
Journal o[" the European Ceramic Society ! I (I 993) 375-386 

Oxidation of Yttria- and 
Silicon Nitride Ceramics 

Alumina-containing Dense 

Yu. G. Gogotsi, G. Grathwohl, E Thfimmler 
Institut fiJr Keramik im Maschinenbau, Universit~it Karlsruhe, W-7500 Karlsruhe 1, Germany 

V. E Yaroshenko 
The Institute for Problems of Materials Science, 252680 Kiev, Ukraine 

M. Herrmann & Ch. Taut 
Fraunhofer-Einrichtung fiir Keramische Technologien und Sinterwerkstoffe, 0-8020 Dresden, Germany 

(Received 2 October 1991; revised version received 21 May 1992; accepted 13 July 1992) 

Abstract 

The oxidation behaviour o f  Y203 + Al203-doped 
Si3N4-based ceramics was investigated in air up to 
1500°C under isothermal and non-isothermal con- 
ditions. The oxidation resistance o f  materials is 
strongO' dependent on the content o f  additives, 
secondary phases and processing methods, as evident 
from the behaviour of.five materials o f  the same 
starting composition prepared by hot-pressing and 
gas-pressure sintering. Gas-pressure sintered 
ceramics containing crystalline yttrium-silicon oxy- 
nitrides in the intergranular phase showed instability 
at intermediate temperatures and lower oxidation 
resistance than hot-pressed ceramics prepared .from 
the same powder mixtures. Hot-pressed ceramics 
exhibited excellent resistance to oxidation by air at 
temperatures up to 1400-1450°C, because o f  the 
jormation ¢~]a protective oxide layer. A decrease o f  
oxidation rates with the increase o f  additives content 
was.[ound at temperatures below 1300°C, while the 
reverse was the case Jor all materials above 1400oc, 

Das Oxidationsverhalten der Y203 + Al203-dotierten 
Siliziumnitridkeramiken wurde bis 1500oc unter 
isothermen und nichtisothermen Bedingungen an Lu[t 
untersucht. Wie die Untersuchung der jeweils heiJ3- 
geprefiten und gasdruckgesinterten Werkstoffe mit 
.[~inf verschiedenen Zusammensetzungen aufgewiesen 
hat, ist die Oxidationsbestiindigkeit der Werkstoffe 
sehr yon dem Gehalt der Sinteradditive, Korngrenzen- 
phasen und Verfahrenstechnik abhiingig. Gasdruck- 
gesinterte Keramiken enthalten kristalline Y-Si- 
Oxynitride in der Korngrenzenphase und zeigen eine 
niedrige Stabilitiit bei dazwischenliegenden Tempera- 

turen und eine niedrigere Oxidationsbestdndigkeit als 
heff3gepreflte Keramiken der gleichen Zusammen- 
setzung. Dank der Ausbildung der schiitzenden 
Oxidschicht weisen heiflgepreflte Keramiken sehr gute 
Oxidationsbestdndigkeit an Luft bis 1400-1450°C 
au[~ Die Oxidationsraten bei Temperaturen bis 
1300oc nehmen mit zunehmendem Additivgehalt ab. 
Bei Temperaturen >1400°C findet eine umgekehrte 
Abhfingigkeit statt. 

Le comportement ~ l'oxydation de ckramiques ?7 base 
de Si3N +, dopkes 71 I'Y203-Al203, a ktk exam&b, dans 
l'air, jusqu'h 1500°C, en conditions isothermes et non 
isothermes. La rksistance 71 l'oxydation des matkriaux 
d~;pend jortement de leur contenu en addit(fs, des 
phases secondaires et des mkthodes dWaboration. 
Ceci est mis en ~;vidence par le comportement de cinq 
mat~;riaux, de m6me composition initiale, prkparbs par 
compression uniaxiale h chaud et frittage sous 
pression gazeuse. Les cbramiques.frittbes par pression 
gazeuse contenant des oxynitrures Y Si cristallins en 
tant que phase intergranulaire, ont montrk leur 
instabilitk aux tempbratures intermkdiaires et une 
rOsistance ?7 l'oxydation plus faible que les ckramiques 
de m~;me composition fabriqukes par pressage uni- 
axial ~ chaud. Ces derniOres prksentent une excellente 
rksistance ?t l'oxydation dans l'air jusqu'?t des 
tempOratures de 1400 h 1450°C, en raison de la 
.formation d'une couche d'oxyde protectrice. Une 
diminution des vitesses d'oxydation est observke avec 
l'augmentation du contenu en additifs pour les 
tempOratures inf~rieures gt 1300°C, par contre l'effet 
inverse est constatk pour tousles matOriaux au-dessus 
de 1400°C. 
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1 Introduction 

Today, high-strength ceramic materials are widely 
used for engine components, turbochargers, cutting 
tools, etc. It is well known that silicon nitride is one 
of the best materials for high-temperature applica- 
tions. Y203 and A1203 sintering aids are most widely 
used for the preparation of Si3N4 ceramics possess- 
ing high strength at temperatures higher than 
1000°C. In the case of high-temperature engineering 
applications of Si3N,, one of the most important 
factors affecting the performance is its oxidation 
behaviour. Therefore the oxidation of Si3N4-Y203- 
A1203 ceramics has been studied previously 
(Table 1). 

