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A ~tr t t  ct 

The ox ida t i on  hehav iour  ~1" [4-sialons 
(Si~ ~A/~O~Ns ~) with the conq~osition z = 0"5 attd 
3"8, prct~ared without atut u'ith an addition ~?/3 and 
6 w I %  vttria, has been investigated isothermally 
oh/ring 20 It in a TO" unit at temperatures between 1200 
and 1450 ('. A eontparison is also given ¢~[' the 
o.vithttion hehaHour ¢?[fi-sialons prepared /i'onz two 
Si~N~ powders with d(fferent amounts ~?/' intpurities: 
and finally the oxishttion hehat'iour ~?/'single-phase [4- 
sialons with z = I, 2"5 and 3"8 is compared with that ¢?/ 
Si 3 N~. 

Only a /k,w (?f the obtained oxidation curves 
tel /owed the parabolic rate law during the entire 
experiment. Most  o f  the curves could, however, be 
intelt~reled with the ntod(~ied rate law, 

(~w/Ao)  = a arctan (bt) ~'2 + c(t) 1'2 + d 

either e.vhattsti~,elv or in c'omhination with the 
parabolic rate law. The parabolic rate constants atut 
activation energies.for the o.vidation process could be 
deterntined and were /~mnd to increase u'ith increasing 
aDlOl l l l t  Qf i/ltel'g/'a/IH/ar phase atul with increashtg 
attlOtlltts ~[ intpurities. The parabolic rate constants 
were also/erred to he lower/or the [~-sialons prepared 
without vttria than /br 'pure' Si3N: ~, hut the activation 
energ)' was about the same. The o.vi¢kttion kinetics ~/  
the materials with z = 0"5 attd 3 w t% vttria could not 
he conchtsivelv deterntined, hut the et'olution ~?/" the 
microstructure ~?/ the o.vide scale showed that its 
crystallization had an important #?[tuence on the 
o.vichttion rate. 

Das Oxvda t ionsverha l t en  t, on [4-Sialonen 
(S i  6 ~AI~O~Ns ~) mit den Zusammenzetzungen 
z = 0.5 und 3"8, hergestellt mit und ohne Zugabe yon 
3 hzw. 6 Gew.% Yttriumoxyd, wurde isotherm walk- 
rend 20h in einer TG-Einheit bei Temperaturen 
:wischen 1200 und 1450 C untersucht. Weiterhin wird 
alas O.vvdationst'erhalten yon fl-Sialonen, hergestellt 
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aus zwei Si3N4-Puh'ern mit t'ersc'hiedenen I~k~run - 
reinigun~sgraden, t:erglichen. Sehlie/flich e~:/olgt ein 
Vcrgleich des  O x v d a t i o n s v e r h a l t e n s  einpltasiger 
[~-Siahme ( z = I. 25  und 3"8) rail dem O.vvdations- 
verhalten t'on Si3N ~. 

Nm" wenige der erhaltenen Oxv~kltionskm'~:en 
./+dgen u'dhrend des gesamten E.vperintents einem 
paraho/isc'hen Ratettgesetz. Die nteisten Kurven 
kotznten je~h~ch mit HiltS, eines modifizierten 
Ratengeselzes, 

( A w / ' A  o = a arctan (bt)  ~2 + c(t) ~ 2 + d 

a/leine oder in Verhindung ntit dem paraho/ischen 
Ratengesetz heschriehen werden. Die parabolischen 
Ratenkonstanten trod Aktit,ierun~senergien des 
Oxycknionsprozesses konnten hestimntt werden: es 
zeigte sich, daft sic mit der Zunahme der Zwischen- 
kornphase und mit /thtterem Verttnreinigungsgrad 
:unehnten. Weiterhhl ergah sic/t, ds(/~ die paraholLs'chen 
Ratenkonstanten /i'ir [~-Sialone, hergestellt o/me 
Yttriunzoxyd, kleiner shzd als die/~ir 'rehms' Si~N,~, 
u'dhrend die Aktit, ierungsenergien etwa gleich sind. 
Die O.vvckttionskinetik des Materials ntit z = 0"5 und 
3 Gew.% Yttriunzoxvd konnte nicht eindeutig 
hestimnzt werden, aher die Entwickhntg des Gq/~iges 
¢fl, r Oxvdschicht zeigte, cklfl ihre Kristallisation einen 
entscheidenden Eit?flt~[3 at(/' ~#e Oxvdationsrate hat. 

