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Abstract 

Five SisN4-Al:O s ceramic grades were prepared by 
hot pressing at 1650°C. Backscattered electron 
micrographs revealed four different phases. Quanti- 
tative electron probe microanalysis allowed the 
identification of  these phases as X-sialon, o~-Al203, 
O'-sialon and ~-sialon. The maximum solubility o f  
Al203 in Si3N 4 and in Si2N20 at 1650°C was deter- 
mined as well as the chemical composition of  X- 
sialon. Based on these results, a slightly revised 
phase diagram is proposed. The general features 
describing the microstructure of  the various phases 
have been investigated by transmission electron 
microscopy. The influence of  the various phases on 
the mechanical properties was investigated; hard- 
ness, fracture toughness and elastic modulus were 
measured. The oxidation behaviour has been studied 
in air at 1300°C and 1450°C. The metastable phase 
diagram of  AI203-SiO 2 in the absence of  mullite 
can be used to predict the oxidation products and 
relative amounts formed in the oxide layers. 

Fiinf keramische Si3N4-AI203 Werkstoffe wurden 
mittels Heiflpressen bei 1650°C hergestellt. Raster- 
elektronenmikroskopische Beobachtungen zeigten ver- 
schiedene Phasen die mittels Mikrosonden-Analyse 
als X-sialon, a-Al203, O'-sialon und ~-sialon identi- 
fiziert werden konnten. Die Maximalldslichkeit yon 
Al203 in Si3N 4 und SizN20 bei 1650°C, und die 
chemische Zusammensetzung des X-sialon wurden 
ermittelt. Aufgrund der experimentellen Daten konnte 
das Phasendiagramm bei 1650°C modifiziert werden. 
Das Mikrogeffige der sialonen wurde mit Transmis- 
sionselektronenmikroskopie charakterisiert und der 
EinfluJ3 der verschiedenen Phasen auf die mechani- 
schen Eigenschaften der Keramik; Hgirte, Bruch- 
widerstand und Elastizitgitsmodul wurden bestimmt. 
Die Oxidationsempfindlichkeit des Si -AI-O-N Werk- 
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stoffes wurde gepriift in Luft bei 1300°C und 
1450°C. Das Phasendiagramm des AI203-SiO 2- 
Systems in Abwesenheit von Mullit konnte dazu 
benutzt werden, die Oxidationsprodukte und ihre 
Relativverhgiltnisse vorherzusagen. 

Cinq cOramiques ~ base de Si3N4-AI203 ont ktO prO- 
parses par frittage sous charge. Des images d base 
d~lectrons rktrodiffusks permettaient de distinguer 
des phases diffkrentes qui ont Ot~ identifi~es comme 
X-sialon, c~-Al203, O'-sialon et [3-sialon par micro- 
sonde klectronique. La composition chimique de la 
phase X-sialon ainsi que la solubilit~ maximale de 
Al203 dans Si3N 4 et dans Si2N20 ~ 1650°C ont kt~ 
dkterminkes. Selon les rOsultats obtenus, le alia- 
gramme de phase a kt( lOgOrement rkvisO. La 
microstructure des ckramiques a ktO ktudike ~ l'aide 
de la microscopie (lectronique ~ transmission. Les 
propriktOs mOcaniques des sialons; la duretO, la 
t(nacitk et le module d'klasticit6 ont Ot( evaluOes. 
La rOsistance ~ l'oxidation a kt6 ktudike dans l'air 

1300°C et 1450°C. Le diagramme de phase du 
systOme AI203-SiO 2 en absence de la mullite permet- 
trait de pr(voir les produits d'oxidation et leurs 
quantitOs relatifs. 

I Introduction 

The excellent thermal and mechanical properties 
of Si3N 4 have resulted in extensive research on this 
material during the last 20 years. As a conse- 
quence of the predominantly covalent bonds, the 
self-diffusion coefficients in Si3N 4 are too low to 
obtain dense materials by classical sintering 
methods. ~ Full density, however, can be obtained 
by liquid-phase sintering. Most commonly used 
sintering additives are Y203, MgO, AIN, SiO2, 
A1203 and rare earth oxides. 1'2 The addition of 
sintering aids results in the formation of an 
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amorphous grain boundary phase, limiting the 
mechanical properties of Si3N4-based materials 
at high temperatures. A1203, however, can, to a 
certain extent, be dissolved into Si3N4. 3'4 Si 4+ and 
N 3 are then substituted by A13+ and O z , leading 
to the formation of an expanded fl-Si3N 4 lattice, 
designated as /3-sialon or /3', with a general for- 
mula of Si6~=AlzO:N8_ = (z < 4.2 at 1750°C). Dense 
single-phase /3-sialon ceramics have been studied 
by several authors. 5-7 According to the quasi- 
ternary Si3N4-A1203-A1N-SiO z phase diagrams 3'8 
addition of A1203 to Si3N 4 will result in the forma- 
tion of multi-phase sialon ceramics, containing 
O'-sialon, X-sialon, AIzO3 and/3-sialon. Although 
SizNzO was already discovered in 1926, 9 informa- 
tion is scarce about the mechanical, thermal and 
thermodynamic properties of SizNzO and the O'- 
phase, being a solid solution of SizNzO and A1203. 
X-Sialon is still the subject of much controversy in 
literature. The exact chemical composition is 
controversial. More than nine different chemical 
compositions could be found ranging from 43 
to 60 eq.% aluminium and 42 to 84 eq.% oxy- 
gen. 3'4'8'1°-16 Little is known about the properties of 
pure X-sialon material. 

