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Abstract

The oxidation  behaviour of  p-sialons
(Si,_,ALLO,Ng ) with the composition z = 0-5 and
38, prepared without and with an addition of 3 and
6 wi%  vitria, has been investigated isothermally
during 20 b in a TG unit at temperatures between 1200
and 1450 C. A comparison is also given of the
oxidation behaviour of B-sialons prepared from two
Siy N, povders with different amounts of impurities;
and finally the oxidation behaviour of single-phase [5-

sialonswithz = 1,25 and 3-8 is compared with that of

SiyN,.

Onlv a few of the obtained oxidation curves
Jollowed the parabolic rate law during the entire
experiment. Most of the curves could, however, be
interpreted with the modified rate law,

(Aw/Ag) =aarctan (bt)''2 +c(t)! 2 + d

either exhaustively or in combination with the
parabolic rate law. The parabolic rate constants and
activation energies for the oxidation process could be
determined and were found to increase with increasing
amount of intergranular phase and with increasing
amounts of impurities. The parabolic rate constants
were also found to be lower for the fi-sialons prepared
without yitria than for ‘pure’ Siy Ny, but the activation

energyvas about the same. The oxidation kinetics of

the materials with z = 0-5 and 3 wit% vtiria could not
he conclusively determined, but the evolution of the
microstructure of the oxide scale showed that its
crvstallization had an important influence on the
oxidation rate.

Das  Oxvdationsverhalten von  fi-Sialonen
(Sig_,ALLO,Ny_,) mit den Zusammenzetzungen
z=05 und 3-8, hergestellt mit und ohne Zugabe von
3bow. 6 Gew.% Yrtriumoxyd, wurde isotherm wih-
rend 200 in ciner TG-Einheit bei Temperaturen
swischen 1200 und 1450 C untersucht. Weiterhin wird
das Oxvdationsverhalten von f-Sialonen, hergestellt
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aus owei SiyNy-Pulvern mit verschiedenen Verun-
reinigungsgraden, verglichen. Schiieflich erfolgt ein
Vergleich des Oxydationsverhaltens einphasiger
p-Sialone (z= 1. 25 und 3-8 ) mit dem Oxvdations-
verhalten ron SiyNy.

Nur wenige der erhaltenen Oxvdationskurven

Jfolgen wihrend des gesamten Experiments cinem

parabolischen  Ratengesetz. Die meisten  Kurven
konnten  jedoch mir  Hilfe  eines  modifizierten
Ratengesetzes,

(Aw/A, =aarctan(b)'* + () +d

alleine oder in Verbindung mit dem parabolischen
Ratengesetz beschrieben werden. Die parabolischen
Ratenkonstanten  und — Aktivierungsenergien  des
Oxvdationsprozesses konnten bestimmt werden; e¢s
zeigte sich, daf3 sie mit der Zunahme der Zwischen-
kornphase und mit hoherem Verunreinigungsgrad
cunehmen. Weiterhin ergab sich, daf die parabolischen
Ratenkonstanten fiir  f-Sialone, hergestellt ohne
Yitriumoxvd, kleiner sind als die fiir ‘reines’ SiyN,,
wihrend die Aktivierungsenergien etwa gleich sind.
Die Oxvdationskinetik des Materials mit z =05 und
3Gew.%  Yirriumoxvd konnte  nicht  eindeutig
bestimmt werden. aber die Entwicklung des Gefiiges
der Oxvdschicht zeigte, dafi ihre Kristallisation einen
entscheidenden Einfluff auf die Oxvdationsrate hat.

Le comportement a l'oxydation de sialon 8 ( Sig ..
AlLLO_Ng __) de compositionz = 05 et 3-8, synthétisés
avec addition de 3 et 6% en poids de Y,05, a é1é
etudiée par thermogravimétrie. Les mesures ont été
réalisées dans des conditions isothermes pendant 20 I,
a des températures comprises entre 1200 et 1450 C.
Une comparison est également présentée entre les
comportements a l'oxvdation de deux sialons synthé-
tisés a partir de deux poudres de SiyN, contenant
différentes quantités d'impuretés. Enfin, une com-
parison est également réalisée entre les comporte-
ments a l'oxvdation de sialons  avecz=1.2-5 38 et
du SiyN,.
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Seules quelques unes des courbes doxydation
obtenues suivent la loi de vitesse parabolique durant
lentiéreté de lexpérience. La plupart des courbes
pourraient cependant étre interprétées avec la loi
modifiée

(Aw/Ay ) =aarctan (bt)''? + c(t)!'? +d

soit de fugon exhaustive, soit en combinaison avec la
loi parabolique. Les constantes de vitesse de la loi
parabolique et l'énergie d'activation du processus
doxvdation ont pu étre déterminés et augmentent
avec une augmentation de la quantité de phase
intergranulaire et de la quantité d'impuretés. Les
constantes de vitesse de la loi paraboligue sont
également plus faibles pour les sialons f§ préparés sans
oxvde dvttrium que pour un SiyN, ‘pur’, mais
lénergie dactivation est a peu prés la méme. La
cinétique d'oxvdation de matériaux avecz = 0-5 et 3%
doxvde d'vitrium n'a pas pu étre déterminée de fagon
concluante, mais I'évolution de la microstructure de la
partie oxyvdée montre que sa cristallisation a une
influence importante sur la vitesse d'oxydation.

1 Introduction

A pure Si;N, ceramic is found to be extremely
oxidation resistant, as a protective layer of SiO, is
formed on its surface upon oxidation. The growth of
this layer is in most cases reported to follow a
parabolic rate law,

(Aw/Ag) =K1+ b (1)

where Aw/A, is the weight gain per unit area, K, the
parabolic rate constant, 7, the time, and b is an
additive constant; and the oxidation rate is con-
trolled by the diffusion of oxygen through the oxide
scale.! ~° The oxidation rate of Si;N, is found to be
even slower than the oxidation rate of Si, SiC and
MoSi,, which all form the same type of protective
layer. This difference has been ascribed to the
presence of an Si,N,O layer between the silica and
the silicon nitride, implying that the oxygen diffusion
through this layer is the rate-determining step.®®
The formation of Si,N,O has also been predicted by
thermodynamic calculations.’

Otner oxidation experiments with Si;N, have,
however, shown that the parabolic rate law, if ever, is
obeyed only after an initial time lapse, #,.5° This
deviant behaviour has been ascribed to a progressive
crystallization of the amorphous phase in the oxide
scale. As oxygen diffuses more easily in an amorph-
ous phase than in a crystalline, partial crystallization
of the amorphous phase causes a progressive
decrease of the cross-section area through which the
oxygen mainly diffuses. A new rate law, which takes

this decrease of the area into account, has recently
been developed, and reads:®

(Aw/Ay) = aarctan (ht)''2 4+ c()''? + d

This rate law will be reviewed later.