Le comportement b /'o.vvdation de sialon [~ ( Si 6 =. 
A I:O:N 8 _ =) de composition z = 0.5 ct 3"8, svnth6tisOs 
avec addition de 3 et 6% cn poids de Y203, a ~;te 
6tudic;e par thermogravhn6trie. Les mesures ont 6t6 
rdalfl~Oes dans des conditions L~othernzes pendant 20 It, 
?t des tempbratures comprises entre 1200 et 1450C. 
Une comparison est Ogalement prOsentOe entre les 
comportements c't l'oxvdation de deux sialons svnthd- 
tis6s ¢'1 partir de deux potuh'es de Si~N:~ contenant 
d([:/'6rentes quantitds d'hnpuretds. Ent~n, une com- 
parison est c;galement rdal{s'de entre les comporte- 
ments h l'oxvdation de sialons fl avec z - 1. 2"5, 3"8 et 
du Si3N, ~. 
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Seuh, s quelques unes des courbes d'oxydation 
ohtenues suivent la Ioi de vitesse parabolique durant 
I'entiOretc; de I'expc;rience. La plupart des courbes 
pourraient cependant dtre #tterprc;t~es avec la loi 

(Aw/A0) = a a r c t a n  (bt) 1/2 + c(t) 1/2 -4- d 

soit de./il¢on e.vhaustive, soit en combhmison avec la 
loi paraholique. Les conslantes de vilesse de la loi 
parabolique et l'c;nergie d'activation du processus 
d'oxvdation ont pu dtre dc;termim;s el augmentent 
arec une augmentation de la quantitc; de phase 
intergramdaire et de la quantitc; d'#npuretOs. Les 
constcmtes de vitesse de la Ioi parabolique sont 
c;galement plusJaihles pour les sialons fl pr@arc;s sans 
o.vvde d'vttrium que pout" un S i3N~  " 'pitt". mais 
I'c;nergie d'activation est c'z peu pros la mdme. La 
chtc;tique d'oxydation de matc;riaux avec z = 0"5 et 3% 
d'o.vvde d'vllrium n'a pas pu dtre d6termht6e de /it¢on 
conchumte, mais l'Orolution de ht microstructure de la 
partie o.vvd('e montre que sa cristallisation a une 
it~fluence hnportante sur la vitesse d'oxvdation. 

1 Introduction 

A pure Si3N 4 ceramic is found to be extremely 
oxidation resistant, as a protective layer of SiO 2 is 
formed on its surface upon oxidation. The growth of 
this layer is in most cases reported to follow a 
parabolic rate law, 

(Aw/Ao) 2 = Kp! + h (1) 

where Aw/A 0 is the weight gain per unit area, Kp, the 
parabolic rate constant, t, the time, and b is an 
additive constant; and the oxidation rate is con- 
trolled by the diffusion of oxygen through the oxide 
scale.~ 5 The oxidation rate ofSiaN 4 is found to be 
even slower than the oxidation rate of Si, SiC and 
MoSi2, which all form the same type of protective 
layer. This difference has been ascribed to the 
presence of an Si2N20 layer between the silica and 
the silicon nitride, implying that the oxygen diffusion 
through this layer is the rate-determining step. 3'6 
The formation of Si2N20 has also been predicted by 
thermodynamic calculations. 7 

Other oxidation experiments with Si3N 4 have, 
however, shown that the parabolic rate law, if ever, is 
obeyed only after an initial time lapse, to .8'9 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: 8 

(Aw/Ao) = a arctan (ht) 1/2 + c(/) 1/2 + d 

This rate law will be reviewed later. 
Because the self diffusion in Si3N 4 is extremely 

slow, a sintering aid is usually added in order to 
produce dense materials through liquid-phase 
sintering. 1° Glass-forming oxides such as Y203, 
A1203, MgO and lanthanide oxides are customarily 
used as sintering aids. The use of  sintering aid, 
however, leads to formation of  a polyphasic 
material, i.e. the liquid forms residual intergranular 
phase(s) after sintering. If an A1203/A1N combin- 
ation is used, then aluminium and oxygen can 
replace silicon and nitrogen in Si3N4, and a solid 
solution called tq-sialon is formed, with the general 
composition Si~,_:AI:O:Ns_: ( :<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 Si3N 4. 
Si3N, , ceramics prepared with MgO or Y203 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 14 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. 14.15 

It has further been found, for Si3N 4 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. 15'~6 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 SiO2 to form silicates is the driving 
force. The diffusion of the additive cations into the 
oxide scale results in an internal oxidation of  Si3N 4 
to form SizN20 in the depleted Zone and the N 3- 
released will diffuse to the oxide scale as charge 
balance to the intergranular cations. 1"11.12 

It has, however, for Si3N 4 sintered with Y203,  
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. 17 20 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 18"21 23 or that it is applicable 
only after a certain time lapse. 24'2s Furthermore,  it 
has been reported that the exponent, n, in the rate 
law (Aw/Ao)" = kt changes from 1 to 6 during the 
oxidation. 26'27 The oxidation of  Si6_:AI:O~N8_: 
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 fl-sialons with z = 0"5 
and 3"8 prepared without and with 3 and 6wt% 
Y203 is compared,  as well as the oxidation 
behaviour of three of the compositions prepared 
from two Si3N 4 powders with different amounts of 
impurities. In the second part, the oxidation 
behaviour of Si3N 4 (previously published in Ref. 8) 
is compared with those of single-phase fl-sialons 
with - =  1, 2.5 and 3-8. 

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(t), which describes the time dependence 
of this decrease, is incorporated into the parabolic 
rate law in the following way 

d ,/LAt,I  
d t \ A o / -  2x/~ (2) 

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

(i) A(t) 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. 

