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A bstract 

The influence of  oxidation in S02-air mixtures on 
the mechanical properties of  two hot-pressed and one 
pressureless sintered Si3N 4 ceramics was investigated. 
Samples were corroded for 25 h in the range 800- 
1500°C in 1 vol.% S02 in dry air and the residual 

flexural strength was measured at room tempera- 
ture. In S02, the dominant reaction process is oxi- 
dation, accompanied by reaction of  sulphur oxides 
with the surface oxide layers, to yield sulphates 
where these are stable under the experimental 
conditions. This' sulphate formation appears not to 
affect the mechanical strength of  silicon nitride. 

Der Oxydationseinflufl eines S02-Luft-Gemischs 
auf die mechanischen Eigenschaften zweier heiflge- 
preflter Si3N4-Keramiken und einer drucklos gesin- 
terten Si3N4-Keramik wurde untersucht. Die Proben 
wurden 25 Stunden lang in einem Temperaturbereich 
von 800-1500°C in trockener Luft mit einem 1 Vol.% 
Anteil SO 2 korrodiert und die Eigendurchbiege- 
festigkeit bei Raumtemperatur gemessen. Der 
dominierende Prozefl in S02-Luft ist die Oxidation, 
begleitet yon einer Reaktion des Schwefeloxids 
mit der Oberflgichenoxidschicht zu Sulphaten, bei 
Bedingungen, bei denen diese stabil sind. Die Sulphat- 
bildung beeinfluflt offenbar nicht die mechanische 
Festigkeit des Silziumnitrids. 

Nous avons OtudiO l'influence de l'oxydation en 
atmosphkre de S02 mOlangO gl de l'air sur les 
propriOt& mOcaniques de ckramiques de Si3N4, dont 
deux ktaient pressOes gl chaud et une frittOe 
naturellement. Les Ochantillons ont Otk oxydOs 25 

heures entre 800 et 1500°C dans un mOlange d'air 
sec et de 1% vol. de S02, puis la rksistance d la 
fexion a OtO mesurOe d temp&ature ambiante. Dans 
le mklange S02-air, la rdaction la plus importante 
est l'oxydation accompagnOe d'une rOaction des 
oxydes de soufre avec les couches d'oxyde en 
surface, ce qui conduit gt la formation de sulfates 
stables pour ces conditions exp&imentales. Le 
sulfate formO ne semble pas affecter la rOsistance 
mOcanique du nitrure de silicum. 

1 Introduction 

313 

In view of its high strength and oxidation resis- 
tance up to 1500°C, silicon nitride is one of the 
most important candidates for high-temperature 
applications for structural components in a number 
of advanced applications such as gas turbine or 
diesel engines. 

The oxidation behaviour of sintered or hot- 
pressed materials is expected to differ according to 
the sintering additives used (MgO, A120 3, Y203). 1 
Much work has been devoted to characterizing 
the behaviour of silicon nitride in pure oxidizing 
atmospheres. It is now well recognized that the 
use of yttria as a densification aid for Si3N4 sinter- 
ing results in the formation of highly refractory 
secondary phases, improving the high-temperature 
strength behaviour 2-s compared with Si3N 4 densi- 
fled with MgO. 9-15 

The properties of silicon nitride in complex 
environments have received little attention. The 
effect of the combustion of fuels becomes more 
aggressive as the level of contaminants increases 
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with decreasing fuel quality ~6 and in a number of 
industrial operations ceramics must operate under 
conditions in which the gas phase contains sulphur, 

The objectives of the present work were to 
characterize the influence of additives on the room 
temperature strength behaviour of three silicon 
nitrides after corrosion in 1 vol.% SO2-air for 25 h 
at different temperatures in the range 800-1500°C. 

2 Experimental Procedure 

Two commercial materials, coded SN1 (Ceranox 
NH209) and SN2 (Ceranox NH206) and one non- 
commercial material coded SN3 were supplied by 
Feldmtihle AG, Germany. SN1 and SN2 were 
hot-pressed at 1750°C under 40 MPa pressure with 
9 wt% yttria and 1.2 wt% magnesia respectively. 
SN3 was sintered under normal nitrogen pressure 
at 1650°C with a mixture of 10 wt% yttria and 
1.2 wt% magnesia. Table 1 gives the material com- 
position supplied by the manufacturer and the main 
microstructural characteristics of the materials. 

Corrosion exposures were performed in a spe- 
cially designed horizontal furnace between 800 
and 1500°C in 1 vol.% SOJair (P= 1 atm) for 25 h. 
Table 2 gives calculated partial pressures of O2, 
SO2 and SO3 as a function of temperature, assum- 
ing thermodynamic equilibrium (thermodynamic 
calculations were made using data from Barin & 
Knacke17). A Pt catalyst in the hot zone of the 
furnace upstream of the specimens was used to 
ensure equilibrium conditions. 