Thermochemical analysis provided by Luthra a3 
indicated that the reaction rates of high-purity 
Si3N4 should be influenced by both diffusion 
through SiO 2 and an interface reaction. The most 
favoured interpretation of oxidation phenomena in 
polyphase Si3N4 materials considers that the 
oxidation rate-controlling process is the sequential 
inward diffusion of oxygen (to generate silicon 
oxynitride and silica), and the outward diffusion of 
intergranular metal oxide as a result of ionic 
chemical potential gradients. 14 In the temperature 
range of interest molecular diffusion of O 2 seems to 
be the major mechanism of oxygen transport 
through silica or silicate layers, x5 In general, the 
oxidation resistance of these ceramics depends on 
the amount of sintering aids used and the compo- 

sition of a grain-boundary phase. In most of the 
previous studies the decisive role of diffusion of 
additive and impurity cations within the grain- 
boundary phases or diffusion of oxygen and 
nitrogen through the oxide layer has been stressed. 
Diffusion processes are indicated as the rate- 
controlling step for the parabolic oxidation 
behaviour observed in a range of testing condi- 
tions. 1'8-1° However, satisfactory explanations 
about the logarithmic oxidation kinetics '*'16 and the 
acceleration of the nitrogen evolution after some 
period of heating 6,v have not yet been achieved. 

The purpose of this study is to compare and 
discuss the oxidation behaviour of five materials in 
the system Si3N4-YzO3-A1203, differing in the 
content of Y203 and A1203 and the type of 
secondary phases as a consequence of the adapted 
sintering conditions. 

2 Experimental 

2.1 Materials 
The mechanisms and kinetics of oxidation were 
investigated using model compositions containing 
various amounts ofyttria and alumina (Fig. 1). High- 
purity Soviet Y203 (ds0 = 8 #m) and ~-A1203 (dso= 
2.5/~m) powders were used. Kema Nord silicon 
nitride powder (a-phase content >90%) and the 
additives were ball-milled in acetone, using hard 
alloy (Fe,Co-bonded WC) media, to ds0 < 1 #m and 

Tab le  1. S u rvey  o f  o x i d a t i o n  s tud ies  

Year Reference Processing Addit ives (mass%) Environment  Temperature 
( c) 

Y203 AI203 

Ohsem~ations 

1980 Hasegawa et alJ HP 5 

1980 Quackenbush & S, HP 3-25 
Smith 2 

1987 Govila 3 S 8 

1988 Nickel et aL 4 S 9'8 

1989 Wang et aL 5 

1989 Wakamatsu  et aL 6"7 

1989, 1990 Echeberria & 
CastroS' 

2 Dry 02 1200-1300 

0-2 Air 900-1350 

2 Air 500-1200 

1.7 Oz 1200-1465 
(3.5 AIN) 

S 13-9 4.5 Air 900-1200 
S 15.0 5.O 
GPS 3-64 2.67 O 2 1400-1600 
GPS 4.71 4-57 
GPS 6.71 6-67 
HIP 5.37 3-64 
HIP 6 4 Air 1100-1500 

1990 Bellosi et al. 1° HP 8 3 Air 800-1450 
GPS 7 3 

1990 Kim & Moorhead 11 HIP 6 1.5 Ar -O  2 1400 

1990 Gogotsi et  al)  z HP 5 2 Air 400-1400 

The oxidation is controlled by a diffusion 
mechanism. Cristobalite, Y2SizO7 and 
glassy phase are formed. 

Parabolic oxidation above T¢ and a 
linear one below To. 

Oxidation at the intermediate temperatures. 
Pits in the surface layer are observed. 
Y2Si207 is formed. 

Logarithmic oxidation. Bubbles formation. 

High oxidation resistance, strength 
improvement after oxidation. 

Mass-spectrometric investigation of  
exhaust gas was carried out. Acceleration 
of the oxidation is observed. 

Parabolic oxidation, E = 865 kJ/mol. 
Si2N20 , fl-Y2Si207 and Y-rich silicate 
glass are found. 

Parabolic oxidation, E = 630 k J/tool. 
Material with Y silicates as intergranular 
phase starts to oxidize at ~ 1200°C, with 
Y oxynitride at 800°C. 

Cristobalite and/or  Y2Si207 are 
formed. 

Low-temperature oxidation and strength 
degradation of  ceramics with 
Y oxynitrides. 

HE Hot pressing; S, sintering; GPS, gas-pressure sintering; HIP, hot isostatic pressing. 
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Fig. I. Compos i t ions  under  study. 

dm~ ~ = 4 pm. WC pick-up from the ball milling was 
,--2 mass %. The first group of samples (HPSN) was 
hot pressed at a temperature of 1840°C (0.5 h) in 
graphite dies without a controlled atmosphere at a 
pressure of 30 MPa (processed at the Institute for 
Problems of Materials Science, Kiev, Ukraine)) 2 
The second group of samples (SSN) was gas- 
pressure sintered at 1850°C (1.5h) in nitrogen 
(processed at the Fraunhofer-Einrichtung fiir Kera- 
mische Technologien und Sinterwerkstoffe, Dresden, 
Germany)) 7 The samples were embedded in Si3N4 
powder (d< 100/tm). The N 2 pressure was held at 
0"5 MPa during the ramp and at 5 MPa during the 
soaking time. Mass loss during sintering was < 2%. 
From the obtained billets the test samples (2 x 5 x 
15 ram) were cut and ground with a 100-pm diamond 
wheel. 