(ii) A(t) 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(t) function has to contain a constant to, 

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

Considering these constrains an A(t) function has 
been deduced which reads 

(1 + (f/~ -- t o 1)0 
A(t) = (1 + (fl - to 1)/) (3) 

where fl is the rate constant for the decrease of  the 
area, to 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 t > t o 
the decrease of  the area is negligible../'is the fraction 
of  the unit area remaining at t =  t o . 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: 

AW 
- a arctan ~ + cx//t + d (4) 

A0 

where 

f l ~ ( 1  - f )  ~ ( f f l  _ to 1) 
a =  b3. 2 b = f l - t 0 1  c =  b 

ax/  + c 
Kp = + c) 2 f -  t - o  + 1 (5) 

+ c 

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

parabolic behaviour is observed for t >  to, as 
A(t) = f This parabolic function is expressed as 

(Aw/A0) 2 = K°vt + B o (6) 

where K ° is an apparent rate constant and B o an 
additive constant >0.  As the derivatives of  the 
arctan and the parabolic functions are equal at 
t = to, the relation between Kp and K~p becomes 

0 
K;t° (7) 

A more elaborate description of  the rate law is found 
in Refs 8, 25 and 26. 

2 Experimental 

Single-phase fi-sialon samples of the composition 
Si6_~AI~O~N 8 ~, with z-values of 0.5, 1, 2.5 and 3.8, 
were prepared by mixing c~-Si3N 4 powder (H. C. 
Starck, Berlin, Germany,  grade LC-10 or UBE, 
Japan, grade SN-10E) with A120 3 (Alcoa, grade 
A16SG) and A1N (H.C.  Starck, grade A). fl-Sialon 
ceramics with z = 0"5 and 3"8 were also prepared, 
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Table 1. Characteristic data of the starting Si3N 4 powders 

Si3N 4 ~-phase Specific Impurities (wt%) 
powder (%) surface area 

(m2/g) Fe AI Ca 0 C 

UBE 10-E >95 10 <0"01 <0"005 <0"005 1"3 <0'1 
Starck LC-10 96 11 0'02 0"04 0"004 1"7 0'17 

with additions of 3 and 6 wt% Y 2 0 3  (H. C. Starck, 
99"9%) as sintering aid. Some of these compositions 
(see Table 2 later) were prepared using Si3N 4 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 
Si3N 4 powders are given in Table 1. The powders 
were carefully weighed in, also taking into account 
the oxygen content of the Si3N 4 and A1N 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%) 
ofyttria added and the final letter denotes the source 
of the Si3N4-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-H/igg Camera with 
CuK~ radiation. The composition, i.e. the z-value 
of the fl-sialon phase, was calculated from the 
formula a = 0'7603 + 0"00297z nm and c = 0-2907 + 
0-00255znm. 2s 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 880. 

Pieces of an approximate 15 × 5 × 1 mm 3 size 
were used for the oxidation experiments. They were 
carefully polished with diamond grains down to a 
size < 1 pro, 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 #g for the 20 h 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 p- 
sialons with z =  0-5 and 3"8 prepared with 0, 3 and 
6 wt% Y~O 3 
3.1.1 Characterization o f  the prepared samples 
SEM studies of polished cross-sections of the 
prepared materials showed that fully dense fl-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 = 0.5 
ceramic were too small to allow EDS analysis. The 
microstructure of the sialons with z = 0.5 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 o f  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/3-sialon materials 
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Designated Wt-% Si3N 4 a-axis c-axis calc. Density 1::oi.% Si:AI: Y 
_--~'alue Y20 3 powder" nm nm - value gem 3 glass ratio in the 

intergr, glass 

0-5 0 S 0.761 7 0.201 9 0.47 3.160 - -  
05 3 S 0.760 2 0.292 0 0.54 3.206 4-5 
0-5 6 S 0.762 2 0.291 9 0.55 + 3.248 3.5~4-5 
0.5 3 U 0.761 7 0.291 7 0.45 3.178 4-5 
3-8 0 S 0771 1 0-3003 3"70 3"051 - -  
3"8 3 S 0.7710 0-2998 3'58* 3'106 5-6 1:1'1-14:0"7 0"9 
3"8 6 S 0"7705 0"2993 3'40** 3"138 7-8 1:1'2-1.3:1.0-1"3 
3.8 0 U 0-7700 03000  3"56 3"052 - -  
3.8 3 U 0-7606 0-2998 3"52~ "3"084 5-6 1:1.0-1.5:0.8~-1.1 

" S - -  Starck, U = UBE 
Additional phases: + ,  4 v - %  :~-sialon; *, 5 vol-% 15R; **, 10vol-% 15R: ~ ,  minor amounts of X-phase. 

oxidation of  the fi-sialons with z = 0"5 and 3"8, 
prepared without addition of  Y 2 0 3 ,  are shown in 
Fig. 2(a). It is clearly seen that the oxidation 
resistance, i.e. the (Aw/Ao) value reached after 20 h 
oxidation, is much better for z = 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  ~- 
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% Y203.  The 

