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The oxidation behaviour of silicon nitride composed of Si3N4, Y203, AI203, AIN and Ti02 was 
investigated in dry and wet air at 1100-1400 ~ The oxidation rates were confirmed to obey the 
parabolic law. An activation energy of 255 kJ mo1-1 was calculated from the Arrhenius plots of 
the results of oxidation in an air flow. In still air the oxidation rate was larger than that in an air 
flow, but the oxidation rate in flowing air was not affected by the air flow rate. cz-cristobalite and 
Y203"2Si02 were formed in oxidized surface layers. These crystal phases increased with 
increasing oxidation temperature. In particular, a higher content of cz-cristobalite was obtained in 
still air oxidation. The existence of water vapour in flowing air greatly promoted the oxidation. 

1. Introduction 
Silicon nitride (Si3N4) is an excellent material which is 
characterized by good thermal shock resistance and 
high strength. In addition, it is also an excellent oxida- 
tion-resisting material, because an SiO2 layer forms 
on the surface in oxygen-containing atmospheres and 
this inhibits further oxidation. Therefore, the develop- 
ment towards practical applications as engineering 
ceramics have been promoted over the last 20 years. 

In general, some sintering aids, such as MgO [1], 
Y203-A1203 [2], etc., are used to attain densification. 
As is well known, the additives form glassy phases by 
reaction with Si3N4 and SiOz existing on the surface, 
and liquid-phase sintering proceeds through the 
glassy phase. However, the existence of grain-bound 7 
ary phases in silicon nitride ceramics causes a strength 
degradation at high temperatures and also affects the 
oxidation behaviour. For example, Si3N4 containing 
several per cent of Y203 and A1203, forms a grain- 
boundary phase consisting of the system 
Si-Y-A1-O-N, which is responsible for lowering the 
strength. To improve the high-temperature strength, 
the use of other additives [3] and grain-boundary 
crystallization methods have been investigated [4; 5]. 

At present, there are many kinds of commercial 
grade silicon nitride ceramics with different additives 
and compositions. This fact complicates the under- 
standing of this material's properties. Because oxida- 
tion is affected by grain-boundary phase, as described 
above, the oxidation behaviour is quite complicated. 

The oxidation behaviour of SiaN4 at high temper- 
atures has been studied [6-12] by many researchers, 
but the characterization and mechanism have not 
been clarified. More detailed studies must be done to  

* Concurrent with Kanagawa Academy of Science and Technology. 

expand the areas of application. The effect of water 
vapour on oxidation is another important factor in 
heat engine and gas turbine applications, but few 
studies on this have been performed [13, 14]. This 
paper is concerned with the oxidation behaviour of 
a typically selected silicon nitride composed of Si3N4, 
Y203, A1/03, A1N and TiO2 conducted under condi- 
tions of a dry air flow with and without water vapour. 

2. Experimental procedure 
2.1. Spec imens  
Pressureless sintered Si3N 4 containing some aids 
(Y203, A1203, A1N and TiO2) was used. The charac- 
teristic properties, scanning electron micrographs and 
X-ray diffraction profiles of this material are listed in 
Table I and shown in Figs 1 and 2, respectively. As can 
be seen in the figures, this material is found to be 
composed of mainly elongated 13-Si3N4 grains and 
glassy phase consisting of the system Y-Si-A1-O-N. 
Table I shows that the properties of the material 
prepared in this work are almost the same as a com- 
mercial grade material. For oxidation experiments, 
rectangular bars, 3 mmx 4 mm x 20 mm in size, were 
cut from the sintered bodies and machined using a 400 