The properties of materials used are given in Table 
2. All materials possess near theoretical density. 

~ f l  conversion was not complete in HPSN; --- 5% 
of 7-Si3N 4 still remains in the samples owing to the 
shorter sintering time and lower sintering tempera- 
ture. As crystalline secondary phases, in HPSN 
traces of yttrium silicates and in SSN, some Y4Si 2- 
O T N  2 (YAM in which Si and Y are partly substituted 
by A1 and O), YSiOzN (wollastonite) and Y-apatite 
have been identified. WC, WSi 2 and traces of WsSi 3 
and F e 6 W 6 C  w e r e  also found in samples as 
uniformly distributed inclusions of ~1 pm size. 
These compounds are present as a result of mixing in 
the ball mill in WC media. Hot-pressed samples had 
higher contents ofWSi z. Sintered samples contained 
preferentially WC, WsSi 3 and Fe6W6C. W, Fe and 
Co were revealed as major impurities by energy 
dispersive X-ray microanalysis (EDAX) and wave- 
length dispersive microanalysis (WDS). The content 
of other impurities was lower than the sensitivity of 
the methods used. The oxygen content in sintered 
specimens was always lower than in hot-pressed 
ones (Table 2). Chemical analysis of sintered 
specimens showed that the loss of Y and A1 during 
sintering was rather low (Table 3). 

The investigation of polished and etched surfaces 
demonstrated that the average thickness of the 
silicon nitride grains a was <0"7 #m (Table 2) and the 
aspect ratio c/a < 9. 

2.2 Experimental procedure 
Oxidation of the ceramics in air under programmed 
heating up to 1500°C and isothermal conditions was 
studied using a Netzsch thermobalance capable of 
2 × 10 5g resolution. Non-isothermal conditions 
(heating rate 2°C/min) were chosen to determine the 
number of reaction stages and changes in oxidation 
behaviour with temperature. Other samples were 
heated to the selected isothermal hold temperature 

Table 2. Mater ia ls  character iza t ion 

Material Processing Density 
( g / c m  3 ) 

Microstructural characteristics 

aso c/a Grains with 
(itm) (max) 

c/a > 4 c/a > 6 
(%) (%) 

Strength a 
(MPa) 

Oxygen 
c o n l e n l  

(%) 

Excess 
content ~/ 

oxygen 
(%)h 

5Y2A HP 3"40 0.43 9 40 27 897 c 4.21 2.2 
5Y2A S 3.32 0.43 9 40 17 870 a 3-76 1.8 
7Y 1A H P 3"39 0.38 9 42 22 722 c n.d. n.d. 
7Y 1 A S 3-35 0-66 8 44 23 425 a n.d. n.d. 
7Y2A HP 3.44 0.35 9 39 17 800 C 4.21 1.8 
7Y2A S 3"36 0"63 9 33 18 822 n 4.05 1.6 
7Y3A HP 3"41 0'39 9 52 28 746 c 5"10 2.2 
7Y3A S 3.36 0.66 9 39 19 717 a 4.00 2.1 
9Y2A H P 3.45 0.40 8 34 15 824 c 5.15 2.3 
9Y2A S 3"45 0.60 9 30 21 732 a 5.00 2.1 

a, Thickness;  c, length of/~-Si3N 4 grains; n.d., not  determined.  
Mean  of  10-12 measurements .  

h Total con ten t  of  oxygen minus  the oxygen conten t  f rom sintering additives. 
"Three-poin t  bending.  

Four -po in t  bending.  
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T a b l e  3. Composit ion of  sintered materials 

Material Designated composition Chemical analysis 

Y203 Y A1203 AI 
(mass%) (mass%) (mass%) (mass%) 

Y AI 
(mass %)" (mass %)b 

5Y2A 5 3.94 2 1.06 3"55 l '0 
7Y 1A 7 5-50 1 0.53 4.66 0.6 
7Y2A 7 5.50 2 1-06 5.66 1.2 
7Y3A 7 5.50 3 1.59 n.d. n.d. 
9Y2A 9 7-06 2 1.06 6.67 1.0 

n.d., Not determined. 
"Accuracy 0.2%. 
b Accuracy 0"3 %. 

at a rate of 20°C/min. The cooling rate was in both 
cases ~ 10°C/rain. A nearly constant oxidation time 
of 100 h was maintained for most of the isothermal 
experiments. All samples were ultrasonically cleaned 
in acetone and weighed with a microbalance before 
and after oxidation. 