(a) (b) 

(c) (d) 

Fig. 1. The microstructure of the/3-sialons (a) 0.5:3:S, (b) 3"8:3:S, (c) 0"5:3:U and (d) 3.8:3 :U, The dark areas correspond to the/3- 
sialon grains and the light areas to the intergranular glassy phase. 
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Fig. 3. The oxidation curves recorded for the materials 0'5:3: S ((a) and (c)) and 3"8: 3: S ((b) and (d)) at T > 1350°C ((a) and (b)) and at 
T <  1350°C ((c) and (d)). 
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figures show that the oxidation resistance is better 
for ceramics with z = 0"5 containing 6 w t %  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  burst ing 
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 
z = 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 T_> 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 = 0"5 are 
Y2Si207, ~-cristobalite, mullite (minor amounts) 
and a glass containing Y, Si and AI. At the lower 
temperatures (1250, 1300°C) the Y2Si207 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  ~-cristobalite. With increasing temperature the 
amount  of  Y2Si207 decreases, while the amounts  of  
~-cristobalite and glass and the concentration of  Y 
and A1 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 :A1 :Y ratio of  the glass phase present in the oxide 
scale on the 0-5:3:S material is 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 --value 
of  3-8 show a similar morphology as those obtained 
for z = 0"5, but the relative amounts  of  the crystalline 
phases present are different, and in addition phases 
such as Y3A15Ox2 (YAG) and YAIO 3 are found. The 
oxide scales formed on z = 3"8 seem to comprise 
less glass and more Y-containing crystals than 

(a) (b) 

(c) (d) 
Fig. 4. The surface of the oxide scales formed on the [3-sialon of the composition 0"5 : 3 : S at (a) 1300'~C, (b) 1350C and (c) 1400C and on 
thc/#sialon 3-8:6:3 at (d) 1400C. In (a) and (b) the surface consists of YzSi20~. (the light crystals), mullite (the needle-like crystals), a 
glass and :~-cristobalite (the darkest areas in (b)). The surface in (c) consists of ~-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 composi t ion 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-A1-O glass, and the mullite 
crystals are found in the glass matrix (see Fig. 4(d)). 
The amoun t  of  mullite is highest close to the sialon 
material. The different microstructure of  the oxide 
scales on the sialons with z- -0-5  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 amoun t  of  glass and high 
amount  of  ~-cristobalite compared  to the opposite 
relationship between glass and mullite for z = 3"8, 
prevent the oxide layer f rom 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 :AI:Y ratio in the glassy phases present in 
the oxide scale on the materials oxidized at 1400°C is 
1:0.4:0"3 (0-5:3:S), 1:0-5:0"5 (0-5:6:S), 1:0.4:0"4 
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Fig. 6. A comparison of  the oxidation behaviour of  the fl- 
sialons with the composition z = 0"5 and 3 wt% yttria prepared 

with Si3N 4 powder (a) from Starck and (b) from UBE. 

(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. 

(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 t ransformations during the 
oxidation process. A partial crystallization of  the 
intergranular phase occurs, whereby Y A G  is 
formed, which will decrease the mobility of  the 
intergranular ions. The intergranular phase in the 
materials with z = 0.5 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 Si3N 4 Starck powder  (a) 
is compared  with the oxidation resistance of  the 
UBE powder  ceramic (b) for the composi t ions 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 T < 1 3 0 0 ° 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 
T >  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 composit ion (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:S. 

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,  i.e. the 
derivative of  the (Aw/Ao) 2 versus t curve is constant. 
The second type of  curve (3"8:3 :S, T = 1400°C) has a 
shape such that the derivative of  (Aw/Ao) 2 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:S, 
T =  1350°C) in that the derivative of  ( A w / A o )  2 

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 t < t 0, 
see above) and a parabolic function (for t > t o, eqn 

.08 8 

0 0 
0 2Xl 04 4Xl 04 6Xl 04 8X104 

time (s) 

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 
II) or a combination of an arctan and a parabolic 
function (type III). The fourth type of curve (type IV) 

+ 

/+ 

....... J 

+ . 

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 IV, 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 
40 000 s, 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 5000 s 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 ~-cristobalite grains surrounded by an amorph- 
ous phase with a higher concentration of Y than the 
main amorphous phase. The surface of the oxide 

(a) (b) 

(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 s, (b) 10 000 s, (c) 17 500 s and (d) 
25 000 s. The scales consist of ~-cristobalite (darkest contrast), a silica-rich glass (medium contrast) and a glass with a high concentration 

of Y (lightest contrast). 
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crystallization process, i.e. the arctan regime is too 
short too be discerned. 

