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Oxidation mechanism of porous silicon nitride 

F. PORZ, F. T H O M M L E R  
Institut for Werkstoffkunde II, Universitat Karlsruhe, Institut for Material- und 
FestkOrperforschung, Kernforschungszentrum Karlsruhe, West German/ 

The oxidation of reaction-bonded silicon nitride (RBSN) has been studied in air between 
800 and 1500 ~ C. The extent of internal oxidation is governed by the radius of the pore 
channels allowing the oxygen to penetrate the specimen. The velocity of oxygen trans- 
port into narrow channels is very low compared to the reaction rate of oxygen with 
Si3N 4. Because of these two concurrent processes an oxygen gradient is built up along the 
channel axis leading to Si02 formation mainly at the channel mouth. The typical 
oxidation isotherm of RBSN is represented by an asymptotic law. The mass gain and the 
penetration depth of oxidation is calculated, based on reaction-rates of Si3N4-powder, 
oxygen-diffusion-data and the pore-characteristics of the RBSN-materials, and compared 
with the experimental results. The results clearly indicate, that high quality RBSN may 
wel be used in oxidizing atmosphere without extensive internal oxidation. 

1. I n t r o d u e t i o n  
Silicon nitride is a most interesting ceramic material 
because of its promising thermomechanical proper- 
ties. One variety of  silicon nitride is the reaction- 
bonded silicon nitride (RBSN), which typically has 
a porosity af approximately 15vo1%. Thus the 
level of the mechanical properties at room tem- 
perature is not particularly outstanding, but the 
strength is retained up to very high temperatures 
and creep properties are excellent. This is 
especially the case for materials which do not 
undergo severe internal oxidation [1, 2]. Silicon 
nitride is thermodynamically unstable with respect 
to oxidation in air. Under current oxidizing con- 
ditions, with high oxygen partial pressure, a pro- 
tective SiO2 surface layer is built up leading to a 
parabolic rate law. The growth of SiO2 films on 
SiaN4 proceeds via diffusion of oxygen through 
the oxide. Several investigations into the oxidation 
of pure Si3N 4 (powder and CVD material) have 
been published, a review is given in [3]. The para- 
bolic rate coefficients are plotted in the Arrhenius 
diagram shown in Fig. i. 

The numbers indicate the apparent activation 
energies in kJ tool -1. The widely different results 
are due to the fact that in most cases the reduction 
of surface area due to blocking of pores in the 
powder particles and in the powder bed has not 

been properly taken into account [3]. This leads 
to the surprising result of  higher oxidation rates of 
CVD-materials as for powders. Only the values of 
T6tard et al. [5] are higher than those for the 
CVD Si3N4. The comparison of T6tard's parabolic 
rate coefficients and the activation energy with the 
oxygen diffusion data is good [3, 14]; one can 
assume these to be the most valuable data. 

The oxidation behaviour of RBSN considerably 
differs from that of  dense Si3N4 materials or 
powders because of the inherent open porosity. 
During the very first investigations, it was found, 
that RBSN exhibits a rapid mass increase in the 
first two hours of oxidation at 1200~ but no 
additional mass increase after 80h [15]; it was 
suggested that a protective film forms on the sur- 
face, so preventing further oxidation [16]. 

The oxidation of RBSN occurs in two distin- 
guished stages as first described by Davidge et al. 

[17]. During the first stage external and internal 
surfaces of the porous material are oxidized. When 
the radii of the pore channels, allowing the oxygen 
to diffuse into the specimens, are narrowed by the 
SiO2 layer formed on the walls of the channels, the 
internal oxidation ceases and in the second stage 
only the outer surface of the specimens is oxidized 
further. 