Oxidation products were examined by X-ray 
diffractometry (XRD) (Siemens, D500), scanning 
electron microscopy (Cambridge Stereoscan $4-10 
and Superprobe 733) and metallography (Zeiss, 
Axiomat). EDAX and WDS were used to identify 
the composition of materials and element distri- 
bution in oxide layers. XRD peak intensity measure- 
ments of the phases were taken for the strongest 
diffraction signals: (101) for ~-cristobalite (SiO2) , 

(200) for f l -Si3N 4 and (021) for f l -YzSi20  v. Relations 
of the intensities of ~-cristobalite or yttrium silicate 
peaks to the intensity of the strongest fl-SiaN 4 peak 
were used to normalize the XRD data. Supposing a 
uniform distribution of oxide phases in the surface 
layer and formation of thin (<100/~m) oxide films, 
no other special corrections to the measured XRD 
peak heights were made. Therefore the XRD results 
were used only for semiquantitative comparison of 
the contents of main oxide phases on the surface of 
different materials and cannot serve as a quantitative 
measure of the mass or molar content of these 
phases. 

and reaction of Y-Si oxynitrides are involved in the 
process. 

The mass gain versus time curves for some of  the 
tested materials oxidized at 1300-1500°C (Figs 3 and 
4) approximate to the classical parabolic behaviour 
represented by the equation 

(Am~S) 2 = kpt (1) 

but only in limited time intervals. 
The evaluation of the content of crystalline phases 

in the samples oxidized at 1200 and 1350°C as 
derived from semiquantitative XRD is reported in 
Fig. 5. XRD analysis of the surfaces of samples 
showed the presence of ~-cristobalite and yttrium 
disilicate (fl-Y2Si207). Mullite was found only after 
oxidation at 1500°C. 

Oxide surface layer morphology developed on 
samples at > 1100°C (examples in Fig. 6 for SSN 
and in Fig. 7 for HPSN) shows features which are 
similar to those observed for other Si3N,,-based 
materials, l°'*s The reaction product formed at 
T_> 1200°C is essentially the same for all samples 
and shows the development of preferentially 
oriented plate-like crystals of  fl-Y2Si207 (Fig. 7, 
bright) with different morphologies in a glassy 
viscous phase (dark). The diffusion of the additive 
cations (A1 and Y) and of the impurity cations (Na, K 
and Ca) is very pronounced. This leads to the 

3 Results 

In experiments with constant heating rates, the 
detectable mass gain of hot-pressed samples starts at 
>1050°C (Fig. 2), and up to --~1400-1450°C 
oxidation is not very pronounced. When a sample is 
heated above this point, the mass gain increases 
rapidly. 

Under isothermal conditions no mass gain was 
detected at temperatures lower than 1050°C, though 
changes in the surfaces of SSN samples were 
observed even at lower temperatures. No oxidation 
of  silicon nitride can be detected at these tempera- 
tures according to XRD; only the decomposition 

0.8 
Heating rate 2°C/min 

II I III t 

0.6 I~ 7Y3A 

E # 

E //,; ' 7Y2A 
.c_ 0.4 t / ,, 
cO //,, 
¢3~ / / , ,  

9Y2A r ..-',, 
t .., 7YIA 

/ Y / 
0.2 / /  

i ~ 
, I I 

0 i 
1000 1 100 1 200 1 300 1 400 1 500 1 600 

Temperature (°C) 

Fig. 2. Thermogravimetr ic  curves for hot-pressed samples 
showing temperature ranges of  different oxidation behaviours. 
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Fig. 3. Oxidat ion kinetic curves for hot-pressed ceramics of  
different composi t ions  at (a) 1 3 0 0 C  and  (b) 1500~C. 

formation of a glassy silicate layer on the sample 
surface. 1° However, below ~ 1400°C, the formation 
of uniformly thick 'fish-scale' 19 type cristobalite film 
on HPSN samples was observed (Fig. 8(b)). 

The cross-section of a sample 7Y1A oxidized at 
1500'C (Fig. 9(a)) shows an example of the glassy 
scale, containing yttrium silicate crystals (white) and 
bubbles. A distribution of elements at the boundary 
oxide layer/substrate is shown in Fig. 10. Above 

1400°C (this temperature is probably near to the 
eutectic temperature for the silicate layer formed) 
the viscosity of the oxide scale decreases strongly, 
and large pores and bubbles form on the surface 
(Fig. 9). After a short period of initial parabolic 
oxidation (Fig. 4) the materials oxidized almost 
linearly (Fig. 3(b)). 

Three different oxidation regimes, conditioned by 
the features of oxidation of ceramics at different 
temperatures (Fig. 2), can be identified: I -- low (T< 
1050'~C); II--intermediate ( l l00°C< T<  1300°C); 
and III high (T> 1350°C) temperature. 