Because the self diffusion in Si;N, is extremely
slow, a sintering aid is usually added in order to
produce dense materials through liquid-phase
sintering.'® Glass-forming oxides such as Y,O,,
Al,0;, MgO and lanthanide oxides are customarily
used as sintering aids. The use of sintering aid,
however, leads to formation of a polyphasic
material, 1.e. the liquid forms residual intergranular
phase(s) after sintering. If an Al,O;/AIN combin-
ation is used, then aluminium and oxygen can
replace silicon and nitrogen in Siz;N,, and a solid
solution called fi-sialon is formed, with the general
composition Si,_.ALLO.Ng_. (z <4). This substi-
tution makes it possible to synthesize materials with
a minimum content of intergranular phase.

The oxidation behaviour of these polyphasic
materials is more complex than that of pure Si;N,.
Si3;N, ceramics prepared with MgO or Y,0, have
been extensively studied and have been found to
exhibit an oxidation resistance that is dependent both
on the nature and the amount of the additional
phases. During the oxidation process the cations in the
intergranular phase diffuse into the oxide scale, and
a depleted zone is formed underneath the scale. The
intergranular glassy phase thus acts as a pathway for
rapid diffusion within the material.'' = '* It has been
shown that the oxidation rate is independent of the
partial pressures of oxygen and nitrogen, implying
that oxygen diffusion through the oxide scale is not
rate determining.!#!3

[t has further been found, for Si3;N, sintered with
MgO, that continued oxidation after removal of the
oxide scale proceeds almost at the same rate as just
before the removal, also implying that the oxide
scale is only marginally protective.'*>'® The oxid-
ation process has been interpreted with use of the
parabolic rate law, and the diffusion of the inter-
granular cations into the oxide scale is believed to be
the rate-limiting process, and that the reaction of the
metal oxides with SiO, to form silicates is the driving
force. The diffusion of the additive cations into the
oxide scale results in an internal oxidation of Si;N,
to form Si,N,O in the depleted zone and the N3~
released will diffuse to the oxide scale as charge
balance to the intergranular cations.!-11-12

It has, however, for Si;N, sintered with Y,0;,
also been reported that the removal of the oxide
scale to some extent increased the oxidation rate,
indicating that the oxide is somewhat protective, and
that the oxidation rate could not entirely be
determined by the diffusion rate of the intergranular
cations into the oxide scale.!” 2 The importance of
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the diffusion of oxygen and intergranular cations on
the oxidation rate has, however, so far not been
entirely clarified.

Even though most oxidation processes have been
interpreted with the parabolic rate law, there have
been reports claiming that the oxidation does not
follow the rate law!8-21 =23 or that it is applicable
only after a certain time lapse.?*?° Furthermore, it
has been reported that the exponent, #n, in the rate
law (Aw/A,)" = kt changes from | to 6 during the
oxidation.?®?7 The oxidation of Si,_.AlLO Ng_.
sialon ceramics, prepared with and without ad-
ditions of yttria, has been investigated and devi-
ations from the parabolic rate law have been found.
The applicability of the arctan rate law to the present
results will be demonstrated.

This paper comprises two parts. In the first part
the oxidation behaviour of fS-sialons with z =05
and 3-8 prepared without and with 3 and 6 wt%
Y,0; is compared, as well as the oxidation
behaviour of three of the compositions prepared
from two Si,N, powders with different amounts of
impurities. In the second part, the oxidation
behaviour of Si;N, (previously published in Ref. §)
is compared with those of single-phase f-sialons
with - =1, 2:5 and 3-&.

As already mentioned, the arctan rate law has
been developed assuming that the cross-section area
for oxygen diffusion decreases with time. Thus, a
function A(r), which describes the time dependence
of this decrease, is incorporated into the parabolic
rate law in the following way

A\ KA .
d[ > 2\/ 2)

To be able to explain the experimental observations,
the selected A() function must, besides containing a
rate constant, have the following properties:

(i) A(?) should be able to attain the value one
over the entire experimental time, i.e. if no
devitrification of the oxide scale occurs,
integration of eqn (2) should yield the
parabolic rate law.

(i) A(¢2) should be able to decrease to a value
between one and zero at the end of the
experiment, which experimentally would
correspond to a decrease of the cross section
area available for the diffusing species during
the entire experimental time, i.e. a nonpara-
bolic rate law behaviour is observed during
the entire experimental time.

(iii) in order to be able to describe the oxidation
curves, which are nonparabolic in the
beginning of the experiment but exhibit a
parabolic oxidation behaviour at the end, the
A(r) function has to contain a constant f,,

which defines the time at which the oxidation
process transforms from a nonparabolic to a
parabolic one.

Considering these constrains an A4(f) function has
been deduced which reads

A+ (fB—t5 )
(1+(B—1to "))

where f§ is the rate constant for the decrease of the
area, f, is the time at which the oxidation process
transforms from a non-parabolic to a parabolic
behaviour, i.e. a steady state is reached, and for ¢ > ¢,
the decrease of the area is negligible. f'is the fraction
of the unit area remaining at r=1, A simple
exponential function with the desired properties has
not been found.

By incorporating eqn (3) in eqn (2) and integrat-
ing, the new rate law is obtained reading:

Aty = (3)

W ~
= aarctan /bt + ¢/t +d (4)

h3'2 b
()
bjl\/ﬁ T
K,=(a/b+0o? [f=—"~ 5)
ay/b+c

and d = an additive constant ideally equal to zero.
If ¢ is reached within the time of the experiment, a

parabolic behaviour is observed for t>1¢,, as

A(t) = /. This parabolic function is expressed as

(Aw/ o) = KO + B, (6)

where Kf,’ is an apparent rate constant and B, an
additive constant >0. As the derivatives of the
arctan and the parabolic functions are equal at
1= 1o, the relation between K, and K% becomes

0

1)

A more elaborate description of the rate law is found
in Refs &, 25 and 26.

K,= (7)

2 Experimental

Single-phase f-sialon samples of the composition
Sig_,AlLO.Ng ,, with z-values of 0-5, 1, 2:5 and 3-8,
were prepared by mixing «-Si;N, powder (H. C.
Starck, Berlin, Germany, grade LC-10 or UBE,
Japan, grade SN-10E) with Al,O; (Alcoa, grade
A16SG) and AIN (H. C. Starck, grade A). -Sialon
ceramics with z=05 and 3-8 were also prepared,
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Table 1. Characteristic data of the starting Si;N, powders

SisN, x-phase Specific Impurities (wt%)
powder (%)  surface area
(m?/g) Fe Al Ca 6] C
UBE 10-E >95 10 <001 <0005 <0005 1-3 <01
Starck LC-10 96 11 002 0-04 0-004 1-7 017

with additions of 3 and 6 wt% Y ,0; (H. C. Starck,
99-9%) as sintering aid. Some of these compositions
(see Table 2 later) were prepared using Si; N, powder
from both UBE and Starck. The Starck powder has
a higher concentration of impurities than the UBE
powder. Characteristic data for the two different
Si;N, powders are given in Table 1. The powders
were carefully weighed in, also taking into account
the oxygen content of the Si;N, and AIN materials.
The green bodies were glass-encapsulated and hot
isostatically pressed at 1750°C for 2 h with 200 MPa
of argon, to obtain dense materials. The prepared
ceramics are labelled as 0-5:3:S, where the first figure
represents the z-value, the second the amount (wt%)
of yttria added and the final letter denotes the source
of the Si;N,-powder used (S for Starck and U for
UBE).