Several studies of the oxidation of RBSN have 
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Figure I Parabolic rate coefficients and acti- 
vation energies for the oxidation of SigN 4. 
(Numbers at the slope indicate activation 
energy in kJmol-L) Curve la, air [4]; 
curve lb, oxygen [4]; curve 2a, oxygen, 
a/13=2 [5]; curve 2b, oxygen, ~/13= 1.4 
[5]; curve 3a, air [6]; curve 3b, oxygen [6]; 
curve 4a, air, a [7]; curve 4b, air, 13 [7]; 
curve 5, air [8 ] ; curve 6, oxygen [9 ] ; points 
7, air [10]; point 8, air [11]; curve 9a, 
oxygen, a [12]; curve 9b, oxygen, amor- 
phous [12]; point 9c, air, a [12]; curve 10, 
oxygen [13]; curves 1 to 5, Si3N 4 powder; 
curves 6 to 10 CVD Si3N 4 . 

been made covering the temperature range from 
800 to 1600~ and up to 5000h oxidation 
[6, 17-24] .  In these studies the typical two stage 
oxidation pattern has been confirmed. The com- 
parison of  the results is difficult, because of  the 
widely differing materials and different heating 
conditions. Mass gains of  up to 20% have been 
reported [22]. The duration of  the first oxidation 
stage varies, for example, from 25 rain [17] up to 
240 rain [18] at 1200 ~ C; for details see [3]. I thas 
been shown, that the amount of  internal oxidation 
is strongly dependent on the annealing conditions 
(heating rate and temperature) and on the micro- 
structure (porosity and pore size distribution) of  
the RBSN qualities [3, 23]. 

Up to now, the reason why the typical RBSN 
oxidation behaviour with the two stage process 
and only small outer oxidized regions of  the spe- 
cimens occurs, has not yet been sufficiently clari- 
fied. The aim of  this paper is to describe the oxi- 
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dation behaviour of  RBSN not only in a quali- 
tative but also in a quantitative manner. 

2. Character izat ion of  the RBSN materials 
For the experiments described, two RBSN qual- 
ities with rather different density, open porosity 
and pore channel radii have been chosen (Table I). 
The open porosity and the volume distribution of  
the porosity have been measured with the aid of  
mercury porosimetry. Mercury behaves as a non- 
wetting liquid and one must apply pressure to 
make it penetrate into the openings of  a porous 
body. The registration of  the pressure and the 
mercury volume intruded, or on releaving the 
pressure, extruded from the sample, leads to vol- 
ume distributions as shown in Fig. 2. 

Because of  the typical nature of porosity in 
RBSN, small channels linking larger pores, a 
marked hysteresis is observed. The mercury which 
penetrates the large pores via fine channels on 



T A B L E I Characteristics of the RBSN materials 

Properties Material 

A B 

density (g cm -3) 2.47 2.63 
open porosity (vol %) 21 14 
mean pore channel radius (nm) 108 50 
specific surface area (m~g-0 1.1 2.4 
~/B-Si3N 4 ratio 80/20 90/10 

impurities 
Fe 0.38 0.34 
A1 0.23 0.18 
Ca 0.05 0.04 
Mg 0.04 0.02 

intrusion is unable to extrude completely. The 
intrusion curve gives the volume that is accessible 
through openings of  a certain radius. From the 
extrusion curve the distribution of the channel 
volume is obtained [25]. The radii of these 
channels, which allow oxygen to penetrate the 
material during oxidation, determine the oxidation 
behaviour. For this reason the radius at 50% of the 
extruded mercury volume is given in Table I as 
mean pore channel radius. The open porosity was 
calculated from the total amount of  mercury 
that penetrated the specimen. 

The determination of  the internal surface area 
of  RBSN was performed through the measurement 
o f  low-temperature nitrogen adsorption. The 
amount of  crystalline phases has been determined 
by X-ray diffraction. The specific surface area of  
material B is about twice that of  material A 
because of  the narrower pore channels in material 
B. Both qualities contain mostly a-Si3N4, the 
amount of  metallic impurities differs only slightly. 

3. Oxidation of RBSN 
3.1. Experimental results 
Oxidation tests were conducted in a thermal 
balance using specimens with the dimensions 
12 mm x 12 mm x 3.5 mm. All faces were ground. 
To avoid oxidation during heating, the specimens 
were heated in dry nitrogen to the test tempera- 
ture, then 101h -1 of  dried air was passed across 
the specimens. 

The measured oxidation isotherms for both 
materials are shown in Figs. 3a and b, and 4a and 
b for short and long oxidation times, respectively, 
for temperatures of  800 to 1500 ~ C. The mass gain 
is related to the original mass of  the specimens. 