Fig. 11. Cross-section of the oxide scale formed during 10 000 s 
oxidation of 0'5:3:U. 

scale formed by the 10000 s oxidation is shown in 
Fig. 10(b). It consists mainly ofe-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 ~-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 25 000 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 

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, Kp, is found to 
increase with increasing temperature. The de- 
pendence of the rate constant on temperature is 
shown in an Arrhenius plot in Fig. 12(a)(: = 3.8) and 
(b) (z = 0"5). As seen in the figure, a linear relation- 
ship between ln(Kp) 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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T a b l e  3 .  Oxidation parameters for the/~-sialon materials 

T (~C) Sample (z value: wt% yttria," Si3N 4 powder (UBE or Starek) 

0"5:0.'S 0"5:3:S 0"5:3:U 0"5:6:S 3"8:0:S 3"8:0:U 3"8:3:S 3"8:3:U 3"8:6:S 

Oxidation kinetic a 
1 200 - -  - -  
1 250 - -  III II 
1 300 i b IV III 
1 350 II IV IV 
1 400 1 p p 

Aw/A o (mgcm -2) after 20h oxidation 
1 200 - -  - -  
1 250 - -  0"60 0.26 
I 300 0.04 b 0.60 0"39 
1 350 0"03 2.0 5"6 
1 400 0"05 6'8 11"3 
1 450 2.10 - -  - -  

I I I  - -  - -  - -  I I I I  

III I III - -  I IIl 
III lI III II II III 
p II I11 11 II III 
p III II II I III 

0"07 - -  - -  - -  0"15 0"15 
0'24 0" 15 0"08 - -  0'25 0"32 
0"38 0"10 0'11 0"42 0"28 0"33 
1 '45 0"25 0" 17 0"56 0"45 0"70 
7'5 0"31 0'24 1"5 1"30 2"80 

- -  1"8  - -  - -  

Kpx 10 6 ( m g 2 c m - 4 s - 1 )  
1 200 - -  - -  - -  0"478 - -  - -  
1 250 - -  9'36 1-98 1"68 0"302 0"126 
1 300 004 b 67-8 18'8 0"625 0"264 
1 350 0' 13 - -  - -  - -  3'34 0"495 
1 400 10"6 1"19 

f 
1 200 - -  - -  0"22 - -  - -  
1 250 - -  0-64 0'10 0"58 1 0"71 
I 300 0'07 0" 19 0-23 0"74 
1 350 0"03 0-19 0"82 
1 400 0-25 0"43 

to (sl 
1 200 - -  - -  6 800 - -  - -  
1 250 14400 >70000  6500 61 500 
1 300 25 000 c 20 700 17 200 > 70 000 49 100 
1 3 5 0  20 000 c 40 0 0 0  c > 7 0  0 0 0  3 2  0 0 0  

1 400 25 000 > 70 000 

[ / × 1 0  -4 ( s  1) 
1 200 - -  - -  - -  4"I 1 - -  - -  
1 250 - -  1.0 0'232 6"44 0.40 
1 300 12"7 4"38 2"16 0"79 
1 350 1"88 1'60 1"59 
1 400 3"03 0-35 

K ° x 10 -v (mg2cm 4s 1) 
1 200 - -  - -  0.57 - -  
1 250 - -  44.0 6.43 0.73 
1 300 16.0 10-7 16.9 1.60 
1 350 72.4 486 3.40 
1 400 11'4 

E a (kJ/mol) 710 4- 140 500 4- 70 330 4- 30 

- -  0"23 0-62 
- -  1.04 4.72 

10.7 2-93 70'5 
56"5 12.9 304 

796 20.9 2 750 

- -  1 0"62 
- -  1 0"42 

0'24 0"45 0"08 
0" 16 0"28 0"06 
0"07 1 0-16 

- -  44 000 
- -  3 5  000 

> 70 000 > 70 000 38 000 
> 70 000 > 70 000 46 000 
> 70 000 40 000 

- -  0.88 
- -  2.30 

16 1'5 19"0 
8-94 3"6 18"0 
5-09 51"6 

m 

939 4- 150 480 4- 30 

2"95 
12"1 
9'93 

34'3 
923 

830 4- 30 

a I-IV, Different types of  oxidation curves described in Section 3.1.3; p, oxidation 
1, linear oxidation kinetics. 
h During the first 6000 s. 
" Start of  the final parabolic part. 

curves exhibit a !paralinear oxidation, behaviour; 

5 0 0  _+ 70 k J  m o l - 1 ;  3 " 8 : 3 " S  9 0 0  _ + 1 5 0  k J  m o l - 1 ;  

3 . 8 ' 6 : S  8 3 0 _ +  30  k J m o 1 - 1  a n d  3 " 8 " 0 " U  

330  _+ 30 k J  m o l -  1; 3-8 : 3 : U  4 8 0  _+ 30 k J  m o l -  1). T h e  

l o w e s t  r a t e  c o n s t a n t  a n d  a l s o  t h e  l o w e s t  a c t i v a t i o n  

e n e r g y  a r e  o b t a i n e d  f o r  t h e  m a t e r i a l  3 - 8 : 0 : U .  A 

c o m p a r i s o n  o f  t h e  Kp a n d  E a v a l u e s  o b t a i n e d  f o r  t h e  

s a m p l e s  3 " 8 : 0 : S  a n d  U a n d  3 - 8 : 3 : S  a n d  U s h o w s  

t h a t  t h e  s a m p l e s  p r e p a r e d  f r o m  S t a r c k  p o w d e r  

e x h i b i t  m u c h  h i g h e r  r a t e  c o n s t a n t s  a n d  a c t i v a t i o n  

e n e r g i e s  t h a n  t h o s e  o f  t h e  U B E  m a t e r i a l s .  I n  th i s  

c o n n e c t i o n  it  c a n  b e  n o t e d  t h a t  t h e  S t a r c k  p o w d e r  

c o n t a i n s  m o r e  i m p u r i t i e s  t h a n  t h e  U B E  p o w d e r .  

