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The fabrication of O'-sialon ceramics by 
pressureless sintering 

M. B. TR IGG* ,  K. H. J A C K  
The Wolfson Research Group for High-Strength Materials, 
The University of Newcastle upon Tyne, Newcastle upon Tyne NE1 7RU, UK 

Low-porosity ceramics with O'-sialon as the major crystalline phase have been successfully 
fabricated by pressureless sintering. Densification at 1400 to 1800°C is interpreted using 
Kingery's liquid-phase sintering model. Particle rearrangement accounts for a significant 
proportion of the overall densification and is closely related to the amount and viscosity of the 
liquid present. The oxidation resistance of fabricated samples is good but, at temperatures 
above 1300 ° C, decreases with increasing alumina content in the starting mix. Modulus of 
rupture values of about 420 MPa at room temperature are high enough to encourage further 
work. 

1. Introduction 
Although the nitrogen ceramics that have generated 
the most interest for engineering applications are sili- 
con nitride and the silicon nitride-based sialons, other 
potential candidates are silicon oxynitride [1] and its 
related O'-sialons. Early work at Newcastle [2] showed 
that the replacement 

Si 4+ N 3 - ~ -  A13+ O 2- (1) 

could occur in Si2N20 without change of structure 
although to a more limited extent than in f l -Si3N 4 . The 
most recent determination [3] of the extent of solid 
solubility of alumina in silicon oxynitride 

(2 - x ) S i 2 N 2 0  + xA1203  ~ 2S i2_xAlxOx+xN2 x 

silicon alumina O'-sialon 
oxynitride 

(2) 

shows that the limit at 1800°C is 10mol% A1203: 
90mo1% Si2N20; in the O' general formula of 
Equation 2, x > 0.2. 

The successful commercial development of/%sialons 
[4, 5] uses yttria as a densifying additive to provide 
sufficient Y - S i - A 1 - O - N  liquid at the processing 
temperature to allow pressureless sintering to theor- 
etical density. Cooling gives /T-sialon with a grain- 
boundary glass which, by post-preparative heat- 
treatment, can be reacted with the matrix to give a 
slightly changed/~' composition together with crystal- 
line yttrium-aluminium garnet. For example: 

/~'-SisA1ON 7 + Y - S i - A 1 - O - N  

sialon glass 

fl'-Sis.xAll_xO 1 xN7+x + Y3A15O12 (3) 

sialon "YAG" 

It was considered that similar methods might be used 
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to produce O'-sialons, particularly because it is gener- 
ally agreed (e.g. [6]) that the reaction 

Si3N4 + SiO2 --* 2Si2N20 (4) 

silicon silica silicon 
nitride oxynitride 

does not occur in the solid state but requires a tran- 
sient liquid, in which the reactants can dissolve and 
from which the product is precipitated. In a prelimin- 
ary report [7] we have shown that the reaction and 
densification of mixed powders of Si3N4, SiO2, A1203 
and Y203 produce O'-sialon ceramics with an inter- 
granular glass phase that can be devitrified by post- 
preparative heat-treatment. The present paper ampli- 
fies this earlier report and describes additional experi- 
mental work to confirm that O'-sialons show promise 
as engineering ceramics. 

Yttria was selected as a densifying additive for three 
reasons. Firstly because, with alumina, it provides a 
suitable high-temperature Y - S i - A I - O - N  liquid that 
is effective as a reaction medium for the formation of 
/?'-sialons and also for their densification by liquid- 
phase sintering. Secondly because compatibility 
relationships in the Y - S i - A I - O - N  system [8] show 
that yttrium disilicate, Y2Si207, can coexist with sili- 
con oxynitride and O'-sialon. Finally, multiphase 
ceramics based on silicon nitride with yttrium disili- 
cate as a grain-boundary phase are reported [9] to 
have excellent oxidation resistance. 

2. Experimental procedure 
The raw materials were: (i) silicon nitride (Grade 
LC10, H.C. Starck, West Germany) with major 
impurities 3wt % surface SiO2, 0.02wt % Fe203, 
0.05 wt % A1203, 0.07wt % CaO; (ii) crushed vitreous 
silica (Thermal Syndicate Ltd, England) of greater 
than 99.9% purity; (iii) alumina (Grade A16 Alcoa, 
America) 99.7% purity; and yttria (Rare Earth 
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Figure l The Si2N20-AI203-Y2Si207 plane in the Y Si A1-  
O - N  system. 