4 Discussion 

4.1 Effect of alumina and yttria content 
EDAX investigations of an amorphous grain- 
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Fig. 4. (a) Oxidat ion kinetic curves for hot-pressed 7Y3A 
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boundary phase in triple points in both types of 
materials have shown the presence of all ceramic 
elements (Si, N, O, Y and A1). However, the 
measured oxygen content in SSN was lower than in 
HPSN (Table 2). Thus, the SiO2 content in the grain- 
boundary phase in SSN is also lower than in HPSN. 
This seems to be the main reason for the presence of 
different crystalline intergranular phases in the two 
kinds of materials under study. It is known 2° that 
the oxynitride crystalline phases oxidize at inter- 
mediate temperatures more easily than the SiO2-rich 
oxynitride glass. At relatively low temperatures 
(<ll00°C) the phases Y4SizOvN2, YSiO2N and Y- 
apatite (Ys(SiO4hN), revealed in SSN by XRD, are 
also oxidized. For the oxynitride phases observed in 
SSN, the equations for oxidation are: 

4Ys(SiO4)3N + 3 0 2  = 2 Y 2 S i 2 0 7  + 8 Y 2 S i O  5 + 2 N  2 

(2) 
(volume change 11%2°), 

4YSiO2N + 3 0  2 = 2 Y 2 S i 2 0  v + 2 N  2 (3) 
(volume change 10% zo) and 

2Y4Si2OvN2 + 3 0 2  = 4Y2SiO s + 2N 2 (4) 

Further interaction with the excess of S i O  2 a t  higher 
temperatures usually leads to the formation of 
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Fig. 5. Semiquantitative X-ray analysis of the surface layer of HPSN and SSN oxidized for 100h at (a) 1200°C and (b) 1350°C as a 
function of the total additives content ((a) and (b)) and Y203 content ((c) and (d)). 

yttrium disilicate and aluminosilicate glass, which 
were found in the oxide layer (Fig. 10). 

The investigation of  oxidation of  yt t r ium oxy- 
nitrides 2~ has demonstrated that the transformation 
of oxynitride phases to yttr ium silicates is accom- 
panied by a sharp increase of  specific volume, which 
results in nonuniform internal stresses. The calcu- 
lation reported in Ref. 20 shows that a total volume 
expansion of  ~ 1% is close to the maximum level of  
strain that can be tolerated. A rough Hooke's law 
calculation for ceramics with E = 300 GPa provided 
in Ref. 20 shows that a total volume expansion of  the 
sample of  1% would generate a stress of  ~1000 
MPa, which is of  the same order of magnitude as the 
strength of  the ceramics under study (Table 2). This 
can cause microcracking in the surface layers of  the 
material which really occurs in SSN (Fig. 6(a)) at 

testing temperatures up to 1300°C. Above l l00°C 
cracking was observed only under shor t - term 
heating and was followed by healing of  cracks 
during the isothermal heat treatment. But at the first 
stage of  oxidation the oxide film does not cover the 
whole sample continuously (Fig. 6(c)) and allows the 
more intensive oxidation of  some regions of  the 
sample surface (Fig. 6(a)). Nonuniform discoloration 
of  SSN specimens can be explained by large-scale 
inhomogeneities, caused by an irregular inter- 
granular crystallization of  the secondary phase. 22 At 
higher temperatures microcracking does not occur 
because of  the softening of  grain-boundary phases 
and stress relaxation. Only very thin microcracks 
resulting from the phase transformation in SiO 2 

were found on the surface of  samples. Temperature 
dependencies of  strength and hardness of  these 
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Fig. 7. Surface of an HPSN 5Y2A sample oxidized at 1300'C. 
(a) Secondary electron image; (b) X-ray map of Y. The white 

area corresponds to Y/Si207 crystals. 

Fig. 6. (a) General view and (b) and (c) morphology of the 
surface of the SSN 9Y2A sample oxidized for 1 h at 1300~C: (b) 

region 1; (c) region 2. 

ceramics 12 show that the softening of  the inter- 
granular phase, leading to the decrease of  mechani- 
cal properties, occurs at ~ 1100°C. Therefore, above 
1100°C the accommodat ion  of  the volume increase 
due to intergranular phase oxidation should be 
possible. 

Oxidation tests under programmed heating rates 
did not reveal any significant mass gain of  SSN at 
< 1050°C. But all SSN samples showed discolora- 
tion, patch or spot formations, and some samples 
showed also surface cracking (Fig. 6(a)). Such low- 

temperature instability was observed for various 
Y203-doped silicon nitride ceramics. 2'1°'2°'23-26 
The absence of detectable mass gain at these 
temperatures can be explained by a very low relative 
mass increase at oxidation according to the reac- 
tions (2)-(4) and by vaporization o f W O  3 (see Section 
4.2), compensat ing the mass gain due to the 
oxidation of  grain-boundary phases. 

In contrast, the HPSN samples having a higher 
SiO 2 content  in the intergranular phase (Table 2) did 
not show any surface cracking, distort ion or 
buckling and thus suggested the absence of  oxid- 
ation instability at the intermediate temperatures. 
The higher S i O  2 c o n t e n t  in HPSN has the following 
two consequences. The first is an increase of  the 
viscosity and a decrease of  diffusion rates in the 
intergranular phase, which lead to a decrease of  the 
reaction rates. The second is an indirect one. The 
A1203 addition in the material incorporates during 
sintering into the Si3N 4 according to the equation 

z/2(A1203) e + (6 - z/4)Si3N 4 
= S i 6 -  zAI~N8-,Oz + 3/4z(SiO2)e (5) 

A1203 and SiO2 are also involved in the liquid phase. 
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t l  

Fig. 8. (a) General view and (b) and (c) morphology of the 
surface of HPSN 7Y2A samples oxidized for (b) 75 h at 1300°C 

and (c) 8h at 1500°C. 