The crystalline phases present in the ceramics
were identified from their X-ray powder pattern
obtained in a Guinier—-Hagg Camera with
CuKu, radiation. The composition, i.e. the z-value
of the p-sialon phase, was calculated from the
formula a = 0:7603 + 0-00297z nm and ¢ = 0-2907 +
0-00255z nm.?® The density of the compacts was
determined using Archimedes’ principle in toluene
and water. The amounts of intergranular phase
(vol.%) were determined from the different contrast
of the phases in SEM micrographs, using the image
processing system, Kontron IBAS/IPS, online with
the SEM, JSM §80.

Pieces of an approximate 15 x 5 x I mm?® size
were used for the oxidation experiments. They were
carefully polished with diamond grains down to a
size <1 pum, and a small hole was drilled through
each piece, serving to attach it to the hangdown wire
in the TG unit. Before oxidation, the pieces were
cleaned in toluene, and in acetone in an ultrasonic
bath. They were then oxidized isothermally in
flowing oxygen for 20h, at room temperatures
ranging from 1200 to 1450°C, in the TG unit
SETARAM TAG 24. The TG unit has two
symmetric furnaces, one used for the oxidation of
the sample and the other for an inert reference
material. By regulation of the gas flow through the
two furnaces, the drift of the baseline can be kept
within + 5 ug for the 20h duration of the experi-
ment. The low drift makes it possible to record very
accurate weight gains associated with the oxidation.

Complementary oxidation experiments of shorter

duration have also been performed in order to
obtain information about the evolution of the
microstructure of the oxide scales as a function of
time. Pieces of the ceramic were put on a platinum net
and inserted into a preheated furnace, with oxygen
flowing through. The pieces were pulled out from the
furnace after different times of oxidation and cooled
to room temperature.

The crystalline phases formed in the oxide scale
were identified from the diffraction patterns
recorded with an X-ray powder diffractometer
operated in reflection mode (STOE, STADI). The
surfaces and the cross-sections of the oxide scales
were characterized with a scanning electron micro-
scope (JSM 880) and by means of energy-dispersive
X-ray analysis (LINK AN 10000). All the micro-
graphs shown in this paper have been obtained with
back-scattered electrons.

3 Results and Discussions

3.1 A comparison of the oxidation behaviour of -
sialons with z=0-5 and 3-8 prepared with 0, 3 and
6wt% Y,0;

3.1.1 Characterization of the prepared samples
SEM studies of polished cross-sections of the
prepared materials showed that fully dense f3-sialon
ceramics had been obtained. Densities, cell para-
meters, crystalline phases present and amount and
composition of the intergranular glass in the
different materials are given in Table 2. The
composition of the intergranular glass could,
however, only be determined for the sialons with a z-
value of 3-8, as the multigrain pockets in the z =05
ceramic were too small to allow EDS analysis. The
microstructure of the sialons with z=05 differs
from that at z = 3-8 as shown in Fig. 1. The grain size
is smaller for the lower z values. There is also a clear
difference between the microstructures of the
0-5:3:S and 0-5:3:U materials, but the microstruc-
tures of the corresponding materials with z = 3-8 are
very similar.

3.1.2 Oxidation curves and characterization of oxide
scales

The oxidation curves for the materials prepared
from Starck powder are shown in Fig. 2(a) and Fig.
3(a){d). The weight gain curves obtained during
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Table 2. Properties of the f-sialon materials

cale. Density Si:AlLY

Designated  Wt-%  SiyN, a-axis c-axis Vol.%
-value Y,0, powder® nm nm = value gem™? glass ratio in the

intergr. glass

0-5 0 S 07617 02019 0-47 3160 — —

0-5 3 S 07602 02920 0-54 3206 4-5 -

0-5 6 S 07622 02919 0-55+ 3248 3545 —

05 3 U 07617 02917 0-45 3178 4-5 —

38 0 S 0771t 03003 370 3051 — —

38 3 S 07710 02998 3-58* 3106 56 1:11-1-4:0-7-0

38 6 S 07705 02993 3-40** 3138 7-8  L:1-2-1-3:1-0-1

38 0 U 07700 03000 356 3052 —

38 3 U 0-299 8 3524 3-084 56 1:1-0\1~5:0-8~1~1

0-7606

¢S = Starck, U = UBE

Additional phases: +, 4 v-% a-sialon; *, Svol-% 15R: **, 10vol-% 15R; #%, minor amounts of X-phase.

oxidation of the f-sialons with z=05 and 3-8,
prepared without addition of Y,0;, are shown in
Fig. 2(a). It is clearly seen that the oxidation
resistance, i.e. the (Aw/A4,) value reached after 20 h
oxidation, is much better for - = 0-5 than for z = 3-8.
At 1450°C, however, both materials are oxidized
considerably.

The oxide scales formed on 0-5:0 are coherent and

consist of a silica glass and minor amounts of o-
cristobalite. The scales formed on 3-8:0, however,
contain a considerable amount of mullite crystals
and nitrogen bubbles which makes the surface look
rough.

The weight gain is plotted in Fig. 3 as a function of
oxidation time for z = 0-5((a) and (c)) and z = 3-8 ((b)
and (d)) prepared with 3 and 6wt% Y,0;. The

(c)

(d)

Fig. 1. The microstructure of the S-sialons (a) 0:5:3:8S, (b) 3-8:3:8S, (¢) 0-5:3:U and (d) 3-8:3:U. The dark areas correspond to the g-
sialon grains and the light areas to the intergranular glassy phase.
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figures show that the oxidation resistance is better
for ceramics with z=0-5 containing 6 wt% yttria
than for those prepared with 3 wt%. The weight gain
is somewhat irregular for 0-5:6 at 1350°C and for
0-5:6 and 0-5:3 at 1400°C, sudden increases of the
weight gain are observed occasionally. This is most
probably caused by nitrogen bubbles bursting
through the protective oxide scale, cracking its
surface and thereby reducing its mean thickness.
This type of a sudden increase of the oxidation rate is
not observed for the sialons with z = 3-8. The final
weight gain is higher for 3-8:6 than for 3-8:3 at
T> 1300°C, in contrast to the findings of the
corresponding materials with z=0-5. A lower final
weight gain is, however, observed at 1300°C for the
- = 3-8 material with the highest content of yttria.
(The material 3-8:3:S has not been oxidized at lower
temperature.) In general it can be noted that the
oxidation resistance is better during the 20-h
oxidation experiments for z = 0-5 than for z = 3-8 at
T < 1300°C but better for z = 3-8 at 7> 1300°C.
The oxide scales consist mainly of crystalline
components, particularly at the surface. The phases

