the oxide-sialon inter- 
face resulting from the evolution of nitrogen during 
oxidation. Energy-dispersive analysis conducted 
across the oxide layer indicates an enrichment of 
yttrium and aluminium in the exterior scale regions 
while in the region close to the oxide-sialon inter- 
face there appears to be an enrichment in alumi- 
nium coupled with a depletion in silicon (Fig. 8). 
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Fig. 8. Concentration profiles for silicon, aluminium and 
vttrium across sialon scale interface (128 h oxidised z= 3.0 
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4 Discussion of Results 

From the data presented in Fig. 1 it is clear that 
comparison of the oxidation resistance of sialons in 
terms of parabolic rate constants is not possible 
because of the fact that changes in these constants 
occur with time. This underlines the necessity for 
testing sialon materials for long ( > 128 h) time 
periods in order to accurately assess oxidation 
behaviour. The most valuable information 
obtained from the evaluation of rate constants was 
the fact that for the /?-sialons with z = 0.2, 0.5 and 
I.0 changes in rate constant occurred, whilst for 
the z = 1.5,2.0 and 3.0 materials, no changes in rate 
constant were observed. The most accurate way of 
comparing the oxidation resistance of the sialons 
tested is clear from the information given in Fig. 2. 
The ranking order of the materials, however, dif- 
fers depending on whether ‘as-measured’ or ‘ratio- 
nalised’ data are employed in the comparison. 
Thus, for ‘as-measured’ data, the ranking order in 
terms of decreasing oxidation resistance is 3.0 > 
2.0 > 0.2 > 0.5 > 1.0 > 1.5 whilst the order when 
‘rationalised’ data are employed is O-2 > 3-O > 0.5 
> 2.0 > 1.0 > 1.5. This clearly shows that the 
rationalisation of weight gain data in the manner 
described above is of major importance. From the 
results obtained in this work it can be concluded 
that the most oxidation-resistant materials are the 
end members of the series (z = O-2 and 3.0). There is 
no doubt that the materials with the poorest oxi- 
dation resistance are the /?-sialons with z = 1.0 and 
1.5. 

The above information relating to the long-term 
oxidation of p-sialons with z = 0.2, 0.5 and 1.0 
shows that there is an order of magnitude decrease 
in oxidation rate after 128 h exposure. Further- 
more, it is seen that the overall composition of the 
yttrium-enriched layers present at the ceramic- 
oxide interface lies closer to a liquid composition at 
1350°C after 64 h oxidation than after 128 h oxi- 
dation (Fig. 4). These two observations can be 
rationalised if the rate of oxidation depends on the 
volume of the liquid formed at the sialon-oxide 
interface, since after 128 h the lower volume of 
liquid gives rise to significantly lower rates of solu- 
tion of the sialon grains. If this mechanism of oxi- 
dation is accepted, then the rates of oxidation 
should be dependent on the volume and viscosity 
of liquid formed during oxidation. Greater liquid 
volumes will result in greater extents of silicon 
nitride/sialon solution and lower viscosities will 
enable the dissolution products to be transported 
away from the liquid-nitride interface more 
rapidly. 

With respect to the predominant phase formed in 
the exterior surface layers it is seen that there is a 

critical z-value which must be exceeded before 
mullite formation occurs. This value is between 1.0 
and 1.5. For lower z-values the predominant phase 
formed is either silica or yttrium disilicate depend- 
ing on the level of yttrium-enrichment in the exter- 
nal layers (see Table 3). Close examination of 
Table 3 shows that the surface layers of the 0.2 and 
1.0 materials are richer in aluminium than those of 
the 0.5 material and this may explain the predomi- 
nance of the /J-ytttrium disilicate for the z= 0.5 
material and the preferred stability of the y-yttrium 
disilicate for the z = O-2 and 1.0 materials. 