The high oxidation resistance of Si3N 4 and 
related sialon materials is dependent on the 
formation of a protective surface oxide layer. 
Sintering additives in these materials, such as 
Y203 and MgO, cause the formation of secondary 
phases which greatly influence the oxidation 
behaviour. 17-20 

Infrared reflection spectroscopy and X-ray diffrac- 
tion studies on the oxidation of single-phase fl- 
sialons showed that the oxide layer consisted of 
cristobalite, mullite and a glass phase, zl'zz The 
amount of cristobalite and glass phase decreases 
while the amount of mullite increases with increas- 
ing substitution level. Differences in weight gain 
for a range of single-phase fl-sialons could only be 
found at temperatures of 1300°C and higher, z° At 
these temperatures, weight gain decreased with 
increasing aluminium and oxygen content. 

This paper reports on the development and 
characterization of five different Si3N4-A1203 
ceramic grades without addition of other sintering 
aids. The chemical compositions of the different 
phases, the microstructure and the mechanical 
properties of the prepared materials are investi- 
gated. The relative oxidation behaviour of these 
ceramics is determined by acquiring weight gain 
versus time plots. Possible oxidation mechanisms 
are explained, and oxidation products are charac- 
terized by electron probe microanalysis (EPMA) 
and X-ray diffraction (XRD) investigation of the 
surface and cross-sections of the oxide layer 
formed on the oxidized specimens. 

2 Experimental  

Commercial Si3N 4 powder, HCST grade LC 12- 
SX (97% o~, submicron particle size, 1.8-2.1 wt% 
oxygen) and AlzO 3 powder, Baikowski, grade 
SM8 (95% a, submicron particle size), were used 
to prepare powder mixtures with a composition 
along the Si3N4-A1203 line in the phase diagram, 
shown in Fig. 1. The chemical composition of the 
powder mixtures is given in Table 1. The five 
powder mixtures were chosen so that there is at 
least one composition in each two- or three-phase 
region, according to the phase diagram deter- 
mined by Naik et al. 8 The oxygen content of the 
Si3N 4 powder was not taken into account so that 
in reality the starting compositions are a little 
above the Si3N 4 A1203 line. 

100 g powder was mixed in a multidirectional 
mixer (type turbula) for 72 h in a polyethylene 
bottle containing 350 g alumina milling balls and 
1 litre n-propanol. The weight loss of the alumina 
balls could be neglected. After evaporation of the 
propanol, 14 g of the powder mixture was inserted 
into a graphite container, coated with boron 
nitride. After cold precompression at 40 MPa, the 
samples were hot pressed in an electrical resistance 
heating furnace (under vacuum of 0-1 Pa because of 
the graphite heating element), for 1 h at 1650°C 
with a mechanical load of 30 MPa. The samples 
are separated from the furnace atmosphere by 
the graphite hot press set-up, while the sliding 
contacts are sealed by the boron nitride. Although 
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Fig. l, Chemical composition of starting powder mixtures 
and formed phases, given in the subsolidus phase diagram) 
The numbers on the phase diagram refer to the five different 
SiaN 4 A1203 ceramics and either indicate the starting compo- 
sition ((3) of a grade or the chemical composition of one of 

the phases (O) found in the respective sialon grade. 
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Table 1. Compositions (wt%) of starting powder mixtures 

Sialon 

1 2 3 4 5 

Si3N ~ 93.72 79-55 49-68 35-96 22.73 
AI203 6.28 20.45 50-12 64.04 77.27 

28 mm) were machined out of  the hot-pressed 
samples. After ultrasonic cleaning and weight 
determination, the five sialon bars were put  to- 
gether in an alumina crucible. To prevent con- 
tamination from the refractory material in the 
furnace, alumina plates were used to cover most 
of  the crucible. 

no special care was taken on the nitrogen pressure 
in the hot press, the weight loss of  the samples 
was less than 1%. The hot-pressed samples had a 
diameter of  30 mm and a height of  5 mm. 

After removal of  the boron nitride, X R D  
patterns of  ground surfaces of  the samples were 
acquired with a Philips diffractometer equipped 
with a Cu K, source. Qualitative identification of  
the patterns was done using the JCPDS 23 data 
files. KCI, dusted on the surface of  the speci- 
mens, was used as an internal marker  for unit cell 
parameter  measurements.  

The density of  the hot-pressed specimens was 
determined by the water displacement method. 

Specimens for SEM were smoothly polished 
and coated with a thin carbon layer. Back- 
scattered electron images were taken on a Jeol 733 
microprobe.  

For  T E M  investigation, thin slices of  material 
were cut to a thickness of  300 micron. Small 3 
mm discs were cut ultrasonically from these 
polished slices and the centre was dimpled down 
to a thickness of  less than 50 micron. Final pre- 
paration was done by argon ion bombardment ,  
in a Gatan  600 ion-milling instrument, until the 
samples were penetrated. T E M  characterization 
was done on a Jeol C 200 microscope. 

Quantitative chemical analysis was done by 
E P M A  (Jeol 733), using a pure SiO2 and AI20 3 
standard. Samples and standards were coated 
simultaneously with a very thin gold layer, to 
ensure a homogeneous  coating thickness. Quanti- 
tative analysis was performed for Si, A1 and O. N 
was calculated by difference. The reported values 
are the mean of  at least ten measurements.  