Room-temperature flexural strengths (OF) were 
measured by four-point bending, with a support 
span of 40 mm, a loading span of 20 mm and a 
crosshead speed of 0.5 mm min I on 3.5 X 4.5 x 
50 mm 3 bars machined, ground and finally polished 

Table 1. Mater ia ls  

HPSN HPSN SSN 
(SN1) (SN2) (SN3) 

Composition (mass °/o~balance Si3N4) 
Y203 9.0 0.005 10.0 
MgO 0.01 1.2 1.2 
Fe203 1-7 2.7 0.1 
ZrO 2 0.01 0-01 1.6 
A1203 0-12 0.2 0.2 
CaO 0-05 0.25 0-06 

Open porosity (%) 0.2 0 4.10 
Apparent density (g cm 3) 3.33 3.2 3-15 
Main phases identified by 

X-ray diffraction ~-Si3N 4 fl-Si3N 4 J3-Si3N 4 
YioSiTO23N4 Mg2SiO4 a-SiaN 4 

FeSi 2 FeSi YloSi7023N4 
TEM analysis at 

grain boundaries YIoSi7023N4 Glassy phase Glassy phase 
Mg2SiO4 YIoSi7023N4 

FeSi 

TaMe 2. Partial pressure of 02, SO2 and SO3 as function of 
temperature in 1 vol.% SO2-air mixture (atm) 

Temperature Po~ Pso 3 Pso 2 Pso2~so 3 (°~ 

800 0.26 3.0 x 10 -3 6.9 x 10 ,3 2.30 
900 0.26 1.4 x 10 3 8.5 x 10 -3 6.07 

1000 0.26 7.3 X 10-4 9.2 X 10 -3 12.60 
1175 0.26 2 - 2 x  10 4 9 . 7 x  10 -3 44.09 
1300 0.26 1.3 x 10 -4 9.8 X 10 -3 75.38 
1400 0.26 9 .1X 10 5 9 .9X 10 -3 108-7 

on the tensile face; the edges were chamfered 
(lengthwise) to prevent notch effects. The phases 
present on the surface were identified by X-ray 
diffraction and the morphology of fracture sur- 
faces was examined by SEM. 

3 Results 

3.1 Non-corroded samples 
20 bars of SN1 and 10 bars each of SN2 and SN3 
were tested in four-point bending at room tem- 
perature to measure the reference strength. A 
statistical variation of fracture strength, OF, against 
probability of survival (so-called Weibull plot) 
is shown in Fig 1. SN1 and SN2 have identical 
average strengths of 610 MPa, whereas SN3 
showed a lower value of 470 MPa. The relatively 
high values, for ceramics, of the Weibull modulus 
(m) for SN1 and SN2, 20 and 15, respectively, 
illustrate a low level of critical defects and good 
microstructural homogeneity. 

Examination of the fracture surface of SN3 by 
SEM with EDAX analysis revealed failure initiat- 
ing sites such as iron-rich inclusion flaws originat- 
ing from processing (Fig. 1). The important open 
porosity of SN3 (4-1%) is also a likely reason for 
the lower Weibull modulus of SN3 (m = 10). 

3.2 Corroded samples 
The oxidation products identified by XRD after 
25 h exposure are reported in Table 3. 

The examination by SEM with EDAX analysis 
of the oxidized surfaces of SN1, SN2 and SN3 
(Fig. 2) showed the presence of sulphur associated 
with cations originating from additives and impu- 
rities. As no sulphates were identified by X-ray 
analysis, ESCA was performed on all samples and 
the presence of sulphur as S 6. (sulphate) was indi- 
cated. This was confirmed by washing the samples 
with distilled water, after which sulphur was no 
longer detectable on the surface. The soluble 
products identified by XRD are reported in Fig. 3 
which shows the quantity of sulphate dissolved by 
water as a function of temperature. The maximum 
sulphate formation was found at 800°C for SN1 
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Fig. 1. Weibull distributions for unexposed materials. 
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and 1200°C for SN2 and SN3. Above 1300°C no 
sulphates were found. 

3.3 Residual strength measurements 
Residual flexural strength and percentage weight 
change were measured at room temperature on 10 
bars after exposure in SO2-air (1 vol. %) for 25 h 
between 800 and 1500°C for SN1 (Fig. 4), SN2 
(Fig. 6) and SN3 (Fig. 8). 