present in the scale on the materials with z =05 are
Y,Si,0,, a-cristobalite, mullite (minor amounts)
and a glass containing Y, Si and Al At the lower
temperatures (1250, 1300°C) the Y,Si,0, crystals
almost completely cover the surface of the oxide
scale; underneath this surface scale a glassy phase is
found, and closest to the sialon matrix there is a layer
of a-cristobalite. With increasing temperature the
amount of Y,Si,0, decreases, while the amounts of
a-cristobalite and glass and the concentration of Y
and Al in the glass increase, see Fig. 4(a)-(c). At
1400°C the oxide scale is mainly composed of «-
cristobalite and ‘pockets’ containing a glass. The
Si:Al:Y ratio of the glass phase present in the oxide
scale on the 0-5:3:S material 1s 1:0-2:0-1 at 1300°C,
1:0-3:0-2 at 1350°C and 1:0-4:0-3 at 1400°C.

The oxide scales formed on sialons with a z-value
of 3-8 show a similar morphology as those obtained
for z = (-5, but the relative amounts of the crystalline
phases present are different, and in addition phases
suchas Y;Al;0,,(YAG)and YAIO; are found. The
oxide scales formed on z=3:8 seem to comprise
less glass and more Y-containing crystals than

(c)

(d)

Fig. 4. The surface of the oxide scales formed on the $-sialon of the composition 0-5:3:S at(a) 1300°C, (b) 1350°C and (c) 1400°C and on

the fi-sialon 3-8:6:3 at (d) 1400°C. In (a) and (b) the surface consists of Y ,Si,0- (the light crystals), mullite (the needle-like crystals), a

glass and z-cristobalite (the darkest areas in (b)). The surface in (c) consists ot a-cristobalite and mullite and the Y is present only in a
glassy phase; and in (d) of mullite crystals in a glass (light area).
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observed for z = 0-5. The composition of the glassy
phases in the oxide scales could not be determined
for T < 1400°C. At 1400°C, however, the main phase
in the scale is a Y-Si-Al-O glass, and the mullite
crystals are found in the glass matrix (see Fig. 4(d)).
The amount of mullite is highest close to the sialon
material. The different microstructure of the oxide
scales on the sialons with z=05 and 3-8 at
T>1350°C could explain why the oxidation re-
sistance is drastically decreased for the sialon with-
z = 0-5. The relatively low amount of glass and high
amount of a-cristobalite compared to the opposite
relationship between glass and mullite for z = 3-8,
prevent the oxide layer from self-healing as
nitrogen breaks through the oxide surface, but
cracks in the oxide scale will remain. This is not the
case for z = 3-8, where the glass almost covers the
surface, which is therefore self-healing.

The Si:Al:Y ratio in the glassy phases present in
the oxide scale on the materials oxidized at 1400°C 1s
1:04:0:3 (0-5:3:S), 1:0-5:0-5 (0-5:6:S), 1:04:0-4

(a)

(b)
Fig. 5. Cross-sections of the oxide scale formed at 1350°C on
the material (a) 0-5:6:S and (b) 3-8:6:S, illustrating the wider Y-
depleted zone formed in 0-5:6::S. The oxide scales are recognized
in the left part of the figures and the sialon matrix in the right
part. The brightness indicates the Y-content of the different
phases. A high Y-concentration gives a bright contrast.
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Fig. 6. A comparison of the oxidation behaviour of the g-

sialons with the composition z =0-5 and 3 wt% yttria prepared
with Si;N, powder (a) from Starck and (b) from UBE.

(3-8:3:S) and 1:0:5:0-3 (3-8:6:S). Thus, only small
differences are found for the ceramics at 1400°C.
Below the oxide scale there is a zone depleted in
yttrium. This depleted zone has been found to be
more extended for z = 0-5 than for 3-8, see Fig. 5(a)
and (b). It is also observed that the sialon matrix
with z = 3-8 undergoes transformations during the
oxidation process. A partial crystallization of the
intergranular phase occurs, whereby YAG is
formed, which will decrease the mobility of the
intergranular ions. The intergranular phase in the
materials with z =05 seems, however, to remain
unchanged during the oxidation.

In Fig. 6(a) and (b), Fig. 7(a) and (b) and Fig. 2(a)
and (b), the oxidation resistance of the sialon
ceramics prepared from the Si;N, Starck powder (a)
is compared with the oxidation resistance of the
UBE powder ceramic (b) for the compositions 0-5:3,
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Fig. 7. The weight gain as a function of time for (a) 3-8:3:S and
(b) 3-8:3:U.

3-8:3 and 3-8:0. The weight gain curves show that
there is a clear difference in the oxidation behaviour
of the samples prepared from the different powders.
The oxidation resistance of 0-5:3:U is better than
that of 0-5:3:S for 7<1300°C but not for
T > 1300°C. The oxidation resistance is better,
however, with the UBE powder at all temperatures
for the materials with z = 3-8.

The microstructure of the oxide scales formed on
0-5:3:U at T> 1300°C is quite different from that of
0-5:3:S(see Fig. 10(e) later and 4(b)). The oxide scale
is more fine-grained for 0-5:3:U, seems to contain
less amorphous phase and also looks more porous;
increasingly so with increasing temperature. To a
certain extent the microstructure of the oxide scale
thus reflects the microstructure of the bulk. Accord-
ing to the oxidation curves, the microstructure of the
oxide scale formed on 0-5:3:U seems to lead to a less

protective scale than that formed on 0-5:3:S at
7> 1300°C. The oxide scales as well as the
microstructure of the bulk materials 3-8:3:S and
3-8:3:U are very much alike, and the glassy phases in
the oxide scales at 1400°C have approximately the
same composition (3-8:3:U, 1:0-5:0-3 and 3-8:3:S,
1:0:4:0-4). For these ceramics it seems to be different
amounts of impurity and not the differences in
microstructure that have an influence on the
oxidation resistance. The scale formed on the
3-8:0:U sialon seems, however, to contain a lower
amount of mullite than that of 3-8:0:8S.

3.1.3 Oxidation kinetics

Only a few of the obtained oxidation curves could be
exhaustively described by the parabolic rate law.
Four different types of oxidation curves could be
recognized in this study. An example of each type is
shown in Fig. 8. The first type obeys the parabolic
law (3-8:3:U, T=1250°C) throughout, ie. the
derivative of the (Aw/A,)? versus ¢ curve is constant.
The second type of curve (3-8:3:S, T = 1400°C) has a
shape such that the derivative of (Aw/A,)? decreases
with increasing time during the entire experiment.
The third type of curve starts out the same as the
second but after a certain time obeys the parabolic
rate law (3-8:6:S, T = 1400°C). The last type of curve
is somewhat different from the others (0-5:3:8S,
T=1350°C) in that the derivative of (Aw/A,)?
increases at the outset, then suddenly decreases and
finally become constant, i.e. assumes a parabolic rate
law behaviour.