Vickers hardness, Hvs, was measured on a 
Zwick hardness tester. Fracture toughness, Kio  
values were obtained by the Vickers indentation 
technique, based on crack length measurements of  
the radial crack pattern produced by Vickers Hv, 
indentations. K~c values were calculated using the 
formula of  Anstis et al. 24 The elastic modulus,  E, 
of  the specimens was measured by the resonance 
frequency method on a Grindo-sonic apparatus.  

Oxidation experiments were done in a Kanthal  
furnace in air for 160 h at 1300°C and for 100 h at 
1450°C. At preset time intervals, the samples were 
cooled to room temperature to determine their 
weight gain. Small rectangular bars (2 x 6 x 

3 Results and Discussion 

3.1 Mierostructural characterization of 
Si3N4-AI203 ceramics 

3.1.1 Dens i t y  

The densities of  the materials are given in Table 2. 
The density of  single-phase /3-sialon can be 
calculated 5 as (3.20-0.041 z) g cm 3. X_Sialon~l 
has a density of  --3-01 g cm 3 and the density of  
O'-sialon will decrease slightly from that of  silicon 
oxynitride (2.82 g cm-3). The theoretical density 
calculations, based on the estimated weight pro- 
port ions of  the phases in each ceramic (see Table 
3), indicate that all sialon ceramics reached at 
least 96% of  the theoretical density. These values, 
however, should be seen as approximate values, 
because of  the difficulties in determining the accu- 
rate volume fractions of  the different phases in 
these sialon ceramics. Indeed, optical microscope 
and SEM investigation showed no porosity in 
sialons 1 and 5. The central part  of  the hot- 
pressed discs of  sialons 2, 3 and 4, however, 
showed a low amount  of  remaining closed poros- 
ity, while the edges reached full density. 

Table 2. Densities (g cm 3) of the different sialon ceramics 

Sialon 

1 2 3 4 5 

Measured density 2-98 2.97 2.99 3.09 3-26 
Theoretical density 3.09 3.09 3.07 3.10 3.38 
% TD 96.6 9 6 . 2  97-6  9 9 . 7  96.4 

Table 3. Chemical composition of the hot pressed Si3N4-A1203 
ceramics 

Sialon Ag-sialon ~ O'-sialon X-sialon A1203 

z (wt%) X (wt%) (wt%) (Wt%) 

1 0.65 77 0.12 23 0 0 
2 1.22 79 0-16 17 4 0 
3 2-47 62 - -  0 38 0 
4 3.23 43 - -  0 50 7 
5 2.97 26 - -  0 34 40 

a The substitution levels of sialons 1 ~, were obtained from 
EPMA analysis, whereas that of sia|on 5 was obtained from 
XRD measurements. 
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 2. Backscattered electron micrographs of the different Si-AI-O-N ceramics hot pressed at 1650°C. (a) Sialon 1, (b) sialon 2, 
(c) Sialon 3, (d) sialon 4 and (e) sialon 5. (f) Microstructure of sialon 4, hot pressed at 1750°C. 
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Table 4. Unit cell parameters (nm) and substitution level of 
the/3-sialon phase 

Sialon 

1 2 3 4 5 

a Axis 0-7636 0.7649 0.7687 0-7706 0.7699 
c Axis 0.292 4 0.293 3 0.296 7 0.297 5 0-297 6 
z Value 0.90 1.28 2.59 3.06 2.97 

graphical contrast in this picture. Because of the 
higher hardness of alumina,/3-sialon and X-sialon 
are preferentially polished away, causing a small 
etching effect. 

Sialon 5 (Fig. 2(e)) is dominated by large iso- 
lated o~-alumina grains. In between these grains 
there is/3-sialon; the presence of X-siMon material 
is not clear from these micrographs. 

3.1.2 X-Ray phase analysis 
Since n o  a -S i3N 4 diffraction signals could be de- 
tected in the hot-pressed samples, the a to/3 Si3N 4 

conversion is completed in all sialons. 
Good agreement between the identified phases, 

summarized in Table 3, and those that might be 
expected according to the subsolidus phase dia- 
gram s is found for all sialons, except the appear- 
ance of alumina in sialon 4. The appearance of 
alumina in sialon 4 implies that the maximum 
substitution level of the /3-sialon at 1650°C is less 
than might be expected from the phase diagram at 
1650°C, 25 and the subsolidus diagram at 1450°C 
(Fig. 1 ). 

The unit cell parameters of the /3'-phase, listed 
in Table 4, increase from sialon 1 to 4, indicating 
the expansion of the/3-Si3N 4 lattice by the substi- 
tution of Si 4+ and N 3- by AP + and 02 . Sialons 4 
and 5 have the same unit cell parameters, with a 
maximum substitution level of z = 3. The substi- 
tution level was calculated from the unit cell 
parameters according to the equations reported by 
Ekstr6m et al. 5 The unit cell parameters of the 
orthorhombic O'-sialon phase increase with in- 
creasing substitution level, as a result of the 
replacement of Si-N (0.174 nm) bonds by AI O 
(0.175 nm) bonds. The unit cell parameters of 
alumina found in sialons 4 and 5 are the same as 
the literature values found for pure a-alumina. 