Products Ltd, England), 99.5% purity. Mixed pow- 
ders of Y203, SiO2, Si3N4 and A1203 were ball-milled 
using high-density alumina media in isopropyl alcohol 
for 25 h. The resulting slurries were then continuously 
stirred on a hotplate to avoid segregation during the 
evaporation of alcohol, the last traces of which were 
removed by vacuum drying at 115 ° C. Both the surface 
silica on the silicon nitride and the alumina pick-up 
from the milling were taken into account in calculat- 
ing compositions. All starting compositions are on the 
Si2N20-AlzO3-Y2Si207 sub-system plane of the 
Y - S i - A 1 - O - N  system (see Fig. 1) and are given in 
Table I. The batch identification letter and numeral 
(e.g. A10) show the extent of aluminium substitution 
in the O'-sialon and the weight ratio Y2Si207/O '- 
sialon, assuming these to be the only phases in the 
product. Compositions A, B and C have aluminium 
contents within the O' solubility limit; D is approxi- 
mately on the limit; and E exceeds the limit. The 
numerals (e.g. 10 and 15) represent weight ratios 
"YS/O" (0.10 and 0.15, respectively); see the sixth 
column, in Table I. 

Powder mixes were uniaxially pressed into pellets in 
steel dies and then cold isostatically pressed at 
200 MPa before firing in nitrogen for 1 h at 1700 or 
1800 ° C; heating rates were about 60 ° C min -1 up to 
firing temperature. To minimise bloating, mixes with 
high aluminium contents (compositions D and E) 
required a modified two-stage firing cycle in which 

samples were held at an intermediate temperature, 
usually for 0.5 or 1 h at 1500 or 1600°C, before heat- 
ing to the maximum temperature. 

In all cases, samples were packed in a protective 
powder bed containing silica and silicon nitride in 
equimolar amounts. Weight losses were negligible, 
indicating no appreciable change from the starting 
composition, and all samples reached greater than 
95% theoretical density by pressureless sintering. 

To assist the devitrification of grain-boundary 
glass, samp!es were given a post-preparative heat- 
treatment for 25 h at 1300 ° C in nitrogen. However, 
subsequent work [10] has shown that even 100h at 
1300°C does not change the unit-cell dimensions of 
the first-formed O'-sialon and, although minor 
amounts of non-equilibrium mullite are observed, the 
devitrification of the Y - S i - A 1 - O - N  glass is not 
complete. 

2.1. Densification 
The densification behaviour was determined using 
compositions with YS/O ratios of 0.15. Different 
samples were heated for 0.5h each at successively 
higher temperatures at 100°C intervals in the range 
1400 to 1800 ° C; see Curve (d) of Fig. 2. Unfired and 
fired bulk densities were obtained using mercury 
immersion and were compared with fully dense O' 
materials of the same composition obtained by hot- 
pressing. 

2.2. Oxidation resistance 
Oxidation resistance was measured by heating at a 
rate of3°Cmin 1 from 1000 to 1500° C in static air at 
one atmosphere and continuously recording the 
weight change on a microbalance. 

2.3. Modulus of rupture 
Modulus of rupture was measured at room tem- 
perature on bars 25 mm long x 5 mm wide x 3 mm 
high, ground on 800 mesh silicon carbide abrasive and 
lapped with 6 #m diamond paste. A three-point bend 
jig with silicon carbide knife edges and an outer span 

T A B L E  I Composit ion of starting mixes 

Batch Composit ion (wt %) 

Y203 SiO2 "Si3N4"* A1203 

YS/O* Equivalent percentage 

Y Si A1 O N 

D5 2.8 25.3 61.5 10.4 

A10 5.8 27.8 63.8 2.6 
B10 5.6 27.2 62.4 4.8 
C10 5.5 26.5 60.8 7.2 
D10 5.4 25.8 59.2 9.7 
El0 5.0 24.1 55.4 15.4 

A15 8.5 28.2 61.1 2.2 
B15 8.3 27.5 59.6 4.6 
C15 8.1 27.0 58.4 6.4 
D15 7.8 26.1 56.5 9.5 
El5 7.4 24.6 53.3 14.6 

A20 10.7 28.5 58.9 1.9 
B20 10.4 27.9 57.7 4.0 
C20 10.2 27.3 56.4 6.2 
D20 9.9 26.4 54.6 9.2 

0.05 1.0 90.9 8.1 32.8 67.2 

0.10 2.0 96.0 2.0 30.0 70.0 
0.10 2.0 94.2 3.8 31.3 68.7 
0.10 2.0 92.4 5.6 32.6 67.4 
0.10 1.9 90.4 7.7 34.1 65.9 
0.10 1.8 85.9 12.3 37.4 62.6 