T h e s e  r e s u l t s  s h o w  t h a t  t h e  o x i d a t i o n  r a t e  a n d  t h e  

a c t i v a t i o n  e n e r g y  o f  t h e  p r o c e s s  i n c r e a s e  w i t h  

i n c r e a s i n g  a m o u n t  o f  i n t e r g r a n u l a r  p h a s e  a n d  

s u g g e s t  t h a t  t h e  p r e s e n c e  o f  e v e n  s m a l l  a m o u n t s  o f  

i m p u r i t i e s  w i l l  l e a d  t o  a n  i n c r e a s e d  o x i d a t i o n  r a t e  

a n d  a c t i v a t i o n  e n e r g y .  T h e  p r e s e n c e  o f  i m P u r i t i e s  in  

t h e  g l a s s y  p h a s e s  is b e l i e v e d  t o  d e c r e a s e  t h e  v i s c o s i t y  

o f  t h e  g lass ,  r e s u l t i n g  in  a h i g h e r  i o n  m o b i l i t y ,  l ' x °  

E q u a t i o n s  (1), (4) a n d  (6) h a v e  b e e n  u s e d  t o  

d e t e r m i n e  t h e  r a t e  c o n s t a n t s  f o r  z = 3-8, w h i l e  f o r  
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z = 0"5 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"8, 
where the nitrogen concentrat ion is lower. The 
determined rate constants for the sialons with 
z = 0"5 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 z = 3'8. 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 T >  1300°C, however, where a 
parabolic rate constant could not be determined, it 
was found that (Aw/Ao) after 70 000 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:S, apart from fl-sialon, also contains minor 
amounts of  ~-sialon, which is known to incorporate 
yttr ium 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). 

f is found to be higher for the materials with 
z = 3.8 prepared from the Si3N¢ powder containing 
the lower amount  of  impurities, as seen in Table 3. 
Previous reports have shown that impurities pro- 

mote crystallization, 1'1°'29 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 l o w e r 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 calculatedfvalues to 
an observed degree ofcrystallinity 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 h ighfvalue  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 forz  = 3.8 is, however, that at 1400°C, 
which is higher than the eutectic temperature of the 
Si A1 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 t o , which is needed for the 
calculation o f f ( e q n s  (5) and (7), see also Ref. 30). 

The apparent rate constants, K °, 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 T -  1, as this rate constant according to eqn (7) 
depends both on the Kp and the f value. 

Table 3 gives values of  fl, the rate of  decrease of 
A(t), for the different oxidation experiments. /~ is 
observed to increase with increasing amount  of  
yttria in the material and with increasing amount  of  
impurities, but no obvious dependence of /~ 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 Kp values. This is due to the fact that the 
final weight gain depends on both the oxidation rate 
constant, Kp, t h e f  value and the rate constant,/L 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 Si3N 4 
and/I-sialons with z =  1, 2"5 and 3.8 prepared from 
UBE powder 
3.2.1 Characterization of  the prepared samples 
Single-phase /3-sialon ceramics were obtained ac- 
cording to X-ray diffraction. The cell parameters of 
the/~-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 /% 
sialon ceramics almost free from an intergranular 
phase. It was also reported that the grain size 
increased with increased Z. 2 8 ' 3 1  

3.2.2 Oxidation curves and characterization of oxide 
scales 
The squared weight gains recorded versus time during 
the oxidation of Si3N 4 and sialons with z =  1, 
z = 2"5 and z = 3"8 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 Si3N 4 and for the/3-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  ~-cristobalite and tridymite are observed 
on Si3N 4 (the relative amount  of  the two phases 
alters with temperature). SEM studies of  the surface 
of the oxide scale, formed on the sialon 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 ~-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  e-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-A1-O glass. A silica glass can, however, not 
incorpoi'ate more than 5-10mo1% A120 3 in its 
structure. The substitution of A13+ for Si 4+ 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 A120 3 is present, two glasses of  
different compositions will form. The second glass 
will have an approximate mullite composition, 
containing A1 in octahedral coordination as well. 32 
If a completely amorphous oxide scale is formed on 

Table 4. Properties of the single-phase/~-sialon materials prepared from UBE powder 

Designated a-axis c-axis Calculated Density Theoretical 
z-value (nm) (nm) z-value (g cm - 3) density 

(g cm - 3) 