3.1.3 Scanning electron microscopy 
The backscattered electron micrographs of sialon 
1 (Fig. 2(a)) and 2 (Fig. 2(b)) show small dark 
elongated O'-grains embedded in a bright/3-sialon 
matrix. The aspect ratio of the O'-sialon grains in 
sialon 2 is larger than in sialon 1. The morphology 
of the /3-sialon particles is not clear from these 
pictures. Besides O'- and /3-sialon, dark, irregu- 
larly shaped grains can be distinguished in sialon 
2. These grains were identified as X-sialon. Sialon 
3 (Fig. 2(c)) consists of bright /3-sialon and dark 
X-sialon. 

In sialon 4 (Fig. 2(d)), isolated bright er-Al20 3 
grains can be seen. In between these grains, the 
darker X-sialon can still be distinguished from the 
brighter/3'-phase. The reason for the brightness of 
the alumina particles is the interference of topo- 

3.1.4 Transmission electron microscopy 
The O'-sialon grains in sialons 1 and 2 can easily 
be distinguished from the hexagonal /3-sialon 
grains, not only by their elongated morphology 
but also by their characteristic striations (Fig. 
3(a)), caused by a high stacking fault density 
parallel to the (100) planes of the orthorhombic 
structure. 26 

The X-sialon grains in sialons 3 to 5 show a 
characteristic twin pattern (Fig. 3(b)). The crystal 
structure of X-sialon is triclinic, as determined by 

(a) 

(b) 
Fig. 3. TEM micrographs of argon ion thinned sialon 
samples. (a) The presence is shown of elongated O'-sialon 
grains in sialon 1, containing a high stacking fault density. 
(b) X-sialon grains, with a characteristic twin pattern, are 

shown in simon 3. 
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electron diffraction analysis and has lattice param- 
eters similar to those reported by Zangvil. ~° 

Within the resolution limits of the microscope, 
no intergranular amorphous phase could be 
observed at the grain boundaries or the triple 
junctions in the five different sialon materials. The 
existence of a very small grain-boundary phase, 
however, a few atomic layers thick and formed by 
impurities in the starting powders, is not excluded. 

3.2 EPMA analysis of the different phases 
The compositions of the starting powder mixtures 
and the chemical compositions of the different 
phases analysed in the hot-pressed samples are 
plotted on the phase diagram in Fig. 1. The sub- 
stitution levels z and x for fl-sialon (Si6.zAl:OzN8_z) 
and O'-sialon (Si2_xAlxOl+xN2.x) are listed in Table 3. 

A maximum solubility of A1203 in Si2N20 was 
reached in sialon 2. The substitution level, x, of 
the O'-sialon grains in sialon 2, calculated from 
EPMA analysis, varies from 0-16 to 0.19 for the 
different sialon 2 samples analysed. These values 
are in good agreement with the values reported by 
Trigg & Jack. 27 A maximum substitution level of 
0.20 at 1800°C was reported. The point of maxi- 
mum solubility is in perfect agreement with the 
subsolidus phase diagram. 8 

The chemical composition of X-sialon in sialons 
2 and 3, SiI6.sA122.4047.8NI3. 0 and Si16.4Alz3.6048.8Nll.2, 
respectively, is very close to the literature value, 
Si15.6A123.4050.6Nlo. 4 or SiI2AllsO39N8, reported by 
Naik et al. 8 Based on the results obtained from 
different starting compositions, Si12AlI8039N 8 was 
suggested to be a closer formula, rather than 
Si3A16012N 2 and SizAI307N, by Anya & Hendry. 28 
The composition found in sialon 4 is somewhat 
different. This might be caused by the size of the 
interaction volume of the electron beam. It may 
be concluded that X-sialon is situated on the 
Si3N4-3A1203 . 2SiO2 (mullite) line in the phase 
diagram. 

The substitution levels for/3-sialon (see Table 3) 
correspond well with those obtained from XRD 
analysis (see Table 4). Analysis results for the/3'- 
phase of sialon 5 were not obtained because of the 
impossibility of excluding alumina grains from the 
analysed volume. From XRD measurements, the 
substitution level of the/3-sialon phase of sialons 
4 and 5 is the same. The presence of AI20 3 in 
sialons 4 and 5 suggests a maximum substitution 
level in the if-phase of these ceramics. The substi- 
tution level of z = 3 is less than might be expected 
from the existing phase diagrams at 1650°C 25 or 
the subsolidus diagram at 1450°C (see Fig.l). Nor 
can it be deduced from the recently revised phase 
diagram at temperatures of 1700-1775°CJ 6 The 
limited extension of the if-phase suggests a 
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Fig. 4. Revised Si3Na-SiO2-A1203-A1N phase diagram at 
1650°C, including the starting powder mixture compositions 

of the investigated ceramics. 

slightly revised phase diagram at 1650°C, as 
shown in Fig. 4. 

The present findings on sialons 2, 3, 4 and 5 are 
also in disagreement with a recent thermodynamic 
assessment of the Si-AI-O-N system by Hillert & 
Jonsson. 29 Figure 5 shows the calculated section at 
1650°C, in comparison with the present experi- 
mental data. The substitution level of/3-sialon in 
sialons 4 and 5 is less than might be expected 
from the calculated diagram, sialon 2 is a/3-O'-X- 

sio2 AI2% 

100 ' 

80 x 

0 

6' 
20 

0 
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Si3N4 A I N 
equNaW~t W/~ 

Fig. 5. Calculated section of the Si3N4-SiO 2 AI203-AIN 
phase diagram at 1650°C according to Hillert and Jonsson, 29 
in comparison with the experimental data of this study. 
(1) /3-0', (2) fl-O'-X, (3) fiX, (4) X-fl-A1203 and 

(5) A1203-fl--X. 
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sialon whereas sialon 3 was found to be a /3-X 
mixture. No evidence of  mullite was found in 
sialon 5, making the existence of  the mullite- 
/3-sialon two-phase region at 1650°C doubtful. 