The curves of the second type could all be
completely fitted by the arctan function given in eqn
(4). A combination of an arctan function (for 7 < 7,
see above) and a parabolic function (for 1 > ¢, eqn
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Fig. 8. The squared weight gain of the four different types of
oxidation curves obtained in this study.
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Fig. 9. The oxidation curve obtained for the sialon 0-5:3:U at
1350°C. The circles mark the duration of the eight short-time
oxidation experiments performed.

(6)) could be used to describe the curves of the third
type. All the curves yielded by oxidation of the
materials 3-8:X:X and of 0-5:3/6: X for T < 1300°C
could be fitted by a parabolic (type I), an arctan (type
IT) or a combination of an arctan and a parabolic
function (type I1I). The fourth type of curve (type IV)

comprises the ones that could not be described by an
arctan function in any region; their final part could,
however, be described by a parabolic function. This
type of curve was observed for the material 0-5:3:S
oxidized at 1300 and 1350°C for 0-5:3:U oxidized
at 1300°C. Finally, the very small weight gains
recorded for the material 0-5:0:S made it impossible
to unambiguously determine the kinetics of the
oxidation process.

3.1.4 Evolution of the oxide scale with time

Short-time oxidation experiments have been perfor-
med for the composition 0-5:3:U, yielding an
oxidation curve of type 1V, which could not be
interpreted with the use of the arctan rate law. Pieces
of this material were oxidized at 1350°C for 5000,
10000, 15000, 17500, 20000, 25000, 30000 and
40000s, as seen in Fig. 9. Micrographs of the oxide
scales formed are shown in Fig. 10(a){d) and Fig. 11.
The scale formed in the 5000s oxidation is largely
amorphous and contains large eruptions, presum-
ably originating from the evolution of nitrogen, as
seen in Fig. 10(a). The surface also contains islands
of a-cristobalite grains surrounded by an amorph-
ous phase with a higher concentration of Y than the
main amorphous phase. The surface of the oxide

(c)

(d)

Fig. 10. The surface of the oxide scale formed by oxidation of the sialon 0-5:3:U at 1350°C for (a) 5000, (b) 10000, {c) 17 500 s and (d)
25000s. The scales consist of a-cristobalite (darkest contrast), a silica-rich glass (medium contrast) and a glass with a high concentration
of Y (lightest contrast).



The oxidation kinetics of f-sialon ceramics 477

Fig. 11. Cross-section of the oxide scale formed during 10000 s
oxidation of 0-5:3:U.

scale formed by the 10000s oxidation is shown in
Fig. 10(b). It consists mainly of z-cristobalite crystals
surrounded by an amorphous phase. Larger amor-
phous areas are also observed. The cross-section of
this oxide layer shows that most of the crystals are
found at the surface, while the interior of the oxide
scale is still amorphous (see Fig. 11). The surface and
cross-section of the oxide scale are mainly composed
of x-cristobalite grains after 17 500 s oxidation, and
an yttrium-containing phase is found between the
grains (Fig. 10(c)). The microstructure of the oxide
scale formed after 25000 s oxidation, just before the
plateau of the oxidation curve in Fig. 9, is quite
different from the one previously described, as seen
in Fig. 10(d). The intergranular phase now only
forms a very thin film between the silica grains or is
gathered in multi-grain pockets. This microstructure
is maintained during the final part of the oxidation
experiment, where the parabolic rate law is obeyed.
This study shows the kinetics of the oxidation to be
closely related to the evolution of the oxide scale
microstructure; the oxidation rate decreases due to
crystallization. The initial, almost linear weight
increase corresponds to formation of an amorphous
oxide scale which is not entirely coherent (Fig. 10(a)).
The ceramic will be exposed to the oxidizing
atmosphere as the nitrogen bubbles break through
the oxide scale, and the oxidation will not be solely
diffusion controlled. As the oxide scale grows thicker
and starts to crystallize, nitrogen bubbles will now
only disrupt small parts of the scale when leaving the
sample, implying that the oxidation rate will slow
down and be controlled by diffusion. After the
crystallization of the oxide scale the oxygen will
reach the sialon matrix mainly through grain
boundary diffusion. The evolution of the oxide scale
during the oxidation corresponds to the general idea
for the development of the new rate law. The fact
that this rate law could not be used is most probably
due to the relatively long duration of the initial linear
oxidation period and the following very rapid

crystallization process, i.e. the arctan regime is too
short too be discerned.

3.1.5 Oxidation parameters

The rate constants and other parameters associated
with the various rate equations are summarized in
Table 3.

The parabolic rate constant, K, is found to
increase with increasing temperature. The de-
pendence of the rate constant on temperature is
shown in an Arrhenius plotin Fig. 12(a) (z = 3-8)and
(b) {z =0-5). As seen in the figure, a linear relation-
ship between In(K,) and 1/T is obtained for all
materials with = = 3-8, and the activation energy of
the oxidation process can be determined. The
oxidation rate and the activation energy of the
process increases when yttria is added (3-8:0:S
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Table 3. Oxidation parameters for the f-sialon materials

T(0) Sample (z value:wt% yttria; SiyN, powder (UBE or Starck)
0-5:0:8 05:3:S  05:3:U 0-5:6:8 3-8:0:8 38:0:U 38:3:8 38:3:U 38:6:S
Oxidation kinetic”
1200 — — — II1 - — — I 11
1250 — I 11 I I 111 — | I
1300 I v I1 |1 II 1 11 II II1
1350 II 10Y 10Y p I I 11 11 HI
1400 1 p p p I 1 1 I I
Aw/A, (mgem™2) after 20 h oxidation
1200 — — — 0-07 — — — 015 015
1250 — 0-60 0-26 0-24 015 0-08 — 025 0-32
1300 004 0-60 0-39 0-38 010 011 042 0-28 033
1350 0-03 2:0 56 145 0-25 017 0-56 0-45 0-70
1400 0-05 68 113 75 0-31 0-24 1-5 1-30 2:80
1450 210 — — — 1-8 — — — —
K, x107% (mgZem~*s7")
1200 — — — 0478 - — — 023 0-62
1250 — 9-36 1-98 1-68 0-302 0-126 — 1-04 472
1300 0-04° — 67-8 188 0625 0-264 10-7 293 70-5
1350 013 — — — 334 0-495 565 129 304
1400 10-6 1-19 796 209 2750
A
1200 — — — 0-22 — — — 1 0-62
1250 — 0-64 0-10 0-58 1 071 — 1 042
1300 0-07 019 023 074 0-24 045 008
1350 003 0-19 0-82 016 0-28 0-06
1400 025 043 0-07 1 016
1o (s)
1200 — — — 6800 — — — 44000
1250 — 14400 > 70000 6 500 61500 — 35000
1300 25000¢ 20700 17200 > 70000 49100 > 70000 > 70000 38000
1350 20 000° 40 000¢ > 70000 32000 > 70000 > 70000 46 000
1400 25000 > 70000 > 70000 40000
Fx107% (Y
1200 — — — 411 — — — 0-88
1250 — 1-0 0232 6-44 0-40 — 2:30
1300 127 4-38 2-16 0-79 16 1-5 19-0
1350 1-88 1-60 1-59 894 36 180
1400 303 0:35 509 516
K2 x 1077 (mgZem™*s™Y)
1200 — — — 0-57 — — — 295
1250 — 440 6-43 073 — 12-1
1300 16:0 107 169 1-60 993
1350 724 486 340 343
1400 114 923
E, (kJ/mol) 710 + 140 500 + 70 330+ 30 939 + 150 480 + 30 830 + 30