Normally one plots the mass gain related to the 
surface area; this is not adequate for the oxidation 
o f  RBSN, because the "true" surface area, which 
is actually involved in the oxidation process, is 
not known. The isotherms exhibit the typical 
pattern for RBSN materials with a high initial 
oxidation rate which than falls off  rapidly towards 
longer oxidation times. 

3 .2 .  Pa rabo l i c  t r e a t m e n t  
The oxidation of  silicon-based materials usually 
follows a linear parabolic relationship as is 
described in detail for the silicon oxidation by 
Deal and Grove [26]. This can be written in the 
form 

- -  + k ,  \ S = kPt (1) 

with the surface S, the parabolic and linear rate 
coefficients kp and k~, respectively, and the oxi- 
dation time t. The linear oxidation behaviour is 
observed for a short initial period, then the oxi- 
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Figure 3 (a) Isothermal oxidation of RBSN in air. (b) Isothermal oxidation of RBSN in air. 

dation follows the parabolic relationship in the 
form 

= kpt (2) 

Fig. 5 gives the parabolic plot of the oxidation 
isotherms for material A in the temperature range 
800 to 1000 ~ C. The mass gain is related to the 
original total internal surface area So. At 800~ 
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the oxidation behaviour follows the parabolic law 
for long times, but at 900 and 1000~ the oxi- 
dation isotherms deviate from the straight line 
towards lower mass gains after 4 and 2h, respec- 
tively. At higher temperatures a parabolic treat- 
ment of  the oxidation isotherms is no longer poss- 
ible. The apparent activation energy calculated 
from the parabolic rate coefficients is 198kJ 
mol-k 



,1 material B 
1200 ~ C 

l lO0~ 

0.5 

0 ' = l l m l ~  I I I I I I (oo) o.s i 1.s 

2 [ material B 

, . , 

o 10 6b 8b 
(b) 

Figure 4 (a) Isothermal  oxidat ion of  RBSN in air. (b) Isothermal oxidat ion of  RBSN in air. 
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3.3 .  A s y m p t o t i c  t r e a t m e n t  
The typical RBSN oxidation pattern is better 
represented by an asymptotic treatment of  the 
oxidation isotherms. Evans [27] formulated an 
asymptotic equation for the case of  self-blocking 
pores, the rate of  oxygen uptake being determined 
by the number of  pores still remaining open: 

Am Am= 
- - -  [ 1 -- exp (-- kat)] (3) 

/77 m 

This is a true asymptotic equation, for Am/m can 

never exceed s which represents the final 
mass gain when the horizontal region of  the oxi- 
dation isotherm is reached; the asymptotic rate 
coefficient /ca represents a "time constant" to 
reach this region. When all pores o f  the RBSN have 
beel3 closed there still has to be a very low oxi- 
dation rate because of  the further oxidation at 
the geometrical surface. For practical purposes 
this can be neglected compared with the very high 
initial oxidation rate. In order to get straight lines 
in the asymptotic drawing of  the oxidation iso- 
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Figure 5 Parabolic plot of mass 
gain related to the BET surface 
area of the specimens. 

therms one has to rewrite Equation 3 in the form 

In 1 - -  = - - k a t  (4) 

Plotting the left side of  this relation against the 
oxidation time t straight lines are obtained. The 
slope of  these represents the asymptotic rate 
coefficient. Figs. 6a and b give the asymptotic 
plots for material A. After the initial parabolic 
region the oxidation isotherms are very well 

represented by straight lines. The results of  the 
asymptotic treatment of  the RSBN oxidation of  
both  materials are collected in Table II. At the 

time t99, 99% of  the final mass gain are reached, 
calculated with Equation 3 using the measured 
ka values. At temperatures above 1400 ~ C this time 
is as short as 8 to 20min.  This leads to the fact, 
that the final mass gain at higher temperature is 
much lower than at low oxidation temperatures, 
because the time for internal oxidation with 

T A B L E l I Results of the asymptotic treatment of the oxidation isotherms 

Material Oxidation Am~ 
temperature m 
(~ C) (%) 

(h-') 
time t99 

Zxm/m 

(min) 

=0.99) 