0.15 3.0 95.3 1.7 31.6 68.4 
0.15 3.0 93.4 3.7 33.0 67.0 
0.15 2.9 91.9 5.1 34.0 66.0 
0.15 2.9 89.5 7.6 35.7 64.3 
0.15 2.7 85.4 11.9 38.7 61.2 

0.20 3.9 94.6 1.6 33.0 67.0 
0.20 3.8 93.0 3.2 34.1 65.9 
0.20 3.7 91.2 5.0 35.3 64.7 
0.20 3.6 88.7 7.5 37.0 63.0 

*"Si3N4" includes 3wt % surface SiOz. 
+YS/O represents the weight ratio Y2Si2OT/O'-sialon. 
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Figure 2 Densification and O'-sialon formation for samples of 
Batch C15, each after 0.5 h at one temperature in the range 1400 to 
1800 ° C. X-ray diffraction peak heights: (a) e-Si3 N4, (b) fl-Si 3 N4, (c) 
O'-sialon. Product density is given by (d). 

of 19mm was used in an Instron test machine with a 
crosshead speed of 0.01 cmmin -l . 

2.4. Phase identification 
All reaction, devitrification and oxidation products 
were identified and phase changes were followed 
using CuKc~ X-ray powder diffraction either with a 
Hfigg-Guinier focusing camera or with a diffrac- 
tometer. Unit-cell dimensions of phases were deter- 
mined from powdered products in a 114 mm diameter 
Philips camera with filtered CrK~ radiation using 
Nelson-Riley extrapolation. 

3. Resu l t s  and d i s c u s s i o n  
3.1. Densification 
In the mixes used, the oxide concentration varies from 
about 35 to nearly 50% of the total weight and, from 
the ternary oxide equilibrium diagram [11], a high 
proportion of this will form liquid at temperatures of 
1500°C and above. Significant densification might 
therefore be anticipated by particle rearrangement. 
The formation and densification of O'-sialons is 
expected to be similar to that of/~'-sialon and of 
silicon nitride, where the densification mechanism and 
kinetics have been interpreted by Hampshire and Jack 
[12] in terms of Kingery's model [13] for liquid-phase 
sintering. Here, the successive stages are: 

(i) particle rearrangement where the rate and extent 
of shrinkage depend upon the volume and viscosity of 
liquid; 

(ii) solution-precipitation, in which 

AV/Vo o c t  '/° (5) 

where V0 is the initial volume and A V the change in 
volume after time t for prismatic particles. If solution 
into or precipitation from the liquid is rate-controlling, 

n = 3, and if the slowest step is diffusion through the 
liquid, n = 5; 

(iii) solid-solid interaction where liquid-phase sin- 
tering effectively ceases. 

The typical progress of densification and the subse- 
quent formation of an O'-sialon is shown in Fig. 2 for 
Batch C15. Densification starts and is half complete 
before the formation of any O'-sialon. This initial 
period corresponds to the rearrangement Stage (i) in 
which the shrinkage is due to the presence of relatively 
large amounts of liquid. As might be expected, the 
densification rate increases with aluminium concen- 
tration and hence increasing volume of liquid. The 
liquid contains dissolved silicon nitride, i.e. it is an 
oxynitride, and during Stage (ii) silicon, aluminium, 
oxygen and nitrogen are removed from the liquid and 
precipitated as O'-sialon. At intermediate tem- 
peratures (1450 to 1600 ° C) the precipitation of O' is 
slow and the amount of transient liquid decreases very 
slowly, thus allowing a maximum proportion of den- 
sification by particle rearrangement. At higher tem- 
peratures precipitation of O' is rapid and is completed 
with depletion of liquid after a short time. Limited 
observations suggest that the solution-precipitation 
Stage (ii) is diffusion-controlled as in the densification 
of silicon nitride with yttria [12]. At low temperatures 
in the YzO3-Si3N 4 system the low liquid content and 
its high viscosity limit the amount of particle rear- 
rangement and this, together with the slow rate of 
solution precipitation in Stage (ii), gives low final 
densities. 