To investigate the influence of  the hot-press 
temperature on the substitution level of  the /3- 
sialon phase, the powder mixture of sialon 4 was 
hot pressed at 1750°C. The microstructure of the 
obtained ceramic is shown in Fig. 2(f). Compared 
to the ceramic hot pressed at 1650°C (see Fig. 
2(d)), the amount  of A120~ is decreased, while the 
amount  of X-sialon and /3-sialon increased. 
EPMA results showed that the substitution level 
of the/3'-phase increased from 3.23 in the ceramic 
hot pressed at 1650°C to 3.47 in the sample hot 
pressed at 1750°C. These results clearly show that 
the substitution level of the /3-sialon phase is 
influenced by the densification temperature. The 
measured substitution level of 3.47 is below the 
maximum substitution level of 4.2 at 1760°C, as 
reported by Gauckler et al.13 The maximum exten- 
sion of the/3-sialon solid solution is not very clear 
from literature values. At 1823°C, the upper 
composition limit of the /3-sialon phase in hot 
isostatic-pressed ceramics 5 was found to be 3.85 at 
200 MPa pressure and about 4.1 at atmospheric 
pressure, whereas a limiting value of about 4.2 at 
1700°C and 2-0 at 1400°C are reported by Jack. 3° 
According to the phase diagram 3~ at 1750°C, the 
substitution level for the/3-sialon phase in sialon 4 
will be = 3-7, which is more in agreement with the 
present result at 1750°C. 

A good estimate of the weight proportions of 
the phases in each sialon grade could be obtained 
by application of the lever rule in the quadrilateral 
representation of the Si3N4-AIN-A120~-SiO 2 sys- 
tem. 32 The weight proportions for sialon 5 were 
calculated based on the substitution level for the 
/3'-phase obtained from XRD measurements (see 
Table 4) because of the impossibility of excluding 
the small A120 3 grains from the analysed volume 
and the problems in differentiating the /3-sialon 
from X-sialon by EPMA (see Fig. 2(e)). 
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Table 5. Hardness (Hv,), fracture toughness (K~c) and elastic 
modulus (E) 

Sialon Hv5 E Kic 
( kg/mrn 2) ( G Pa ) ( M Pa m j'2 ) 

1 1 657 266 3.4 
2 [ 629 163 2.0 
3 1460 190 1.4 
4 1464 221 1.6 
5 1554 285 2.3 

explained by the grain growth stimulating effect of  
the added A1203. The K~c value for sialon 1 is a 
little higher than the highest K~c value reported 
for single-phase/3-sialons. 

The hardness and fracture toughness of sialons 
3 and 4 are below the reported single-phase /3- 
sialon values. This can only be related to the high 
amount  of  X-sialon present in both materials. No 
hardness, fracture toughness or E values for pure 
X-sialon could be found in literature. 

The fracture toughness increase from sialon 3 to 
5 is related to the crack deflecting effect of isolated 
alumina grains, as illustrated in Fig. 6. Because of  
the intrinsic properties of  alumina, the hardness 
and elastic modulus increases with increasing 
amount  of  alumina in sialons 4 and 5. 

3.4 Oxidation behaviour of Si3N4-AI203 ceramics 

3.4.1 Oxidation products formed at 1300°C and 
1450°C 
The different oxidation products determined by 
XRD and EPMA after 160 h at 1300°C and 100 h 
at 1450°C are listed in Table 6. 

The amorphous aluminosilicate phase in the 
oxide layers formed at 1300°C and 1450°C con- 
tains a low amount  of Ca 2+, Mg 2+ and Na +. These 
elements are thought to be diffusing outwards 
from the grain boundaries in the sialon material 
into the oxide layer during oxidation, because of  

3.3 Mechanical properties 
The hardness (Hvs), fracture toughness (Kic) and 
elastic modulus (E) of the hot-pressed sialons were 
measured and are given in Table 5. 

The hardness and fracture toughness of sialons 
1 and 2 are in good agreement with those values 
reported for single-phase /3-sialon materials. 5 
Fracture toughness values of single-phase/3-sialon 
materials are reported to decrease from 3 to 2-5 
with increasing substitution level (a constant E 
modulus of 300 GPa was used in these calcula- 
tions). The decrease of hardness and fracture 
toughness with increasing substitution level can be 

~' ~ i ~  . . . . . . .  

Fig. 6. Crack deflection by alumina grains in sialon 5. 
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Table 6. Oxidation products at 1300°C and 1450°C 

Sialon 

1 2 3 4 5 

Cristobalite * 
Mullite * * * 
Aluminosilicate glass * * * * 

the difference in chemical potential of these ions at 
the grain boundaries and in the aluminosilicate. ]7:9 
The same was observed for A13+ ions. 2° Ca 2+, Mg 2+, 
Na + and K + ions tend to lower the viscosity of the 
aluminosilicate glass, and hence enhance 02 trans- 
port through the oxide layer. ~8 This viscosity reduc- 
ing tendency of impurity ions is counteracted by 
the presence of A13+. 17:8 The amount of A1 in the 
aluminosilicate glass increased with increasing 
A1203 content in the starting powder. 