“I-1V, Different types of oxidation curves described in Section 3.1.3; p, oxidation curves exhibit a iparalinear oxidation' behaviour;

1, linear oxidation kinetics.
? During the first 6000s.
¢ Start of the final parabolic part.

500+ 70kJmol~1; 3:8:3:S 900+ 150kJmol~%;
38:6:S 830+ 30kJmol™* and 3-8:0:U
330 + 30kFmol~1;3-8:3:U 480 + 30 kJ mol ). The
lowest rate constant and also the lowest activation
energy are obtained for the material 3-8:0:U. A
comparison of the K, and E, values obtained for the
samples 3-8:0:S and U and 3-8:3:S and U shows
that the samples prepared from Starck powder
exhibit much higher rate constants and activation
energies than those of the UBE materials. In this
connection it can be noted that the Starck powder

contains more impurities than the UBE powder.
These results show that the oxidation rate and the
activation energy of the process increase with
increasing amount of intergranular phase and
suggest that the presence of even small amounts of
impurities will lead to an increased oxidation rate
and activation energy. The presence of impurities in
the glassy phases is believed to decrease the viscosity
of the glass, resulting in a higher ion mobility.!°

Equations (1), (4) and (6) have been used to
determine the rate constants for z = 3-8, while for
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- =05 the corresponding equations could only be
satisfactorily applied when relatively low weight
gains were observed, that is, when the initial linear
oxidation was brief and the crystallization is
relatively slow. These limitations have not been
observed in the oxidation of sialons with z = 3§,
where the nitrogen concentration is lower. The
determined rate constants for the sialons with
- =05 are given in Fig. 12(b). The oxidation rate of
0-5:0:S is very low (lower than for 3-8:0:U and S)
and the addition of yttria decreases the oxidation
resistance considerably, as also observed for z = 3-8
(see above). As only a few rate constants could be
evaluated for the material with z = 0-5, the activ-
ation energies for the oxidation processes could not
be determined. All the rate constants obtained are,
however, of approximately the same magnitude as
those determined for the corresponding materials
with =38, The rate constants determined for
0-5:3:S and U at 1250°C verify the conclusion
already drawn, that higher rate constants are
observed for materials containing the larger amount
of impurities. At 7> 1300°C, however, where a
parabolic rate constant could not be determined, it
was found that (Aw/A4,) after 70000 s oxidation was
higher for 0-5:3:S than for 0:5:3:U. As the
complementary short-time oxidation experiments
already described show, this could be explained by
the oxidation kinetics being dependent on the
microstructure of the oxide scale. The amount of
impurities has in this case only a minor influence on
the oxidation behaviour. The material 0-5:6:S seems
to have an equal or even a somewhat lower
oxidation rate than the materials containing less
yttria. This contradicts the observation for z = 3-8
but might be explained by the observation that
0-5:6:5S, apart from fB-sialon, also contains minor
amounts of x-sialon, which is known to incorporate
yttrium in its structure. This in its turn results in a
material containing a lower amount of intergranular
glassy phase (see Table 2).

The f values, defined in eqns (3) and (5) and
interpreted to represent the degree of divergence
from the pure parabolic rate-law behaviour, are
found in Table 3. The discrepancy could be due to
either: (i) a continuous decrease due to crystalliz-
ation of the cross-section area available for the rapid
diffusion in the oxide scale; (ii) a decrease of the
available diffusion pathways in the matrix by the
formation of a depleted zone and/or by crystalliz-
ation of the intergranular phase, whereby diffusion
of ions from the intergranular phase into the oxide
scale is hindered; or (iii) a combination of (i) and (ii).

/ is found to be higher for the materials with
z = 3-8 prepared from the Si;N, powder containing
the lower amount of impurities, as seen in Table 3.
Previous reports have shown that impurities pro-

mote crystallization,!'1%%° which the f values
observed here for z = 3-8 also indicate. This corre-
sponds to the higher amount of mullite crystals
found by the SEM studies in the oxide scale on
3-8:0:S compared to 3-8:0:U. The oxide scale
formed on 0-5:3:U was, however, observed to be
more crystalline than the scale formed on 0-5:3:S.
This is also reflected by a lower f value observed at
1250°C. For these ceramics the microstructure of the
oxide scale seemed, in addition to the amount of
impurities, to be dependent on the microstructure of
the bulk material. In general, f'is found to decrease
with increasing amount of yttria and with increasing
temperature. For the remainder of the materials it is,
however, impossible to link the calculated f'values to
an observed degree of crystallinity of the oxide scales
or to the thickness of the depleted zone judged by X-
ray analysis and by inspection of the oxide scales in
the SEM. The unexpectedly high fvalue obtained for
the ceramic 3-8:3:U at 1400°C cannot at the
moment be accounted for. No differences have been
observed between the microstructure of this
oxidized material and the materials 3-8:3:S and
3-8:6:S. One difference compared to temperatures
below 1400°C for z = 3-8 is, however, that at 1400°C,
which is higher than the eutectic temperature of the
Si-Al-Y-O system, no Y-containing crystals but
only a glass forms in the oxide scale. However, it
ought to be noted that the f values are only
approximate, due to the difficulties associated with
the determination of f,, which is needed for the
calculation of f (eqns (5) and (7), see also Ref. 30).
The apparent rate constants, K7, obtained from
the final parabolic part of the oxidation curves, are
shown in an Arrhenius plot in Fig. 13. As expected,
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these constants do not show a linear relationship
with 771, as this rate constant according to eqn (7)
depends both on the K and the f value.

Table 3 gives values of B, the rate of decrease of
A(#), for the different oxidation experiments. f is
observed to increase with increasing amount of
yttria in the material and with increasing amount of
impurities, but no obvious dependence of f on
temperature is found.