The occurrence of nitrogen-containing phases 
within the exterior layers of the materials (Table 2 
eg. Si2N20 and YZSiAIOSN) confirms that the 
scales formed during oxidation contain small levels 
of nitrogen. Furthermore the Y2SiA10SN phase 
only arises on devitrification of Y-Si-Al-O-N glas- 
ses at temperatures less than 1 150”C.13 Such a 
reaction is likely to occur via a solution precipita- 
tion reaction which would enable a preferred 
growth mechanism to operate. These observations, 
in conjunction with the surface textures observed 
and overall surface compositions of the oxidised 
materials strongly indicate the presence of an oxy- 
nitride liquid phase at the surface during oxidation. 
The lowest-melting oxynitride liquid in this system 
has been reported as 1330”C14 which is close to 
that of the lowest oxide eutectic temperature 
(1340°C) and thus liquid phase formation could 
most certainly occur at the temperature employed 
in this work. 

Whilst the results reported here and those repor- 
ted elsewhere in the literature3,4,8 indicate that the 
diffusion of additive cations (Y and Al in the pre- 
sent case) is the rate-controlling step during oxida- 
tion at temperatures of the order of 1350°C the 
exact reason for this is not fully appreciated. 
However, the above observations enable a fuller 
understanding if it is argued that the diffusion of 
additive and cation impurities into the surface scale 
results in a scale composition which is liquid at the 
oxidation temperature. Further diffusion of cations 
results in increases in liquid content and lowering 
of the viscosity of the liquid formed. If liquid phase 
formation is the effect of additive cation diffusion 
then the oxidation mechanism must be enabled by 
liquid phase formation, and since the sintering of 
these ceramics involves the solution of cr-silicon 
nitride followed by a precipitation of #l-silicon 
nitride or /%sialons, it seems plausible that oxida- 
tion can also be facilitated by a solution-precipita- 
tion mechanism. 

In order to elucidate this further, a cold isostati- 
tally pressed z = O-2 specimen was fired in a boron 
nitride/silicon nitride powder bed for 96 h in flow- 
ing nitrogen at 1350°C that is, at the temperature 
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used for the oxidation experiments. The resulting 
material had undergone significant densification as 
the initial green density of 62% of theoretical had 
increased to nearly 90% and there was significant 
reaction to form approximately 65% B-sialon. The 
results from this experiment clearly show that at a 
temperature of 1350°C silicon nitride can undergo 
a solution-precipitation reaction. Accordingly, it is 
reasonable to infer that the oxidation of the #I-sia- 
lon materials results from a solution of the /I-sialon 
grains into liquid regions of the oxide scale, fol- 
lowed by the decomposition of the nitrogen-satu- 
rated liquid to produce nitrogen bubbles and a 
residual oxide glass containing small levels of 
nitrogen, as indicated by the presence of nitrogen- 
containing phases in the surface layers of the oxi- 
dised ceramics. 

As stated earlier, Backhaus-Ricault and 
Gogotsi’O have recently provided direct TEM evi- 
dence of silicon nitride grain solution during the 
oxidation of a hot-pressed silicon nitride densified 
with yttria and alumina additives. In addition, 
Fordham et ~1.‘~ have provided graphic hot-stage 
micrographs of the surface of an oxidising silicon 
nitride material which clearly indicate rapid nitro- 
gen release through a violently agitated liquid oxi- 
dation product. Such rates of nitrogen release 
would not be expected to arise if the silicon nitride 
was first oxidised to silica via the reaction of silicon 
nitride with oxygen. These findings endorse the 
postulate that oxidation is facilitated by the solu- 
tion of sialon grains by aluminosilicate liquids. 

5 Conclusions 

(1) 

(2) 

(3) 

(4) 

The most oxidation resistant B-sialons at a 
temperature of 1350°C are the end members of 
the series with z=O.2 and 3-O and the least 
oxidation-resistant B-sialons are the z = 1.0 
and 1.5 materials. 
The morphological development of oxide 
scales can be understood in terms of differen- 
ces between various cation ratios present in the 
oxide scale layers and those required for liquid 
phase formation. 
Differences in oxidation rates are due to dif- 
ferences in oxidation scale liquid volumes and 
viscosities. 
The kinetics and mechanism of oxidation of 
silicon nitride ceramics involves the solution of 
silicon nitride/sialon grains by liquids formed 
due to cation diffusion effects. Rates and 
extents of liquid phase formation are depen- 
dent on the diffusion of additive cation from 
within the bulk ceramic to the oxide scale. 
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