For SN1, ~r F decreases gradually from 900°C to 
a minimum at 1300°C. A sudden increase in o- v 
was recorded from 1300°C up to 1500°C, where 

Table 3. Oxidation products (oxides and silicates) identified 
by XRD on SN1, SN2 and SN3 after 25 h exposure in 

1 vol.% SO2-air at different temperatures 

800°C IO00°C 1100 1200°C 130~1500°C 

SN 1 Y467(8i04)30 Y2Si207 
SiO2" SiO2 a 

Y2Si207 

SN2 SiO2 a SiO2 a SiO2 a 
CaMg(SiO3)2 CaMg(SiO3)z MgSiO3 

MgSiO3 CaFeMgSi206 

SiO2 a SiO{ 
Y2Si207 Y28i207 
MgSiO 3 MgSiO3 

Ca2AI2SiO7 

SN3 SiOf 
Y2Si207 

Cristobalite. 

the average strength value of 630 MPa is similar 
to the value of 610 MPa for exposed material. 
Examination of fracture surfaces by SEM for 
800°C and 1200°C exposures are shown in Fig. 5. 

Sulphur appears strongly in the low-tempera- 
ture range (800-900°C) as is illustrated in Fig. 5(a). 
Small humps rich in sulfur and yttrium were ob- 
served on the surface of the samples. These humps 
correspond to yttrium sulphate Y2(804)3 detected 
by XRD analysis. After exposure at 1200°C, the 
morphology of the surface remains identical. The 
observation of a duplex oxide-sulphate scale (Fig. 
5(b)) shows the sulphur did not penetrate the 
oxide scale. 

For SN2 (Fig. 6), a sudden decrease in strength 
to 515 MPa was observed for the samples cor- 
roded at 1000°C relative to unexposed material 
(615 MPa). This value remained constant up to 
1200°C, above which temperature a continuous 
decrease in tr v was observed up to 1500°C. An 
examination of the fracture surface of a sample 
oxidized at 1300°C is shown in Fig. 7. The initial 
fracture site is a pit and sulphur is seen to be 
identified associated with calcium. 

For SN3, at low temperature (900°C), the 
rupture strength is proved (527 MPa), compared 
to non-corroded samples (470 MPa) (Fig. 8). 
Between 1100 and 1300°C, the rupture strength is 
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Fig. 2. SEM of the surface of 25 h corroded SN1, SN2 and SN3 samples in 1 vol.% SO2-air at different temperatures. 
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Fig. 4. Room temperature flexural strength of 25 h corroded 
SN1 samples in 1 vol.% SO2-air at different temperatures. 
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Fig. 5. Fracture surfaces for SN1 specimens exposed to 1 vol.% SO2-air for 25 h at (a) 800°C and (b) 1200°C. 
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Fig. 6. Room temperature flexural strength of 25 h corroded 
SN2 samples in 1 vol.% SO2-air at different temperatures. 
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Fig. 8. R o o m  temperature f lcxura]  strength o f  25 h cor roded 
SN3 samples in 1 vol.% SO2-air at different temperatures. 

similar to the room-temperature value but decreases 
significantly above 1300°C. SEM examination of 
the rupture surface of samples from 1300°C did 
not reveal any sulphate formation. The presence 
of macro-pores (Fig. 9(a)) and an irregular oxide- 
nitride interface associated with high porosity 
(Fig. 9(b)) were noted. 

4 Discussion 

Under  these experimental conditions, SiO 2 is the 
expected stable species over SiaN 4. However,  we 
can expect a reaction between sulphur oxides and 
the cations concentrated at grain boundaries. 

Figure 10 (redrawn from Ref. 18) shows super- 
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Fig. 7. Fracture surface for SN2 specimen exposed in 1 vol.% SO2-air for 25 h at 1300°C. 
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(b) 
Fig. 9. Fracture surface for SN3 specimen exposed in 1 vol.% 

SOz-air for 25 h at 1300°C. 

imposed stability diagrams calculated for M-O-S 
systems (with M -- Fe, A1, Mg, Ca and Na) at 
1450 K (1177°C). 

From these diagrams, it is clear that in 1 vol.% 
SO2-air at this temperature, the SO 3 partial pres- 
sure is high enough to permit the formation of 
N a z S O  4 and C a S O  4 but not Fez(SO4)3, Alz(SO4) 3 
and MgSO 4. Raising the temperature has the 
effect of moving the boundary between M~Oy and 
Mx(SO4)y upwards. Lowering the temperature 
reverses this effect. The result at higher tempera- 
ture will be to prevent the formation of CaSO4 
and eventually NazSO 4. In the absence of thermo- 
dynamic data for Y-O-S,  pure Y203 wa s  exposed 
in 1 vol.% SOz-air under slowly increasing tem- 

p e r a t u r e ;  Yz(SO4) 3 was formed and decomposed at 
1000°C. Although the calculations are based on 
pure oxides, the formation of mixed sulphates can 
be anticipated. The temperature stability of some 
sulphates is given in Table 4. 