Very good agreement was found between the 
oxidation products determined in the oxide layers 
and those that might be predicted from the 
metastable phase diagram of A1203-SiO 2 in the 
absence of mullite, 33 shown in Fig. 7. This dia- 
gram turned out to be a useful tool in predicting 
the relative amounts and types of oxidation prod- 
ucts formed in the oxide layers of Si3N4-A1203 
materials in air at 1300°C and 1450°C. Two adjust- 
ments have to be made. First of all the formation 
of mullite is favoured. This is not surprising, since 
mullite formation is typically observed at 980°C, if 
the scale of chemical homogeneity is at the atomic 

2100 

J 't/" i ! 
1600 - s+M M A÷M 

1300- ~ 
0 e • 

1100 . . . . . . . . . . . . . .  -'-' ......... 

0 20 40 60 80 100 
SiO 2 AI203 

~N203 
Fig. 7. SiO2-A1203 equilibrium phase diagram? 3 Super- 
imposed on the stable equilibrium diagram, shown by the 
solid lines, is the metastable phase diagram, formed by the 
extensions of  the SiO 2 and Al203 liquidi in the absence of 
mullite. The molar compositions at the oxidation front of  
the five different sialon materials are plotted and marked 
with their respective numbers on the diagram. L, Liquid, 

A, alumina, S, silica and M, mullite. 

level. 34 Secondly, the liquid phase formed during 
oxidation does not crystallize during fast cooling. 
The molar compositions of A I 2 0  3 and SiO2 at the 
oxidation front of the five different sialons, calcu- 
lated from the initial composition of the starting 
powders, are plotted on the phase diagram (Fig. 
7). The oxide layers of sialons with an overall 
molar composition at the oxidation front below 
the eutectic composition (=88 mol% SiO 2 and 
= 12 mol% A1203) will consist of cristobalite and 
an amorphous aluminosilicate phase. At com- 
positions above the eutectic, mullite and alumino- 
silicate are formed. 

3.4.2 Oxidation at 1300°C 
The surface of the oxidized specimens and cross- 
sections perpendicular to the oxide layer were 
investigated by EPMA. Scanning electron micro- 
graphs of the surfaces formed in air after 160 h at 
1300°C, for the five different sialon materials, are 
shown in Fig. 8. The corresponding cross-sections 
are given in Fig. 9. 

The cross-sectioned oxide layer of sialon 1 (Fig. 
9(a)) shows the formation of N 2 gas bubbles 
(black circles) at the oxidation front, penetrating 
through a chain of larger SiO2 crystals (dark) and 
the outer aluminosilicate layer (bright) towards 
the outer surface. The s a m e  N 2 gas bubbles caused 
the porosity, noticed on the surface of sialon 1 
(Fig. 8(a)). In some regions, cristobalite (dark 
grains) can be seen at the surface. The cracks 
might have been formed during cooling because 
of the difference in thermal expansion coefficient 
between oxide layer and sialon material. 

The micrographs of sialon 2 (Fig. 8(b) and Fig. 
9(b)), show the formation of elongated mullite 
crystals (bright) preferentially at the surface of the 
oxide layer. Beneath these mullite crystals, an 
amorphous aluminosilicate layer can be found. 
The formation of mullite might be explained by 
the higher A1 content in the outer layer of the 
oxide scale. The mullite layer at the surface might 
act as a diffusion barrier for 02, increasing the 
oxidation resistance. Cristobalite was not found in 
the oxide layer of sialon 2. 

The micrographs of sialon 3 (Fig. 8(c) and Fig. 
9(c)) show the formation of mullite crystals through 
the whole oxide layer. These mullite crystals are 
embedded in aluminosilicate glass, that is clearly 
concentrated in the protrusions on the surface. No 
porosity could be found in the oxide layer. 

The morphology of the oxidized surface of sialon 
4 (Fig. 8(d)) and sialon 5 (Fig. 8(e)) is the same 
as for sialon 3. The inhibition of the outward 
diffusion of N 2 by the mullite crystals is obvious 
from the porosity formed in the oxide layer (Fig. 
9(d) and Fig. 9(e)). The oxide layer of sialon 5 is 
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(a) (b) 

(c) (d) 

(e) 

Fig. 8. Scanning electron micrographs of the surfaces formed in air after 160 h at 1300°C. (a) Sialon 1, (b) sialon 2, (c) sialon 3, 
(d) sialon 4 and (e) sialon 5. 
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(a) (b) 

(c) (d) 

(e) 
Fig. 9. Scanning electron micrographs of the cross-sections perpendicular to the oxide layer formed in air after 160 h at 1300°C 

(a) Sialon 1, (b) sialon 2, (c) sialon 3, (d) sialon 4 and (e) sialon 5. 
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Fig. 10. Parabolic weight gain versus time plots, for the 
oxidation in air at 1300°C. *, Sialon 1; 0, sialon 2; V, sialon 3; 

A, sialon 4 and II, sialon 5. 

formed by alumina grains and pores in a mullite 
matrix. Glass could only be found in the protru- 
sions on the surface. 