By contrast, the large amount of liquid formation in 
the present system gives high densities even though the 
rate of Stage (ii) is probably equally slow. Indeed, for 
compositions that are difficult to densify, e.g. those 
with low aluminium concentrations, a modified firing 
cycle to prolong the rearrangement stage and maxi- 
mize the amount of liquid gives higher final densities. 
Samples are fired in two stages with an intermediate 
temperature hold instead of a single-stage firing. For 
example, a specimen of Batch A15 had a density of 
2800 kg m -3 after single-stage firing for 1 h at 1800 ° C. 
With two stages, 1 h at 1600°C followed by 1 h at 
1800 ° C, the density was 2860 kgm 3, an increase of 
more than 2%. 

3.2. Effect of aluminium concentration 
As previously stated, the overall densification in the 
present O'-sialon system depends largely on particle 
rearrangement which, in turn, depends on the amount 
and viscosity of the liquid. In yttria-densified/~'-sialon 
the electron probe microanalysis of grain-boundary 
glass in three different samples [14] gives very similar 
compositions within the range 

Y9 llSil2 14AlI4-17Os7 58N4 5 

If it is assumed that the liquid composition in the 
present system is not too different from that of this 
glass, then the amount of liquid will increase as the 
overall composition of the mix approaches that of the 
glass. In the different batches (Table I) the amount of 
liquid will thus increase from A to D. Fig. 3, for 
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Figure 3 The effect of alumina content on density after 0 .5h at 
temperature for batches with YS/O ratio 0.15 (for definition see 
Table I): (v)  A15, (A) B15, (e )  C15, (m) D15, ( 0 )  El5. Asterisks 
indicate the modified cycle (for explanation see text). 

batches with YS/O = 0.15, shows that the densifi- 
cation rate and the final density, at least to 1600 ° C, 
increase as expected. 

Densities apparently greater than theoretical are 
obtained for Batches D15 and El5 at 1500°C, but at 
this temperature the samples contained significant 
amounts of unreacted e-Si3N 4 the density of which is 
15% higher than that of O'-sialon. With single-stage 
firing, the densities of both materials then decrease 
markedly at firing temperatures above 1600°C due 
to the volatilization of silicon monoxide and nitro- 
gen with consequent bloating and formation of 
fl'-sialon. It is thought that rapid heating to 1600°C 
and above does not allow the formation of stable 
oxynitride liquids; the dissolution of silicon nitride is 
perhaps incomplete. A two-stage firing with a long 
intermediate-temperature soak minimizes the bloating 
and the formation of/?'-sialon. 

3.3 Effect of Y S / O  ratio 
For any given alumina addition, Fig. 4 shows that 
increasing the YS/O ratio increases the rate of densifi- 
cation. If the liquid composition is that given in Sec- 
tion 3.2., then for the batches examined in the present 
work the overall composition will approach more 
closely that of the liquid as the YS/O ratio increases 
and so the amount of liquid will increase. The densifi- 
cation behaviour is again explicable. 

3.4. Oxidat ion  resistance 
The continuous weight gain by heating From 1000 to 
1500° C in air at 3 ° Cmin 1 is shown for Batches AI5 
to El5 in Fig. 5. Up to 1150°C the oxidation behav- 
iours of all five compositions are similar and show 
only very small weight changes. At higher tempera- 
tures the oxidation resistance decreases with increas- 
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Figure 4 Effect of YS/O ratio (for definition see Table I) on density 
after 1 h at 1700°C for different compositions: (v)  A, (A) B, (e )  C, 
(n) D. 

ing aluminium content and above ~ 1350°C the oxi- 
dation rate increases rapidly. The solidus temperature 
in the Y 2 0 3  A1203-SiO 2 system is at 1350°C and so 
in an oxidizing environment any Y - S i - A 1 - O - N  
composition will eventually give a liquid component 
in the oxidized layer. From the ternary oxide equi- 
librium diagram and for the compositions of the 
present work, the volume of liquid will increase with 
increasing alumina concentration. Impurities are also 
expected to depress the solidus temperature, increase 
the volume of liquid, and hence decrease the oxidation 
resistance. 