Previous kinetic studies 19,2° have shown that in 
SOz-air the dominant reaction process is oxida- 
tion with the formation of an oxide scale identical 
to the one formed in air, but accompanied by 
reactions of sulphur oxides at the surface oxide 
layers to yield sulphates, where these are stable 
under the experimental conditions. Sulphur did 
not penetrate the bulk material and not even the 
oxide scale. 

The mechanical behaviour of SN1 confirms the 
kinetic studies performed in air ]9 and in SOz- 
air. z° The intergranular oxidation of the H-phase 
(YIoSivOz3N4), 21 confirmed by the relatively high 
value of weight gain at 800°C and by the presence 
of yttrium silicates on the oxidised surface, is 
responsible for the slow decrease in tr F at 900°C; 
intergranular attack induces superficial micro- 
cracks which are probably the origin of failure. 
This effect is seen up to 1300°C. Above 1300°C, 
the silicon nitride grains oxidize to form a protec- 
tive oxide scale which can act as an oxygen diffu- 

Table 4. Properties of some sulphates 

Melting point 
(°c) 

Decomposition 
temperature (°C) 
at 1 atm in air 

Na2SO 4 
CaSO 4 
CaMg3(SO4)2 
MgSO4 
Y 2 ( 8 0 4 ) 3  

A12(804)3 

884 
1 450 
1 210 

m 

1 124 
1 000 

770 
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sion barrier. The oxidation of the H-phase is 
blocked by a silica film which seals off the surface 
defects. The improvement of mechanical properties 
at high temperature (> 1300°C) is due both to the 
refractory nature of the grain boundary phase (H- 
phase) and to the protective nature of the oxide 
film (compatibility between YzSi20 7 and SiO2). 

Finally the reactivity of sulphur is a surface 
effect; sulphur does not penetrate the bulk mate- 
rial and not even the oxide scale. The mechan- 
isms of  rupture for SN1 are not induced by the 
sulphate fo rmat ion  but only by the oxidation 
process. 

The oxidation behaviour of SN2 in air and in 
SO2-air (1 vol.%) has also been previously re- 
ported. 19,2° The outward diffusion of  cations and 
impurities, especially liquid silicate-forming ele- 
ments, appeared to be the most likely rate-limiting 
step with inward oxygen diffusion taking place 
through pores and cracks of the mult icomponent 
oxide scale. 

In SO2-air, the grain boundary diffusion mech- 
anism is coupled with an external reaction with 
SOx. The reaction with sulphur results from an 
interaction with a glassy phase containing calcium. 
For this reason the phenomenon is significant only 
at temperatures where the glassy phase becomes 
mobile and susceptible to devitrification in contact 
with SO x at the outer surface. Sulphate formation 
was a secondary phenomenon which did not mod- 
ify the oxidation mechanism. 

The decrease in strength up to 1200°C may be 
linked to an internal oxidation of  the grain 
boundary phases in relation to ionic mobility. 1 
Above 1200°C, the oxidation starts to be signifi- 
cant and a new fracture mechanism predominates, 
which may be attributed to new strength-control- 
ling defects like pits. In this temperature range the 
oxidation of the nitride also becomes important,  
the oxide is cracked and the oxide-substrate inter- 
face is irregular. 

The SN3 material contains an Y-N  apatite 
(Y10Si7023N4) and a nitrogen glassy phase rich in 
yttrium and magnesium. At low temperature 
(800-1000°C), this glassy phase appeared to pro- 
tect the Y- N  apatite against oxidation, 2° which 
may explain the absence of the Y-N apatite phase 
oxidation observed with SN1. At low temperature 
(900°C), the formation of  a thin silica film seals 
off the spherical defects, improving the rupture 
strength. Between 1100 and 1300°C, the high 
melting temperature of  the vitreous phase 
(because of yttrium) decreases the mobility of 
cations. It is only above 1300°C that the rupture 
strength decreases because diffusion of additives 
and impurities are predominant.  There is a disso- 
lution of  the nitride at the internal interface by the 

silicate, and the oxide-nitride interface becomes 
irregular. 

The rupture of  SN3 is finally governed by pre- 
existing defects and by an irregular oxide-nitride 
interface, whilst the release of  nitrogen and the 
internal interface creates a high porosity oxide 
scale. 

5 Conclusions 

Complex environments such as SO2-air do not 
affect the overall rate control of  oxidation. The 
reaction of sulphur oxides occurs at the surface 
of oxide layers to yield sulphates, where these 
are stable under the experimental conditions. The 
influence of  sulphur in oxidizing atmospheres is 
not to be feared; and the mechanical properties 
are only affected by oxidation. 
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