The parabolic weight gain versus time plot (Fig. 
10) shows a clearly parabolic and hence diffusion- 
controlled oxidation behaviour of the five different 
sialon materials at 1300°C. A break in the parabolic 
plot for sialon 1 is observed after 45 h of oxidation. 
For longer times, oxidation is still parabolic but 
with a decreased rate constant. A possible explana- 
tion might be that in the initial stage, N 2 gas 
bubbles moving towards the surface disrupt the 
formation of a stable oxide layer. At longer oxida- 
tion times, enough amorphous aluminosilicate is 
present to form a stable layer for the inward and 
outward diffusion of 02 and N 2 respectively. 

Despite the presence of cristobalite at the oxida- 
tion front, sialon 1 has a lower oxidation resistance 
than sialon 2. This can be explained by the higher 
amount of impurity ions in the glass phase of 
sialon 1, reducing the viscosity and enhancing O2 
transport, and by the O2 diffusion limiting mullite 
crystals formed at the surface of sialon 2. 

The lower oxidation rate of sialons 3, 4 and 5 
can be attributed to the presence of mullite in the 
oxide layer. The reason for the higher oxidation 
rate of sialon 5, compared to sialon 3 and 4 is not 
clear. It is possible that in the absence of a mini- 
mum amount of glass, 02 penetration through the 
open porosity, formed by volume changes during 
the crystallization of mullite and the increasing N2 
pressure, can not be prevented and internal oxida- 
tion is taking place. 

3.4.3 Oxidation at 1450°C 
Figures 11 and 12 show the surface and cross- 

section of the oxide layers formed in air after 100 h 
at 1450°C. 

The SEM micrograph of sialon 1 (Fig. l l(a)) 
shows the development of large transparent gas- 
filled glass bubbles on the surface. The cross- 
section (Fig. 12(a)) shows the presence of SiO2 
crystals at the oxidation front. The glass bubbles 
were clearly visible after 20 h of oxidation. 

White, non-transparent bubbles can be seen on 
the surface of sialon 2 (Fig. l l(b)). The cross 
sections (Fig. 12(b) and (c)) show that some of these 
bubbles are completely filled by mullite crystals, 
homogeneously embedded in an aluminosilicate 
glass matrix. In the contact zone between glass 
bubbles and non-oxidized sample, large voids can 
be seen. These voids might be caused by accumu- 
lation of N 2 gas. The phenomenon of glass-filled 
bubbles might be explained by a poor wetting 
behaviour of liquid aluminosilicate glass on sialon 
materials. At 1450°C, the glass is completely liquid 
as can be deduced from the metastable phase 
diagram of A1203-SIO2. 33 The molar composition 
at the oxidation front can be calculated from the 
starting powder composition. The composition is 
89 mol % SiO2 and 11 mol % AI203. This is close 
to the eutectic point in the phase diagram. A 
similar glass-bubble formation was observed during 
oxidation of a sialon material after 8 hours at 
1550°C. 3s 

The oxidized surface of sialon 3 is very rough 
with large cracks (Fig. l l(c)). The cross-section 
(Fig. 12(d)) shows the formation of large porosities 
concentrated at the oxidation front. In the oxide 
layer, mullite crystals can be easily distinguished 
from the glass phase. 

Sialon 4 shows more perpendicular to the surface 
oriented mullite crystals, embedded in alumino- 
silicate glass (Fig. l l(d)). Porosity is distributed 
throughout the oxide layer (Fig. 12(e)). 

Aluminosilicate glass could not be found in the 
oxide layer of sialon 5 (Fig. l l(e) and Fig. 12(1)). 
The oxide layer consists of mullite with isolated 
Al20 3 crystals from the bulk material. Small pores 
seemed to be lined up to form channels between 
the surface and the oxidation front. 

The parabolic weight gain versus time plots, for 
the oxidation experiment in air at 1450°C, are 
given in Fig. 13. 

At oxidation times below 20 h, the oxidation 
behaviour of the sialon materials is parabolic. The 
oxidation resistance of sialon 1 is higher than that 
of sialon 2 because of the presence of SiO2 crystals 
at the oxidation front. Cristobalite, known to be 
an effective barrier to oxygen permeation, was 
also associated with the passivation during oxida- 
tion of Si3N4-Y203 ceramics. 36'37 The oxidation 
sequence at short oxidation times of sialons 3, 4 
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(a) (b) 

(c) (d) 

(e) 
Fig. 11. Scanning electron micrographs of  the surfaces formed in air after 100 h at 1450°C. (a) Sialon 1, (10) sialon 2, 

(c) sialon 3, (d) sialon 4 and (e) sialon 5. 
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(a) (b) 

(c) (d) 

(e) (f) 
Fig. 12. Scanning electron micrographs of the cross-sections perpendicular to the oxide layer formed in air after 100 h at 1450°C 

(a) Sialon 1, (b) sialon 2, (c) sialon 2, (d) sialon 3, (e) sialon 4 and (f) sialon 5. 
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Fig. 13. Parabolic weight gain versus time plots, for the 
oxidation in air at 1450°C. O, sialon 1; O, sialon 2; ~', sialon 3; 

&, sialon 4 and I ,  sialon 5. 

and 5 is controlled by the increasing amount of 
mullite and the decreasing amount of alumino- 
silicate glass in the oxide layer. 

At longer oxidation times, the oxidation curves 
become more complex. The parabolic oxidation 
rate constant of sialon 4 is constant up to 100 h 
oxidation time. The oxidation rate of sialons 3 
and 5 increases. The oxidation rate of sialons 1 
and 2 decreases. 