Repeated oxidation experiments using the same
material have shown that the final weight gains are
in agreement with each other within +20%. The
differences in final weight gain between the oxidation
experiments have been shown to be dependent on
the evolution of the microstructure of the oxide scale
with time (or alternatively the evolution of the
intergranular phase). However, by interpretation of
the weight gain curves using the actan rate law, it is
possible to obtain both consistent parabolic-rate
constants and a value of the divergence from a pure
parabolic behaviour ( f value). These parameters can
more satisfactorily be used in comparing the
oxidation behaviour of different materials than the
final weight gains and/or K values. For example,
the final weight gain is higher for 3-8:6:S than for
3-8:3:S at 1300°C, but the opposite is found for the
calculated K values. This is due to the fact that the
final weight gain depends on both the oxidation rate
constant, K, the f value and the rate constant, 5. The
calculated rate constants are reproduced within
+15%, while corresponding values for the final
weight gain agree within +20%.

3.2 A comparison of the oxidation behaviour of Si;N,
and p-sialons with z=1, 25 and 3.8 prepared from
UBE powder

3.2.1 Characterization of the prepared samples
Single-phase f-sialon ceramics were obtained ac-
cording to X-ray diffraction. The cell parameters of
the f-phase, the calculated z values and the densities
are given in Table 4. TEM studies of single-phase -
sialons prepared with the same method as in this
paper have previously been reported to yield f-
sialon ceramics almost free from an intergranular
phase. It was also reported that the grain size
increased with increased z.2%3!

3.2.2 Oxidation curves and characterization of oxide
scales

The squared weight gains recorded versus time during
the oxidation of Si;N, and sialons with z=1,
z=25 and z=38 are shown in Fig. 14(a){(d),
respectively. The figures show that almost all of the
oxidation curves deviate from a parabolic rate law.
The divergence from the parabolic rate law is larger
for Si;N, and for the f-sialon with z = 1 than for the
sialons with z = 2-5 and 3-8, and then the final weight
gain increases more clearly with increasing tempera-
ture for the higher z values.

The microstructures of the oxide scale surfaces
differ considerably between the different materials.
Crystals of a-cristobalite and tridymite are observed
on SizN, (the relative amount of the two phases
alters with temperature). SEM studies of the surface
of the oxide scale, formed on the stalon of the
composition z = 1, reveals it to be mainly amorph-
ous, but a minor amount of small crystals of mullite
composition is also found. The X-ray diffraction
patterns of the oxide scales show, however, that the
scales contain a-cristobalite.

The surface is very even, and voids originating
from the evolution of nitrogen have not been
observed. The surface of the oxide scale formed on
the sialons with z = 2-5 is rough, consisting of glass
bubbles, mullite crystals and a few voids originating
from the nitrogen evolution. X-Ray diffraction from
the oxide scale reveals that it also contains minor
amounts of a-cristobalite. The scale formed on the
sialon with a z value of 3-8 has a microstructure
similar to the one just described but contains less
glass and more mullite crystals.

The glassy phase formed in the oxide scale will be
an Si—Al-O glass. A silica glass can, however, not
incorporate more than 5-10mol% Al,O; in its
structure. The substitution of AI** for Si** in
tetrahedral coordination will lead to a glass with a
denser structure, as the oxygen must bridge three
tetrahedra rather than two to maintain charge
balance. If more Al,Oj5 is present, two glasses of
different compositions will form. The second glass
will have an approximate mullite composition,
containing Al in octahedral coordination as well.32
If a completely amorphous oxide scale is formed on

Table 4. Properties of the single-phase S-stalon materials prepared from UBE powder

Designated a-axis c-axis Calculated Density Theoretical
z-value (nm) (nm) z-value (gem™3) density
(gem™?)
0° 0-760 1 02907 — 3146 3203
1 0-7630 0-2930 0-90 3120 3163
25 0-7673 02968 238 3039 3102
38 0-7700 0-3000 356 3052 3-060

“From Ref. 8.
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Fig. 14. The squared weight gain recorded during oxidation of (a) Si;N,, (b) z= 1, (¢) z=2-5 and (d) = = 3-8. The roman numerals
denote the determined oxidation kinetics, as defined in Section 3.1.3.

the f-sialon, the scale on the sialon with z =1 will
consist of a glass with 9 mol% Al,O,, while on the
sialons with = = 2-5 and 3-8 two glasses will form, one
with approximately the same composition as on that
with z = 1 and one with mullite composition. Mullite
crystals as well as a-cristobalite are, however,
present in all of the oxide scales, in addition to a
glassy phase. A phase separation of the glass has not
been observed. On the contrary, the EDS analysis
showed that the glassy phases on the sialons with
z=1, 25 and 3-8 have approximately the same
composition (8—12mol% Al,O,). This observation
may suggest that the glass with the mullite compo-
sition has crystallized.

3.2.3 Oxidation kinetics
Only a few of the obtained weight gain curves could

be described by the ordinary parabolic rate law
(referred to previously as type I curve). The other
oxidation curves could be classified either as type 11
or II1. No curve of type IV was obtained. The curves
of the type I can, however, also be interpreted as type
II1, but the deviation from a pure parabolic rate law
is very small, which makes it very difficult to obtain a
satisfactory fit of the arctan function to the
experimental curve. These curves have therefore
been interpreted with use of the parabolic rate law.

3.24 Oxidation parameters
The parabolic rate constants, f values and the other
parameters associated with the oxidation curves are
found in Table 5.

As Si3N, and the fS-sialons are expected to be
almost free from intergranular glass, the oxidation
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Table 5. Oxidation parameters for Si;N, and single-phase f-

sialons
T(C) Sample (z-value)®
Si,N,? / 25 38

Oxidation kinetic®

1250 I I I I

1300 I II I 1

1350 I 111 I 1

1400 111 11 IT
Aw/A, (mgem™?) after 20h oxidation

1250 016 013 0-04 0-08

1300 017 013 0-08 011

1350 013 0-13 012 017

1400 014 0-22 1-0 0-24
K, x 107¢ (mg?cm )

1250 1-12 0-63 0-08 0126

1300 2:12 0-68 018 0-264

1350 5-88 1-31 048 0495

1400 122 370 1-190
f

1250 018 0-46 1 071

1300 012 0-46 1 074

1350 005 0-10 0-65 0-82

1400 0-04 014 043
Io (s)

1250 > 70000 >70000 61500

1300 41000 > 70000 49100

1350 18 500 41000 35200 32000

1400 17000 41400 > 70000
Bx107*(s™ 1

1250 047 0-52 0-40

1300 1-12 045 0-79

1350 4-79 042 04 1:52

1400 8-61 095 0-35
K2 x 1077 (mgZem ™~ *s71)

1250 073

1300 1-74 1-60

1350 1-40 0-823 2:61 341

1400 1-28 2-81
E, (kJ/mol)

310+ 25 320+ 40 360 + 40 330+ 30

“These ceramics are prepared from UBE powder.

®Data from Ref. 8.