A 1000 1.6 
l l00 1.9 
1200 0.7 
1300 0.5 
1400 0.4 
1500 0.3 

1000 1.8 
1100 1.4 
1200 0.9 
1300 0.3 
1400 0.2 
1500 0.15 

0.054 
0.270 
1.12 
3.90 

12.8 
30.3 

0.090 
0.324 
1.94 
6.98 

17.1 
33.0 

512,0 
1020 

245 
71 
22 

9 

3070 
850 
140 
40 
16 

8 

1 2 8 8  
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Figure 6 (a) Asymptotic plot of" the oxidation isotherms of RBSN. (b) Asymptotic plot of the oxidation isotherms of 
RSBN. 

associated large mass gain is limited. There is a 
large temperature dependence of  the asymptotic 
rate coefficients as is shown in the Arrhenius plot 
(Fig, 7). The apparent activation energy is similar 
for both materials. 

4. Mechanism of the RBSN oxidation 
4.1. Ox ida t i on  model  and ca lcu la t ion o f  

react ion dep th  
The reaction of  RBSN with oxygen takes place at 
both the geometrical and internal surfaces. If  
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Figure 7Arrhenius plot of the asymptotic rate coefficient. 

enough oxygen is carried into the pores, at any 
time, they will be completely filled with SiO2 and 
large amounts of oxide phases would be formed in 
the interior of the specimens. This is not the case 
in practice. This typical oxidation behaviour of 
RBSN can be described quantitatively as follows. 

In the pore channels of RSBN two concurrent 
processes are active: the diffusive flow of oxygen 
into the pore volume and the consumption of the 
oxygen by reaction with SiaN4 to form SiO 2. The 
pore channels in RBSN may be represented by a 
bundle of parallel cylindrical pore channels of dif- 
ferent radii. From this bundle one pore channel 
with the mean radius r is picked out in Fig. 8 to 
describe the process of diffusion and simultaneous 
chemical reaction at the walls of  the channel. 

At the outer surface of the SlaNg specimen 

Si 02 

' S~3N~ 

Figure 8 Pore channel model for the discussion of the 
internal oxidation of RBSN. 

there is enough oxygen to produce a homogeneous 
SiO2 layer. Inside the pore channel the oxygen 
concentration is reduced, because of the rapid 
oxidation reaction. This leads to a concentration 
profile c(x) with the oxygen concentration Co at 
the pore mouth and c L at the distance L from the 
specimen surface. The SiO2 layer at the channel 
wall is therefore preferentially thickened in the 
region of the pore mouth, thus reducing the open 
diameter of the pore channel. 

It is assumed that the oxygen concentration 
at the outer surface Co remains constant, which is 
justified for tests in flowing air and that there is 
no forced or free flow along the pore channels. 
This is fulfilled under practical conditions because 
the channel radius r is small and the length of the 
channel is large compared to r. The oxygen con- 
centration in the channel is a function of the axial 
as well as of the radial coordinates. The concen- 
tration change in the radial direction is neglected 
because r is very small compared to L. 

In the steady state, the amount of reactant 
diffusing into the pore is reacting within the pore. 
If the time necessary to transport the reactant to 
the reaction site is smaller than the reaction time, 
i.e. tD < tR, the wall of the channel will com- 
pletely be covered with SiO2. If this is not the 
case, only the region near the channel mouth 
reacts with oxygen. The depth L of the oxidation 
reaction is determined by the relation 

tD = t s  (5) 

The mean duration for the movement along the 
distance L is [28] 

L 2 
t D - (6) 

2DK 

with D K = Knudsen diffusivity. Because the radii 
r of the pore channels are extremely small, the 
mean free path of the oxygen molecules X being 
greater than the diameter of the channels, Knudsen 
flow becomes effective. The expression for the 
Knudsen diffusivity is [29] 

[2RT~ 1j2 
DK = ~r l~M ) (7) 

where R is the gas constant, T absolute tempera- 
ture and M is the molecular mass of the trans- 
ported species. 