Fig. 6 shows scanning electron micrographs of the 
oxidized layer-O' interface for compositions A15 to 
El5 after 0.5h in air at 1500°C. The oxide layer 
thickness increases with aluminium concentration in 
accordance with the weight gain, and the porosity of 
the oxide also increases as a result of the increasing 
liquid volume. The inner layer of oxide appears to be 
more highly porous, presumably because of nitrogen 
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Figure 5 Oxidation behaviour on heating from 1000° C to the indi- 
cated temperature at 3°Cmin  1 for densified O'-sialons: (I) A I5, 
(II) B15, (III) C15, (IV) O15, (V) El5. 
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Figure 6 SEM of oxide-sialon 
interface after oxidation for 0.5 h 
at 1500°C in air for (a) A15, (b) 
B15, (c) C15, (d) D15, (e) El5. 

evolution. For  Batch El5 the pores interconnect the 
surface with the O' interface and so accounts for the 
very fast oxidation rate. 

In Fig. 7 scanning electron micrographs of the sur- 
faces of oxidized samples B15 to El5 show extensive 
microcracking due to the fl --* c~ transformation of  the 
cristobalite that is formed as the major crystalline 
phase. In A15, O' and Y2Si207 are the major surface 
phases and cristobalite only a minor one; the absence 
of micro-cracks is therefore explained. 

3.5. S t r e n g t h  m e a s u r e m e n t s  
Modulus of  rupture measurements for the A15 to E15 
series are summarized in Table II and suggest that the 
strength increases with density (A15 to D15). The 
differences, however, are hardly significant. The 
values themselves, although not remarkable 
(~420MPa) ,  are sufficiently high for pressureless- 
sintered materials at an early stage of development to 

suggest that improvements in powder processing and 
fabrication might bring O'-sialons into the same range 
as fl'-sialons and hot-pressed silicon nitride. Scanning 
electron micrographs of the fracture surfaces of  A15 
to C15 show porosity with an average pore size of 
5#m, i.e. much greater than the grain size of  the 
ceramic (Fig. 8a). For  D15 and El5 the pore size is 
much smaller ( ~  0.5/~m) but the pores are intercon- 
nected over regions of ~ 20 #m (Fig. 8b). Both kinds 
of defect will limit the strength of the material and 

T A B L E  II Modulus of rupture for selected O'-sialons 

Batch Density Modulus of rupture 
(kg m-3) (MPa) 

A15 2790 350 
BI5 2830 410 
C15 2880 430 
D15 2900 440 
El5 2900 440 
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support the suggestion that improved processing will 
give better properties. 

4. Conc lus ions  
High-density O'-sialon ceramics can be fabricated by 
pressureless sintering in nitrogen with yttria as a 
densifying additive. Post-preparative heat-treatment to 

Figure 7 SEM of  oxidized surface after 0.5 h at 1500 ° C in air for (a) 
A15, (b) B15, (c) C15, (d) D15, (e) El5. 

devitrify the intergranular glass gives yttrium disilicate 
as the main grain-boundary phase. 

Densification is described by Kingery's model for 
liquid-phase sintering and depends markedly on the 
amount and the viscosity of the liquid. Particle rear- 
rangement, which accounts for more than half of the 
densification, occurs prior to the formation of O'- 
sialon by a solution-precipitation process. Adequate 
time for particle rearrangement, and hence higher 
final density, is most readily achieved by a two-stage 
firing sequence in which the specimen is held at an 
intermediate temperature. The two-stage firing also 
reduces the bloating that occurs in the single-stage 
firing of compositions with high alumina contents. 

Increasing additions of alumina, and of yttria with 
excess silica to give yttrium disilicate, both facilitate 
densification by increasing the volume of transient 
liquid. 

Figure 8 SEM of  modulus-of-rupture fracture surfaces: (a) C15, pore size ~ 5/~m; (b) El5, 20#m regions of  interconnected small pores (pore 

size ~ 0.5 #m). 
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Increasing alumina decreases the oxidation resist- 
ance of fully densified O'-sialons, especially above 
1350°C. Finally, the strengths of fabricated samples 
are not remarkably high but suggest that further 
process development will bring them into the same 
range as the other dense nitrogen ceramics currently 
used in engineering applications. 
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