TEM investigations of the intergranular glassy 
phase 27 show that a change of molar ratio ofAl203 
to a rare-earth oxide from 0.33 to 8.2 hardly changes 
the alumina content in the intergranular phase, 
because the main part of A1 is incorporated in the fl- 
Si3N 4 grains. According to eqn (5) a higher alumina 
content in the initial composition leads to a higher 

Fig. 9. Cross-sections of (a) HPSN 7Y1A and (b) and (c) 
7Y3A samples oxidized for (a) 100h and (b) and (c) 25h at 

1500°C. 

SiO 2 content in the grain-boundary phase. This 
leads to decreasing oxidation below 1200°C (Figs 2 
and 3) with increasing AI content. This change in the 
SiO z content can also explain changes in the 
Y2Si207/SiO2 ratio in the surface layer of the SSN 
materials oxidized at 1200°C (Fig. 5(a)). The ratio is 
about 2.6 for 7Y1A, 1.6 for 7Y2A and only 0.9 for 
7Y3A ceramics. 

The dependence of the oxidation mass gain (Figs 2 
and 11) and the oxide layer phase composition (Fig. 
5) on the additives content is strongly pronounced. 
As can be seen in Fig. 2, the lower additives content 
contributed to good oxidation resistance o f  HPSN 
in the temperature range II. A similar effect of  
additives was observed earlier for reaction- 
bonded, 26 sintered and hot-pressed 2 silicon nitride- 
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Fig. 10. Distribution of the main elements at the boundary 
oxide layer/substrate on the cross-section of an HPSN 7Y1A 

sample heated up to 1500°C. 

based ceramics. Hot-pressed ceramics with a lower 
content  of additives were more stable under 
oxidation above 1350-1400°C than additive-rich 
ceramics (Figs 2, 3(b) and 11), probably because of 
the protective effect of the cristobalite layer formed. 
These experiments, together with the data presented 
in Refs 25 and 26, offer clear evidence that an 
increase in the total additives content increases 
oxidation rates at high temperatures. 

This result is in agreement with the assumption of 
Andrews & Riley 19 that the solution of cristobalite 
in a liquid silicate phase is an important  factor in the 
overall rate-controlling process. The higher amount  
of additives contributed to lower cristobalite content 
in the oxide scale (Fig. 5(b)) due to diffusion of Y and 
A1 cations to the surface and formation of glassy and 
crystalline silicate phases. It has been shown 2 that 
A1203 dissolved in the silicate phase hinders 
crystallization, thereby promoting glass formation. 
The higher content ofyttria in ceramics increases the 
quantity of fl-Y2Si207 in the oxide layer at high 
temperatures (Fig. 5(d)). It is known ~5 that the 
diffusion rate of oxygen in silicates is much higher 
than in pure SiO2. An increase in the oxygen 
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Fig. 11. Mass gain of HPSN and SSN samples oxidized 100 h at 
1200 and 1350°C versus additives content. 

transport rate will increase the overall oxidation 
rate. Thus, the more strongly fluxed the surface 
silicate layer by dissolved constituents from the 
substrate (Y, A1), the lower the viscosity of the glass 
and the material's resistance to oxidation. 

In the temperature range II (Fig. 2) the depend- 
ence of the oxidation resistance of different ceramics 
(Fig. 11) and the amount  of crystalline phases on the 
additives content is much more complex. The higher 
content of alumina in SSN decreases the tempera- 
ture of the liquid-phase formation and increases the 
oxidation resistance of an intergranular phase at the 
intermediate temperatures, 2 resulting in the lower 
content of yttrium silicate in the oxide scale at 
1200°C (Fig. 5) and lower oxidation rates up to 
1350°C (Fig. 11). For HPSN ceramics the influence 
of additives at 1200°C was to decrease the mass gain 
(Fig. 11) but to increase the content of crystalline 
oxide phases content on the surface of ceramics (Fig. 
5(a)). 

Thus, the oxidation resistance at low and inter- 
mediate temperatures (ranges I and II) is determined 
by the phase composition and presence of unstable 
oxynitride phases. On the other hand, the total 
content of additives in ceramics (and consequently in 
the oxide layer) determines the oxidation behaviour 
at high temperatures (range III). 

Above 1300°C, when the oxidation of Si3N 4 
grains is more intense, the alumina content in the 
surface increases with increasing A1 content in the 
material and the oxidation rate grows (Figs 2 and 3). 

The formation of  a protective SiO z scale on the 
surface of HPSN samples after a few minutes of 
oxidation leads to a high resistance for HPSN, for 
which inward diffusion of oxygen is rate limiting. An 
acceleration of diffusion of dopants and impurity 
cations to the reaction interface with the tempera- 
ture increase leads to the formation of a protective 
dense and coherent oxide layer also on the surface of 
SSN ceramics. However, the formation of a thicker 
oxide layer, in comparison with HPSN, containing 
also a lot of cracks and bubbles was observed. Figure 
5 illustrates the difference in ~-cristobalite and /~- 
Y2Si207 amounts  on the surface of hot-pressed and 
sintered samples. 