0 a 0"760 1 0'290 7 --  3"146 3.203 
1 0"763 0 0"293 0 0'90 3"120 3"163 
2-5 0.767 3 0'296 8 2-38 3"039 3.102 
3"8 0"770 0 0'300 0 3"56 3"052 3"060 

a From Ref. 8. 
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Fig. 14. T h e  s q u a r e d  weight  gain  r eco rded  d u r i n g  o x i d a t i o n  o f  (a) Si3N,,, (b) z = l, (c) z = 2"5 a n d  (d) z = 3"8. T h e  r o m a n  n u m e r a l s  
d e n o t e  the  d e t e r m i n e d  ox ida t i on  kinetics,  as def ined in Sec t ion  3.1.3. 

the/~-sialon, the scale on the sialon with z = 1 will 
consist of  a glass with 9 mol% A1203, while on the 
sialons with z = 2"5 and 3"8 two glasses will form, one 
with approximately the same composit ion as on that 
with z = 1 and one with mullite composition. Mullite 
crystals as well as cc-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, 2-5 and 3.8 have approximately the same 
composit ion (8-12 mol% A1203). 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 II 
or III. No curve of  type IV was obtained. The curves 
of  the type I can, however, also be interpreted as type 
III, but the deviation from a pure parabolic rate law 
is very small, which makes it very difficult to obtain a 
sat isfactory fit of  the arctan function to the 
experimental curve. These curves have therefore 
been interpreted with use of  the parabolic rate law. 

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

As Si3N 4 and the fl-sialons are expected to be 
almost free from intergranular glass, the oxidation 
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Table 5. Oxidation parameters for Si3N 4 and single-phase fl- 
sialons 

T (C)  Sample (z-value)" 

Si3N4 b 1 2"5 3"8 

Oxidation kinetic c 
1 250 lI II I II1 
1 300 III II I III 
1 350 III III Ill III 
1 400 III III II 

Aw/A o (mg cm-2) after 20 h oxidation 
1 250 0.16 0.13 0.04 0.08 
1 300 0-17 0.13 0.08 0.11 
1 350 0.13 0.13 0.12 0.17 
1 400 0.14 0.22 1.0 0.24 

K~ × 10 -6 (mg2cm-4s -l) 
1 250 1 12 0"63 0"08 
1 300 2"12 0"68 0"18 
1 350 5"88 1"31 0-48 
1 400 12-2 3"70 

f 
1 250 0" 18 0"46 1 
1 300 0" 12 0"46 1 
l 350 0"05 0"10 0"65 
1 400 0.04 0'14 

to (s) 
1 250 > 70 000 > 70 000 
1 300 41 000 > 70000 
1 350 18 500 41 000 35 200 
1 400 17 000 41 400 

fl × 10-4(s -1) 
1 250 0"47 0"52 
1 300 1"12 0"45 
1 350 4-79 0"42 
1 400 8-61 0"95 

K~× 10-V(mg2cm 4s 1) 
1 250 
1 300 1.74 
1350 1.40 0.823 
1 400 1"28 2"81 

E a (k J/tool) 
310 4- 25 320 4- 40 

0"4 

2'61 

0"126 
0"264 
0"495 
1"190 

0'71 
0"74 
0'82 
0"43 

61500 
49 100 
32000 

> 70000 

0"40 
0"79 
1'52 
0"35 

0"73 
1"60 
3'41 

360 4- 40 330 4- 30 

"These ceramics are prepared from UBE powder. 
b Data from Ref. 8. 
c I-IV, Different types of oxidation curves described in Section 
3.1.3. 

rate ough t  to be dependen t  on the oxygen diffusion 
rate t h rough  the oxide scale. The  f value, which 
denotes  the degree o f  divergence f rom the parabol ic  
rate law, is in this case in te rpre ted  to be due  to a 
part ial  crystal l izat ion o f  the oxide scale. T h e f v a l u e s  
are found  to decrease with increasing tempera ture ,  
as also observed  previously  for  the sialon mater ia ls  
conta in ing  Y203.  The  f value is also found  to 
increase with increased a m o u n t  o f  alumina.  The  
SE M  studies o f  the surfaces and o f  the cross-sect ions 
o f  the oxide scales did not,  however ,  reveal an 
increasing a m o u n t  o f  a m o r p h o u s  phase with in- 
creasing A13 + content .  Instead,  the oppos i te  t rend  
seemed to be valid. The  X- ray  diffraction studies 
show that  e-cr is tobal i te  is present  in the oxide scales, 
but  in diminishing a m o u n t s  with increasing z-value. 

This observa t ion  indicates that  the fo rm a t io n  o f  ~- 
cr is tobal i te  ra the r  than  mulli te is the reason for  the 
m o re  p r o n o u n c e d  divergence f rom the parabol ic  
rate law for  ceramics with small z values. The  mulli te 
crystals are small and needle-like, while the silica 
crystals are larger  and globular.  The  needle shape o f  
the mulli te crystals will p ro b ab ly  result  in more  
oxygen  diffusion pa thways  being present  in the 
scales con ta in ing  mainly  mulli te crystals, c o m p a r e d  
to those con ta in ing  mainly  ~-cristobalite grains. 
Thus,  the difference in the o b t a i n e d f v a l u e s  is mos t  
p ro b ab ly  explained by the differences in grain shape 
between the crystall ine phases. 