TABLE I Composition and properties of the sintered specimen 

Composition Density Bend strength Fracture 
(gcm -3) (kgmm 2) toughness, 

Klc(MPam ~/2) 
(3"RT O-1200 

Si3N,, Y203, A1203, 3.22 90 45 6-7 
A1N, TiO2 
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the centre of a high purity alumina tube was oxidized 
in an air flow of 0.5 lmin -1 at 1100~ 1200, 1300 and 
1400 ~ for 2, 6, 12, 30 and 54 h, respectively. Experi- 
ments were also performed at 1300 ~ at 1.01 min- 1, 
in still air and in wet air with 2.3, 20, 30 and 50 vol % 
HzO. Dry and wet air were introduced in the direction 
of the arrow. Wet air bubbled through water at vari- 
ous temperatures was used. After oxidation, the speci- 
men was weighed and its surface was analysed by 
X-ray diffraction (XRD) and electron probe micro- 
analysis (EPMA). Surface features were also evaluated 
from the electron micrographs and surface roughness. 

Figure l Micrograph  of the original specimen (polished and 
etched). 
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Figure 2 XRD profile of the original specimen. (O): 13-SiaN4. 

grid diamond wheel. These specimens were rinsed 
with acetone and ethanol before oxidation. 2 6 12 30 54 

(Oxidation time)l/z (hi/Z) 

3. Results and discussion 
3.1. Oxidation in dry air 
Weight gain as a function of(oxidation time) 1/2, which 
is based on the results of tests performed under an air 
flow of 0.5 and 1 lmin -1 at 1100 to 1400~ is shown 
in Fig. 4. The weight gain increases with increasing 
temperatures. Judging from the fact that the weight 
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2.2. O x i d a t i o n  
Fig. 3 shows a schematic diagram of the oxidation 
apparatus. The specimen on a silicon carbide plate in 

Figure 4 Palabolic plots of oxidation, in air flows of (A)  0.51 m i n -  1 
at l l 00~  (A)  0.5 lmin  -1 at 1200 ~ (O)  0.5 lmin  -1 at 1300~ 
(O) 1 I min - 1 at 1300 ~ ([]) 0.5 1 min - 1 at 1400 ~ and ( ~ )  in still 
air at 1300 ~ 
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Specimen Alumina reaction tube 

Figure 3 Schematic diagram of the oxidation apparatus.  
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TABLE II Comparison of activation energies 

System Temperature range Activation Reference 
(~ energy 

(kJ mol- 1 ) 

Pressureless sintering Si3N4 in air flow 
Hot-pressed Si3N4 in 0 2 

Hot-pressed Si3N, in 16 kPa dry air 
Hot-pressed Si3N4 in flowing dry air 
Sintered SisN4 in wet nitrogen atmosphere at 20 kPa 
Hot-pressed Si3N4 in 150 torr dry O2 
Hot-pressed SisN4 in wet air 
Powder Si3N4 in O2 
Powder Si3N 4 in air 
Powder Si3N4 in O2 or air 

1100-1400 255 Present work 
1000-1400 375 [7] 
1248-1458 440 [8] 
1100-1400 385 [12] 
1200-1300 800 [14] 
1300-1450 293 [15] 
1200-1400 488 • 30 [16] 
1065-1340 256 [17] 
1065-1340 285 [ 1 7 ]  
1100-1300 147 [18] 
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Figure 5 XRD profiles (a) before and (b-e) after oxidation for 54 h in 
an air flow of 0.51rain -1. (a) Before oxidation, (b) ll00~ (c) 
1200~ (d) 1300~ (e) 1400~ (�9 ~-Si3N4, (A) Y203"2SIO2, 
( � 9  ~-cristobalite. 

gain rapidly increases over 1300~ it is considered 
that the oxidation resistance decreases in that temper- 
ature range. N o  effect of  flow rate on oxidation was 
found, but in still air the oxidation rate was larger 

than that in flowing air. This difference is thought to 
be based on the formation of an oxidation protectiv e 
layer. Probably, the more protective layer seems to be 
formed in dry air-flow oxidation, compared with in 
still air. 