The mean duration of the reaction is calculated 
from the time necessary to react all the oxygen in 
the channel. There are 7rr2L~ mol present, with 
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T A B L E I I I Calculated depth of reaction zone and mass gain for the RBSN oxidation 

Temperature Knudsen diffusivity Oxidation rate 
(o C) in material coefficient 

(cm2 se c-1) linear parab. 
A B (cm sec -l) (cm 2 see-1) 

X 10 9 X 1014 

Depth of reaction Mass gain for 
zone in material material 
(mm) (%) 

A B A B 

1000 0,66 0.31 0.17 0.66 
1100 0,68 0.32 1.17 1.80 
1200 0,71 0.33 5.90 4.40 
1300 0.73 0.34 21.7 9.40 
1400 0.75 0.35 78.0 18.00 
1500 0.78 0.36 240.0 33.00 

4.70 2.20 7.7 2.3 
1.75 0.82 2.9 0.8 
0.77 0.36 1.3 0.4 
0.39 0.18 0.6 0.2 
0.20 0.09 0.3 0.1 
0.12 0.05 0.2 0.05 

the mean oxygen concentration ~ = 0.2Co [3]. This 
is enough to form a SiO2 layer of  the thickness 
dsio2 = (6rM)/(2p). M is the molecular mass of 
oxygen and P the density of  SiO2 (= 2.2 g cm-3). 
For simplicity a flat geometry with the initial 
channel wall area being constant is assumed. With 
the linear parabolic rate law (Equation 1) substi- 
tuting the mass gain per unit area by the thickness 
of the SiO2 layer, t R becomes 

[dsio~ + 1 ) 
tR = dsio21--~p " ~11 

l 

erM{~rM l + ~ )  (8) 

- V 2p 

Thus with Equation 5 the relation for the depth 
of reaction can be written in the form 

[ L = Dr:--~-~~ 2kp+~ ] l  (9) 

The final mass gain can be calculated approxi- 
mately, assuming the channels have been com- 
pletely dosed near the mouth, and the SiO2 
profile in the bulk of the specimens following the 
oxygen concentration profile along the channel 
axis. The area S at the mouth of the channels 
which has to be filled with SiO2 is 

s = esG~ (lO) 

where e is the open porosity, SG is the geometric 
surface area of the specimen and ~" (= 2.2) is a 
factor which takes into account that the volume 
of SiO2 formed is greater than the volume of Si3N4 
consumed. To get the SiO2 volume, Equation 10 
has to be multiplied by the depth of reaction L 
and the ratio X = 0.2 for the concentration profile. 
This leads to the SiOa mass formed during oxi- 
dation 

m = PeSGfLX (11) 

In Table III the Knudsen diffusivity and the 
linear and parabolic Si3N4 oxidation-rate coeffi- 
cients are listed together with the calculated depth 
of reaction and the final mass gain for the two 
RBSN materials in the temperature range 1000 to 
1500 ~ C. The oxidation rate-coefficients have been 
taken from the work of T6tard et al. [5]. The 
pronounced temperature dependence of the depth 
of reaction and thus the mass gain results from the 
fact that the Knudsen diffusivity is only increased 
with the square root of the temperature, whilst the 
rate coefficient increases exponentially. 

4.2. Comparison wi th experimental data 
The profile of oxide phases in RSBN has been 
determined using several methods of analysis as 
has been already described [23]. It was shown that 
the cristobalite profile determined by X-ray dif- 
fraction gives a representative picture of the 
amount of  internal oxidation. Figs. 9 and 10 give 
cristobalite profiles in oxidized specimens of 
both RBSN qualities. These figures clearly show, 
that, in the RBSN qualities used, only a small zone 
beneath the surface is attacked by the oxygen. 
The depth of this zone corresponds for higher 
temperatures with the calculated data in Table IlI. 
For low temperatures there is a discrepancy 
towards larger calculated values. This may result 
from the presence of amorphous SiO2 phase, 
which has not been converted to cristobalite and 
from the detection limit of X-ray analysis. In 
addition, for longer oxygen transportation dis- 
tances in the pore channels, tortuosity effects may 
reduce the capability for oxygen transport. 