¢ I-1V, Different types of oxidation curves described in Section
3.1.3.

rate ought to be dependent on the oxygen diffusion
rate through the oxide scale. The f value, which
denotes the degree of divergence from the parabolic
rate law, is in this case interpreted to be due to a
partial crystallization of the oxide scale. The fvalues
are found to decrease with increasing temperature,
as also observed previously for the sialon materials
containing Y,0;. The f value is also found to
increase with increased amount of alumina. The
SEM studies of the surfaces and of the cross-sections
of the oxide scales did not, however, reveal an
increasing amount of amorphous phase with in-
creasing AI®* content. Instead, the opposite trend
seemed to be valid. The X-ray diffraction studies
show that a-cristobalite is present in the oxide scales,
but in diminishing amounts with increasing z-value.

This observation indicates that the formation of a-
cristobalite rather than mullite is the reason for the
more pronounced divergence from the parabolic
rate law for ceramics with small z values. The mullite
crystals are small and needle-like, while the silica
crystals are larger and globular. The needle shape of
the mullite crystals will probably result in more
oxygen diffusion pathways being present in the
scales containing mainly mullite crystals, compared
to those containing mainly a-cristobalite grains.
Thus, the difference in the obtained f values is most
probably explained by the differences in grain shape
between the crystalline phases.

The parabolic rate constants were found to
increase with increasing temperature for the Si;N,
and the sialon ceramic with z =1, even though the
final weight gain did not increase with increasing
temperature. The rate constants were found to
decrease with increasing z value, but the ones
determined for the sialons with z =2-5 and 3-8 are
almost equal, or even somewhat lower for z = 2-5.
The In(K)) values decrease linearly with 1/7T for all
ceramics as seen in Fig. 15, but the activation energy
does not vary significantly with increasing z value,
which indicates that the oxidation mechanism is the
same for all the materials studied.

The parabolic rate constants were determined by
measuring the weight gain associated with the
substitution of oxygen for nitrogen during the
oxidation. However, as the nitrogen concentration
decrease with increased z value, the thickness of the
formed oxide scale must increase with increasing z
value for a given weight gain. If the oxygen diffusion
rates through the oxide scale are to be compared for

-10 —r+———T—T—T—T—T—"—T

p

In K_(mg%cms™)

10T (K)

Fig. 15. Arrhenius plot of the parabolic rate constants, K, for
Si;N, and the S-sialons with z=1, 2-5 and 3-8.



The oxidation kinetics of fi-sialon ceramics 483

the different sialon ceramics, the weight gain has to
be converted to thickness of the oxide layer. The
relation between the weight gain, Aw/A4,, and the
thickness of the oxide scale, X, is

Aw/Ay=p X (8)

where p, is an ‘effective density’ of the oxide scale,
calculated as

;Oez(]wozno2 —MNanZ)/(ZniMi/pi) 9)

where M, My, and M, are the molar masses of
oxygen, nitrogen and the formed oxides, p, 1s the
density of the oxides in the oxide scale and ny,, no,
and n, are the amounts of nitrogen released, oxygen
absorbed and the amounts of oxides formed
according to the reaction

Si_ . ALO.Ng . + (24— 32)/40, —>
(18 — 42)/3 Si0, + /6 Al,Si,0,, + (8 —2)2 N,
(10)

The density of the oxide scale can only be roughly
estimated, because the relative amounts of the
crystalline phases and an amorphous phase cannot
be determined. The density is estimated to a value
between the density of silica glass, 222gcm ™3, and
that of a completely crystalline scale consisting of
mullite and silica, 2-32gem™? for Si3N,, to
29 gcem 3 for - = 3-8. By replacing (Aw/A4,) with X,
the parabolic rate law will read

X=(K jp2)/1+Cor X=a/1+C (11

where x denotes the growth rate of the oxide scale.
The o values for Si;N, and the sialons are shown in

22 T
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Fig. 16. Arrhenius plot of the growth rate of the oxide scale, ,
(eqn(9)) for Si;N, and f-sialons with = = 1,2-5 and 3-8. The end-
points of the bars correspond to p, (eqn (8)) of a completely
amorphous (p,,;4=22gem~* for all compositions), and a
complete crystalline oxide scale, respectively, according to
eqn (9).

an Arrhenius plot in Fig. 16, and they are found to
decrease for the various ceramics in the order Si; N,
z=1, =38 and z=2-5, but the a values for the
sialons are very close. This is as expected, because the
glassy phases in the oxide scale have approximately
the same composition. [t has previously been
proposed that the decreased oxidation rate for
sialons with an increasing z value is due to the
different concentrations of nitrogen or to the
formation of mullite crystals.!-?-1° In addition, the
present study indicates that a small amount
(< 10mol%) of alumina in the silica glass of the
oxide layer vields a denser glass structure, which
seems to decrease the diffusion rate of oxygen
through the oxide scale. Furthermore, the observed
low weight gain and the low f value for Si;N, and for
the sialon with =1 can be explained by the
formation of a-cristobalite crystals. That is, the
formation of x-cristobalite in the oxide scale results
in a more protective scale than a corresponding
formation of mullite.

4 Conclusions

(1) The oxidation resistance of the sialons with
z =05, containing a Y-containing inter-
granular glass, is better at 7 < 1300°C but
worse at 7> 1300°C than that of the sialons
with z = 3-8.

(2) The rate law

(AW/Ay) = aarctan \/% + ('\/’7 +d,

alone or in combination with the parabolic
rate law, could be satisfactorily used for
interpretation of the oxidation kinetics of all
of the f-sialons, except for z = -5 with 3 and
6 wt% yttria at 7> 1300°C.

(3) Parabolic rate constants and activation
energies could be determined by fitting the
arctan function to the experimental curves.
The rate constant and the activation energy
were found to increase with increasing
amount of intergranular phase; and the K
and x values were found to be lower for the
single-phase f-sialons than for Si;N,, but the
activation energy was approximately the
same.

(4) When the arctan function could not be
applied to interpret the oxidation kinetics,
the oxidation process seemed anyhow to be
closely related to the evolution of the oxide
scale with time. In this case, the oxidation was
found to be very rapid at the beginning of the
process but considerably slower later on. The
decrease seems to be related to a rapid
crystallization of the oxide scale.
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(5) The oxidation resistance was found to be
much higher for the materials with z = 3-8 (0
and 3wt% yttria), prepared from the Si;N,
powder with a lower amount of impurities,
than for materials obtained from the powder
with a higher amount of impurities. Both the
rate constant, K, and the activation energy
were lower for the materials with a smaller
amount of impurities. The same conclusion
could also be drawn from oxidation of the
material with z=05 (3wt% yttria) at
T <1300°C but not for 7>1300°C. The
factor dominating the oxidation rate at
7> 1300°C seemed instead to be the evo-
lution of the microstructure of the oxide
scales.

(6) The parabolic rate constants are lower for the
single-phase f-sialons than for Si;N,. This
might be due to the fact that the glass
containing aluminium is denser than a pure
silica glass.

(7) For Si;N, and the single-phase -sialons the
divergence from parabolic oxidation is most
pronounced for low z values, where a high
amount of a-cristobalite is present in the
oxide scales.
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