From the good linearity of the plots in Fig. 4, except 
in the early stage, the oxidation is seen to obey 
the parabolic law, indicating that the diffusion is 
the rate-determining step. An activation energy of 
255 kJ mol- 1 was calculated from the Arrhenius plots 
of linear slopes in Fig. 4. In order to compare this 
value with that reported by other researchers 
[-7, 8, 12, 14-18], activation energies for sintered or 
powdered specimens are listed in Table II. The value 
obtained in this work is relatively low. The effect of 
TiO2 addition may be involved, but the details are 
obscure. 

XRD profiles of the specimen surfaces before and 
after oxidation are shown in Fig. 5. It is seen that the 

150 

100 

c 

50 

BO 1100 1200 1300 
Oxidotion temperoture (~ C) 

! 

1400  

Figure 6 Phase changes during oxidation at various temperatures 
for 54h in an air flow of 0.51min -1. (A) 13-Si3N4, (�9 
YzO3' 2SIO2, (O) ~-cristobalite. BO, before oxidation. 
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crystal phases present depend on the oxidation tem- 
peratures. Fig. 6 represents the relative intensities of 
[3-Si3N4, ~-cristobalite and Y203'2SiO2(Y2S) [1] 
which are calculated from the profiles of Fig. 5. The 
amounts of ~-cristobalite and Y2 s formed increase 
with increasing temperature, which is especially re- 
markable over 1300 ~ A tendency to produce more 
Y2S than ~-cristobalite at high temperatures is ob- 
served. In experiments at 1300 ~ almost no effect of 
flow rate on the content of each phase was found. 

Fig. 7 demonstrates the relation between reaction 
temperatures and surface roughness after oxidation. 
The maximum value of surface roughness, R . . . .  meas- 
ured by the contact profile method, was plotted in the 
figure.  Rmax is helpful in confirming the extent of 
oxidation: it becomes higher with increasing temper- 
ature, indicating that devitrification of silicate glass 
proceeds in the early stage. In the case of still-air 
oxidation, Rma x was larger than that in a dry air flow. 

::L 

50 

BO 1100 1200 1300 1400 
Oxidationtemperature(~ 

Figure 7 Relationship between surface roughness and temperature 
of oxidation in an air flow of 0.5 l min -1 for 54 h. BO, before 
oxidation. 
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Figure 8 Micrographs of oxidized specimens in an air flow of 
0.5 lmin-1 for 54 h (a) Original specimen, (b) 1100 ~ (c) 1200 ~ 
(d) 1300 ~ (e) 1400~ 



No effect of flow rate on Rmax was observed, which 
agrees with the results of Fig. 5. 

Fig. 8 shows scanning electron micrographs of the 
specimens before and after oxidation. The surface of 
the specimen oxidized at 1100 ~ is almost the same as 
the original, remaining the machining flaws. Above 
1200 ~ oxidation, glass-like smooth and flat surfaces, 
including some crystals, are observed. Plate-like crys- 
tals, considered to be Y2S [19], are clearly observed in 
specimens of 1300 ~ oxidation. The development of 
crystals is also recognized at 1400 ~ 

Fig. 9 shows X-ray images of the cross-section of the 
specimens oxidized in an air flow of 0.51min-1 at 
1300 ~ for 54 h. Elemental titanium and aluminium 
are concentrated in the oxidized layer. It can be 
speculated [20] that because a concentration gradient 
of elements between the oxidized surface and the 
grain-boundary phase acts as a driving force, yttrium 
and aluminium move to the surface through the grain- 
boundary phase, and consequently a compound of 
Y2S was formed. Despite high aluminium concentra- 
tion in the surface, no aluminium compound was 

Figure 9 EPMA photographs of specimens oxidized at 1300 ~ in 
an air flow of 0.5 1 min- 1 for 54 h. (a) Composition image, (b) X-ray 
image of yttrium, (c) X-ray image of titanium, (d) X-ray image of 
atuminium, (e) X-ray image of silicon. 
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detected by XRD. Therefore it is considered that alu- 
minium exits in the glassy phase. The concentration of 
silicon near the surface is relatively low compared with 
the internal distribution, because silicon should be 
diluted within the oxidation layer. 