The change in oxidation rate of sialons 1 and 2 
can be explained by the 02 diffusion limiting 
and/or oxidation surface decreasing effect of the 
gas- or glass-filled bubbles at the surface of the 
oxidation layer. A comparable change in oxida- 
tion rate was observed during oxidation of Si3N 4 
after 16 h in 02 at 1450°C. 38 The reason for the 
decreasing curve of sialon 2 at longer oxidation 
times is not clear. 

The cross-sectioned oxide layer of sialon 3 shows 
large porosities concentrated at the oxidation 
front. Because of the rather high amount of liquid 
aluminosilicate, N 2 gas is easily concentrated to 
form large bubbles close to the oxidation front. 
As oxidation proceeds, the N2 pressure will exceed 
a certain level, causing lifting of the oxide layer 
and the formation of large pores (Fig. 12(d)). A 
connection between surface and gas bubbles is 
formed, allowing the N2 gas to escape. After gas 
release, the pores are probably filled with liquid 
glass. This explains the existence of larger mullite- 
free glass regions and the absence of pores in the 
outer zone of the oxide layer. These mullite-free 
regions might also improve 02 diffusion, explain- 
ing the oxidation rate increase at longer oxidation 
time. 

Because of the lower amount of glass in the 

oxide layer of sialon 4, the formation of large N 2 
bubbles is inhibited and the oxidation mechanism 
as postulated for sialon 3 is less pronounced. 02 
diffusion through the glass phase probably re- 
mains the oxidation-controlling mechanism, even 
at long oxidation times. 

No glass phase could be found in the oxide 
layer of sialon 5. The increase in oxidation rate 
constant can only be explained by the formation 
of open porosity through the mullite matrix layer. 

4 Conclusions 

TEM investigation showed that O'- and X-sialon 
grains can be easily distinguished from the hexa- 
gonal fl-sialon particles by their high stacking 
fault density and twin pattern respectively. Within 
the resolution limit of the TEM, no evidence 
could be found for the presence of an amorphous 
grain-boundary phase, although the presence of a 
very small grain-boundary phase, a few atomic 
layers thick, is not excluded. 

Chemical analysis of the different phases was 
possible by EPMA. The maximum solubility of 
A1203 in SiaN 4 at 1650°C is lower than might be 
expected from reported phase diagrams. The 
chemical composition of X-sialon is SiI2AI18039Ns, 
one of the nine different compositions found in 
the literature. A revised phase diagram at 1650°C 
is proposed, taking into account the limited exten- 
sion of the if-phase at lower temperatures. 

A high hardness, but rather modest fracture 
toughness was measured for the fl-O'-sialon mate- 
rials. It is clear that the presence of large amounts 
of X-sialon is detrimental to the mechanical prop- 
erties of sialon materials. The presence of isolated 
c~-A1203 grains counteracts the negative effect of 
X-sialon. 

The metastable phase diagram 33 of A1203-SIO2 
in the absence of mullite can be used to predict 
the oxidation products and relative amounts 
formed in the oxide layers of Si3Na-A1203 sialon 
materials in air at 1300°C and 1450°C. The oxide 
layers of sialons with an overall molar com- 
position at the oxidation front below the eutectic 
composition will consist of cristobalite and an 
amorphous aluminosilicate phase. At composi- 
tions above the eutectic, mullite and alumino- 
silicate is formed. 

The oxidation resistance of sialon materials is 
controlled by the composition and amount of the 
amorphous aluminosilicate phase, the presence of 
cristobalite and mainly by the 02 diffusion-limit- 
ing effect of mullite crystals. The aluminosilicate 
phase formed during oxidation contains a small 
amount of impurity ions (Ca, Mg and Na), that 
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are t h o u g h t  to  be  diffusing o u t w a r d s  f r o m  the 

grain  b o u n d a r i e s  in the bu lk  ma te r i a l  into the 

oxide layer  du r ing  ox ida t ion .  
A t  1300°C, o x i d a t i o n  is con t ro l l ed  by  the diffu- 

sion o f  02 t h r o u g h  the a luminos i l i ca te  phase .  T h e  
ox ida t ion  res is tance  increases  wi th  increas ing  

A120 3 con ten t  in the s ta r t ing  powde r ,  a l t h o u g h  a 
m i n i m u m  a m o u n t  o f  glass is necessary  to p reven t  

a decrease  in ox ida t i on  res is tance  at  h igher  A120 3 
conten t .  

A t  ox ida t ion  t imes be low 20 h at  1450°C, 
s ia lons show a p a r a b o l i c  ox ida t i on  behav iou r .  T h e  
lowest  ox ida t i on  res is tance  was  f o u n d  for  the 
sialon with an overal l  c o m p o s i t i o n  at  the ox ida t ion  
f ron t  tha t  was  close to  the eutect ic  c o m p o s i t i o n  in 

the  A1203-SIO2 phase  d i a g r a m .  T h e  Si3N4-richer 
s ia lon showed  an  increased  res is tance  because  o f  

the presence  o f  SiO2 crys ta ls  in the oxide  layer.  
T h e  ox ida t i on  res is tance  o f  the A1203-richer 

s ia lons increased with  increas ing  A120 3 con ten t  o f  
the s ta r t ing  powder .  A t  longer  ox ida t ion  t imes at  
1450°C, oxida t ion  b e h a v i o u r  becomes  very  c o m -  
plex. 
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