Porosimetry measurements have been per- 
formed with oxidized specimens. Diagrams for 
specimens oxidized at 1260~ C for different times 
are shown in Figs. 1 1 and 12. Obviously, the sur- 
face of the specimens have not been fully glazed 
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Figure 10 Profiles of cristobalite in RBSN after oxidation. 

with SiO2, since 60 to 75% of  the initial open 
porosi ty  is still open and could be filled with 
mercury. The intrusion curves are shifted towards 
smaller radii and with increasing oxidation time 
more mercury is trapped because the pore 
channels are narrowed near the mouth.  The results 

of  the mercury porosimetry tests are collected 
in Table IV. The mean pore channel radii after 
oxidation reach values of  12 to 20 nm compared 
to 50 and 108 nm before oxidation. 

The specific surface area of  the specimen is 
diminished with oxidation time. Measurements of  
the specific surface after oxidation revealed that,  
in spite of  reaching the final mass gain, up to 70% 
of  the initial specific surface area is accessible to 

nitrogen. 

5 .  C o n c l u s i o n s  

The oxidation o f  RBSN is extremely~sensitive to 
the amount  and type o f  open porosity. An essen- 
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tial requirement for small amounts of internal 
oxidation products is to limit the pathways for 
oxygen penetration into the interior of the speci- 
mens. This can be achieved with RBSN materials 
containing very small pore channels. In these 
channels two concurrent processes are active: the 
diffusion of oxygen along the channel axis and the 
reaction of oxygen with Si3N4 at the walls of the 
channels to form SiO2. Since the diameter of the 
pore channels is less than the mean free path of 
the oxygen molecules, the diffusion follows the 
conditions of Knudsen flow. Because of the high 
oxidation reaction rate and only limited possibility 
for oxygen transport into the pore channels, the 
oxidation reaction is limited only to an outer part 
of the pore channels. With raising temperature this 
reaction zone is reduced rapidly because of the 

TAB L E 1 V Results of mercury porosimetry of oxidized 

exponential increase of the reaction rate and only 
the square root dependence of Knudsen diffusivity 
on temperature. The knowledge of diffusion, 
reaction, and porosity data allows to estimate the 
depth of the reaction zone and the mass gain for 
the RBSN-oxidation at different temperatures. 
The results showed that the mean pore channel 
radius, determined by mercury porosimetry, is a 
realistic tool for the quantitative description of the 
oxidation behaviour of RBSN, inspire of several 
uncertainties of the mercury porosimetry [25] and 
some simplifying assumptions in the calculation 
of the reaction depth. 

It was shown by the oxidation model applied 
and confirmed by the post oxidation investigations 
of the specimens that the limitation of oxidation 
to the outer zone of the RBSN is primarily due to 

specimens 

Material Oxidation conditions 

T (o C) t (min) 

Fraction of Mean pore 
trapped mercury channel radius 
(%) (nm) 

A 
1000 15 

1440 
1260 5 

15 
60 

1000 15 
60 

6000 
1260 5 

15 
6O 

68 108 
82 45 
86 20 
80 28 
84 23 
86 19 

64 50 
68 50 
80 26 
85 18 
63 40 
73 23 
80 12 
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Figure 13 Oxidation of 5 RBSN-qualities (P ~ 2.6g cm -3) 
with different pore characteristics. 

the concurrent  diffusion and reaction processes. 

It is not  necessary that  all the pores are sealed wi th  

SiO2 via viscous f low o f  SiO2 into the pores or 

preferential  crystall ization at the pore m o u t h  as 

has been discussed in l i terature [6, 17]. 

The results clearly indicate,  that  high quali ty 

RBSN may well be used in oxidizing atmospheres  

wi thou t  extensive internal oxidat ion,  provided the 

pore channel radii are small. This is undoub ted ly  

conf i rmed in Fig. 13, where the ox ida t ion  iso- 

therms at 1200~  for 5 RBSN materials are 

p lo t ted  together  with their  porosi ty  data. Al though 

the density o f  the 5 materials is nearly equal  

( ~  2.6 g cm-3),  the oxida t ion  differs considerably 

and the mass gain can direct ly be related 1o the 

mean pore channel  radius. 

RBSN quali t ies are now available with a density 

o f  about  2.6 to 2.7 g m -3 and open porosi ty  o f  less 

than 10% consisting o f  pore channels with mean 

radii o f  20 to 30 nm. The mass gain after 3 0 0 0 h  

oxida t ion  in air o f  such RBSN quali t ies is about  

1% at 1000~  and about  0.3% at 1260~  oxi- 

dation temperature .  
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