3.2. Oxidation in wet  air 
The oxidation dependence of the weight gain of the 
specimens oxidized in dry and wet air flows at 1300 ~ 
is shown in Fig. 10. The figure illustrates that weight 
gain in a wet air flow is larger than that in a dry air 
flow, and that the weight gain increases with increas- 
ing H20  concentration. The mechanism of oxidation 
in wet air is not clear, but the results in Fig. 10 suggest 
that water vapour significantly participates in the oxi- 
dation. 

Fig. 11 shows the relative intensities obtained from 
XRD profiles of ~ - S i 3 N 4 ,  ~-cristobalite and Y2S in the 
oxidized layer. The essential difference between the 
crystal phases oxidized in dry and wet air flows is in 
the quantity of 0~-cristobalite and Y2S crystals. 
A moist atmosphere results in a decrease of Y2S and 
a simultaneous increase of ~-cristobalite and with 
increasing H20 concentration the amount of cz-cris- 
tobalite increases and that of Y2S slightly decreases. It 
can be assumed that water vapour acts as a catalyst 
and promotes devitrification of silicate glass. 

As shown in Fig. 12, Rmax of the specimens oxidized 
in a wet air flow. Moreover, there was a tendency for 
the crystals to grow larger in Rma, with increasing 
H20 concentration, which corresponds to the XRD 
results. 

Fig. 13 shows scanning electron micrographs of the 
oxidized surfaces in wet air. From these results, in the 
case of wet-air oxidation, irregular crystal shapes (ar- 
rowed in Fig. 13b) are observed, which can be com- 
pared with the plate-like crystal features in dry-air 
oxidation (Fig. 13a). This indicates that the YzS crys- 
tal shapes are strongly affected by the presence of 
water vapour during oxidation. 
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Figure 10 Weight gain after 54 h oxidation at 1300 ~ in an air flow 
(0.5 lmin 1) containing water vapour. 
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Figure 11 Phase changes during 54 h oxidation at 1300 ~ in an air 
flow (0.51min -1) containing water vapour. (A)  13-Si3N4, 
(Q)) Y203" 2SiOz, ( � 9  c~-cristobalite. 
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Figure 12 Surface roughness after 54h oxidation at 1300~ in an 
air flow (0.5 1 min - 1 ) containing water vapour. 

4 .  C o n c l u s i o n s  
The oxidation behaviour of typically selected sintered 
silicon nitride composed of SiaN4, Y203, A12Oa and 
TiO: was investigated in dry and wet air at 
1000-1400 ~ The following conclusions were drawn. 

1. Oxidation rates were confirmed to obey the 
parabolic law, accompanied by the migration of 
Y-AI-Ti-O-N grain-boundary phase to the surface. 



Figure 13 Micrographs of specimens oxidized at 1300 ~ for 54 h in 
wet air. H 2 0  (vol %): (a) 0, (b) 2.3, (c) 20, (d) 30, (e) 50. 

4. The existence of water vapour in the air flow 
greatly promoted the oxidation. 

However,  the role of the titanium contained in this 
material has not been clarified. An activation energy 
of 255 kJmo1-1  was calculated from the Arrhenius 
plots of oxidation rates in an air flow. 

2. The oxidation rate in still air was larger than that 
in an air flow because a good protective oxidized layer 
is difficult to form. However,  the oxidation rate in 
flowing air was not affected by the flow rate. 

3. ~-cristobalite and Y 2 0 3 2 S I O 2  were formed in 
the oxidized surface layers. These crystal phases in- 
creased with increasing temperature, and a higher 
content of  ~-cristobalite was obtained in still air oxi- 
dation. 
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