The oxidation behaviour above 1400°C was 
similar for both groups of materials. After a short 
time interval the concentration of impurities in the 
oxide scale reached a sufficient level to dissolve the 
protective cristobalite layer formed at lower 
temperatures. The low viscosity silicate film (Fig. 8(a) 
and (c)) then evidently became less protective and the 
materials oxidized almost linearly. 

4.2 Effect of tungsten compounds 
As already indicated, the largest part of W present in 
these Si3N4 ceramics is in a reduced state. This fact is 
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in agreement with thermodynamic calculations. 21 
As the oxygen potential increases in the surface 
layer, W should be present as the oxide dissolved in 
the liquid silicate phase. But the WDS showed a very 
low W content in oxide films, perhaps owing to 
vaporization of  volatile tungsten oxides. However, 
W was present beneath the oxide layer in the SiaN 4 
matrix (white points in the lower part of  Fig. 12(b) 
and (c)), showing no preferable oxidation. Tungsten 
compounds'  oxidation in accordance with reactions 

WC -t- 20  2 = W O  3 --I- C O  (6) 
and 

WSi 2 q- 70  2 = 2WO 3 + 4SiO 2 (7) 

starts at lower temperatures than the oxidation of  
silicon nitride, and in the low temperature range I the 
mass loss due to WC and WSi z oxidation can exceed 
the mass gain due to SiaN 4 oxidation. Such an effect 
was observed for 5Y2A HPSN specimens at 
temperatures up to l l30°C 28 and for A1EOa-doped 

SiC containing 4% WC even at temperatures up to 
1 4 0 0 ° C .  26 Simple calculations using eqn (6) show 
that the WC oxidation and vaporization of  oxid- 
ation products from the oxidized layer of  ,,-15 #m at 
a WC content of  2 mass% result in a mass loss of  
,-~0.1 mg/cm 2. This value is comparable with mass 
gains due to oxidation (Fig. 11). At very high 
temperatures a thick silicate layer retards the W 
transport to the oxide/gas interface and the mass 
gain due to SiaN 4 oxidation exceeds substantially 
the mass loss due to WO 3 evaporation. 

Thus, it should be taken into consideration that 
the results of  mass change measurements reflect the 
contr ibut ions f rom at least two simultaneous 
processes, one leading to the mass gain (SiaN 4 or 
Si-Y oxynitrides oxidation) and the other resulting 
in the mass loss (e.g. WO3 vaporization) of  the 
samples. 

The lower mass gain (Fig. 11) and the more severe 
oxidative degradation of  the surface of  SSN in 
comparison with HPSN can then be explained in 
terms of  the more intensive WO3 vaporization. The 
presence of  WC instead ofWSi  2 in SSN leads, as can 
be calculated from eqns (6) and (7), to a ~ 4 0 %  
higher mass loss during oxidation. The formation of  
a non-protective oxide layer (Fig. 6(c)) at the first 
stage of  oxidation facilitates the evolution of  
gaseous tungsten oxides and leads to more severe 
mass loss of  ceramics. 

Fig. 12. (a) Surface and (b) and (c) cross-sections of the HPSN 
7Y3A samples oxidized for (a) and (b) 25h at 1500°C and (c) 

100h at 1300°C. 

4.3 Oxide scale structure and surface degradation 
Oxide scales, in general, were formed at >1200°C 
with important  microstructural variations from 
their surface to the reaction interface, irrespective of  
composition and nature of  the material. The fl- 
Y/Si207 crystals are present on the oxide surface and 
in the oxide/substrate interface (white in Figs 9(c) 
and 10), but usually do not appear in the mid-zone of  
the oxide film, which is only constituted of  ~- 
cristobalite and glassy phase. A pure cristobalite 
layer on the boundary between the silicate oxide film 
and Si3N 4 substrate was found only at 1200- 
1300°C. At higher temperatures dissolution of  pure 
SiO 2 in a silicate phase probably occurred, and a 
glassy phase with relatively uniformly distributed 
aluminium was found (Fig. 10). The formation of  a 
porous layer between Y-rich layers and/or  on the 
oxide/bulk material interface was observed after the 
oxidation above 1300°C (Fig. 9), so that the film 
ceases only locally to be anchored to the ceramics. In 
some cases cracks can propagate through this 
porous layer after cooling, resulting in the spalling of  
the oxide film (Fig. 12(a)). The formation of  a porous 
layer between the oxide scale and bulk material 
could be a reason for the non-parabolic oxidation 
kinetics of  ceramics at higher temperatures. The 
formation of  cavities on the boundary  oxide layer/ 
bulk material diminishes the area over which Y atoms 
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can move into the scale as ions, and oxygen can 
move to the reaction interface, and thus the effective 
area available for the oxidation process is reduced. 29 
This causes the oxidation rate to fall offafter 20-70 h 
more rapidly (the curves in Fig. 3(a)) than the 
parabolic law would predict. Such retardation of the 
oxidation process was also observed in Refs 4, 16 
and 23, and explained in terms of the formation of 
bubbles in the oxide scale. 

As can be seen in Fig. 12, oxidation of all materials 
studied above 1400°C leads to the appearance of 
pores in the subsurface layer (Fig. 9(b)), as well as 
formation of pits (Fig. 12(b)) and large pores (Fig. 
12(c)) on the boundary oxide layer/bulk material. 
The cracking and spalling of the oxide scale after 
oxidation at 1500°C and cooling to room tempera- 
ture was also observed (Fig. 12(a)). 

4.4 Temperature regimes of oxidation mechanisms 
On the basis of the results obtained and reported in 
this study, it should be discussed how the oxidation 
of Si3N4-based ceramics is controlled by different 
mechanisms depending on the temperature. The 
foregoing discussion of the oxidation behaviour 
defined three temperature ranges: below ~1050°C 
(I), 1100-1300~C (II) and above ~ 1350°C (III). The 
precise boundaries of these temperature ranges 
depend on the additives content and phase compo- 
sition of Si3N 4 ceramics. 

As has been shown, only oxidation of tungsten 
compounds and S i ~  oxynitrides occurred at the 
lowest temperatures (temperature range I). The rate- 
controlling step is probably the inward diffusion of 
oxygen through grain boundaries 3° and, later, 
through cracks. The boundary of the first tempera- 
ture range is the beginning of the pronounced 
oxidation of Si3N 4. 

In the temperature range II a gradual change in 
oxidation behaviour takes place. The litera- 
ture 1°'14"~<3° gives a fairly good explanation of the 
mechanisms involved. The parabolic oxidation at 
these temperatures is explained by the formation of 
silica. With time the thickness of the silica layer 
increases and progressively the specimen is covered 
with a protective scale. So the grain boundaries are 
closed by a SiO2-rich layer which stops the internal 
oxidation. 

The comparison of the parabolic rate constants kp 
derived from eqn (1) for 7Y3A HPSN with the values 
obtained by Bellosi et alJ ° for materials of a similar 
composition (Fig. 4(b)) shows a good correlation. 
However, somewhat lower kp and apparent activ- 
ation energy values (compared with the data in Table 
1) were measured in the present experiments. 

The present experiments corroborated the obser- 
vations of Andrews & Riley 19 that beyond a critical 
temperature (the boundary between the ranges II 
and III), which probably corresponds to the eutectic 

temperature of the silicate layer formed, an increase 
of oxidation rates occurred. The reason for the 
change in oxidation behaviour must be related to the 
changed composit ion and morphology of the 
oxidation products (Fig. 8) above the eutectic 
temperature. The liquid formation permits the 
dissolution of SiO2 and replacement of a protective 
continuous cristobalite film by localized crystal 
growth. Enhanced rates of oxidation are character- 
ized by the transition from parabolic to near linear 
oxidation kinetics. 

5 Conclusions 

(1) The oxidation resistance of Y203+A1203- 
containing silicon nitride is strongly dependent 
on the content of additives and processing 
conditions, resulting in different phase compo- 
sitions of materials. 

(2) Gas-pressure sintered ceramics containing 
crystalline yttrium-silicon oxynitrides in the 
intergranular phases showed instability at the 
intermediate temperatures and lower oxidation 
resistance than hot-pressed ceramics prepared 
from the same powder mixtures. Hot-pressed 
ceramics exhibited excellent resistance to oxid- 
ation by air at temperatures up to 1400-1450°C, 
because of the formation of a protective oxide 
layer. 

(3) Samples with the higher amount  of additives 
were more stable under the oxidation up to 
1350°C; the reverse was the case at higher 
temperatures. Thus, it appears likely that 
additive-rich ceramics will be employed pre- 
dominantly in applications involving use tem- 
peratures below ~ 1300°C. On the other hand, 
ceramics with the lowest additives content have 
better oxidation resistance at the highest 
temperatures. 

(4) The addition of A1203- to YzO3-doped ceramics 
is not sufficient to overcome the low-tempera- 
ture instability of these materials. The forma- 
tion of  stable intergranular phases during 
sintering is the fundamental condition for their 
good oxidation resistance. 

(5) Changes of oxidation kinetics and mechanisms 
in different temperature ranges were observed 
under the experimental conditions: 

- -Below ~1050°C only oxidation of Si-Y 
oxynitrides and W compounds takes place. 
The rate-controlling step is the inward 
diffusion of oxygen through grain bound- 
aries. 

- - I n  the range 1100-1350°C oxygen diffusion 
through a protective S i O  2 o r  silicate layer is 
the rate-limiting step for parabolic oxidation. 

- -Above  ,-~1350°C the formation of a liquid 
silicate phase and dissolution of the protec- 
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tive SiO2 film in this liquid are responsible for 
the markedly faster oxidation rate. 

(6) The degradation of the surface layer and 
formation of large flaws was observed for 
HPSN and SSN at > 1400°C. Cracking of the 
surface along the boundaries of  oxidized 
discoloured regions was found for SSN at the 
intermediate temperatures. At higher tempera- 
tures the SSN oxidation mechanism is the same 
as for HPSN, but usually enhanced oxidation 
rates are observed. 

(7) Oxide scales exhibit a layered structure with 
microstructural variations from their surface to 
the reaction interface. This has been found for 
all compositions studied, almost independently 
of oxidation temperature. 

(8) The content of ~-cristobalite and fl-Y2Si207 in 
the oxide scale is dependent on ceramics 
composition. 
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