The  parabol ic  rate cons tants  were found  to 
increase with increasing t empera tu re  for  the Si3N4 
and the sialon ceramic  with z = 1, even though  the 
final weight gain did not  increase with increasing 
tempera ture .  The  rate cons tan ts  were found  to 
decrease with increasing z value, but  the ones 
de te rmined  for  the sialons with z = 2.5 and 3"8 are 
a lmost  equal,  or  even somewha t  lower for  z = 2-5. 
The ln(Kp) values decrease linearly with 1/T  for all 
ceramics  as seen in Fig. 15, but  the ac t iva t ion  energy 
does not  vary  significantly with increasing z value, 
which indicates tha t  the ox ida t ion  mechan ism is the 
same for  all the mater ials  studied. 

The  parabol ic  rate cons tan ts  were de te rmined  by 
measur ing  the weight gain associated with the 
subs t i tu t ion  o f  oxygen  for  n i t rogen dur ing  the 
oxidat ion.  However ,  as the n i t rogen concen t ra t ion  
decrease with increased z value, the thickness o f  the 
fo rmed  oxide scale mus t  increase with increasing z 
value for  a given weight gain. I f  the oxygen diffusion 
rates t h ro u g h  the oxide scale are to be c o m p a r e d  for  
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Fig. 15. Arrhenius plot of the parabolic rate constants, Kp, for 
Si3N 4 and the fl-sialons with z = 1, 2.5 and 3-8. 
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the different sialon ceramics, the weight gain has to 
be converted to thickness of  the oxide layer. The 
relation between the weight gain, Aw/A o, and the 
thickness of  the oxide scale, X, is 

Aw/A o = pe X (8) 

where Pe is an 'effective density' of  the oxide scale, 
calculated as 

De = ( Mo2no2 - MN2nN2)/(~ niMi/Pi) (9) 

where Mo2 , MN_ ' and M~ are the molar masses of  
oxygen, nitrogen and the formed oxides, p~ is the 
density of  the oxides in the oxide scale and nN2, no2 
and n~ are the amounts  of  nitrogen released, oxygen 
absorbed  and the amounts  of  oxides formed 
according to the reaction 

Si 6_:AI:O:N 8 = + (24 - 3:)/402 
(18 - 4z)/3 SiO2 + z/6 A16Si2013 + (8 - z)/2 N 2 

(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, 2.2 g cm-3,  and 
that of  a completely crystalline scale consisting of  
mullite and silica, 2"32gcm 3 for Si3N4, to 
2"9 g cm-3  for = = 3-8. By replacing (Aw/Ao) with X, 
the parabolic rate law will read 

X = ( K p / p ~ ) x / ~ + C ,  or X = ~ x ~ + C  (11) 

where ~ denotes the growth rate of  the oxide scale. 
The ~ values for Si3N ~ and the sialons are shown in 
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Fig. 16. Arrhenius plot of the growth rate of the oxide scale, ~, 
(eqn (9)) for Si3N 4 and/]-sialons with z = 1, 2"5 and 3-8. The end- 
points of the bars correspond to Pe (eqn (8)) of a completely 
amorphous (pox~d=2.2gcm 3 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 Si3N 4, 
z = 1, z = 3"8 and z = 2"5, but the ~ values for the 
sialons are very close. This is as expected, because the 
glassy phases in the oxide scale have approximately 
the same composition. It has previously been 
proposed that the decreased oxidation rate for 
sialons with an increasing - value is due to the 
different concentrat ions of  nitrogen or to the 
formation of  mullite crystals. ~'2"~° In addition, the 
present study indicates that a small amount  
(<  10mol%) of  alumina in the silica glass of  the 
oxide layer yields 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[va lue  for Si3N 4 and for 
the sialon with - =  1 can be explained by the 
formation of  ~-cristobalite crystals. That is, the 
formation of  ~-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 
==0"5,  containing a Y-containing inter- 
granular glass, is better at T <  1300~C but 
worse at T >_ 1300'C than that of  the sialons 
with = = 3"8. 

(2) The  ra te  law 

(A W/Ao) = a arctan x/~bbt " + cx/"~ + d, 

alone or in combination with the parabolic 
rate law, could be satisfactorily used for 
interpretation of  the oxidation kinetics of  all 
of  the/%sialons, except for z = 0"5 with 3 and 
6 w t %  yttria at T_> 1300cC. 

(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 Kp 
and :~ values were found to be lower for the 
single-phase/~-sialons than for Si3N 4, 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 3 wt% yttria), prepared from the Si3N+ 
powder with a lower amount of impurities, 
than for materials obtained from the powder 
with a higher amount of impurities. Both the 
rate constant, Kp, 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=0.5  (3wt% yttria) at 
T <  1300°C but not for T >  1300°C. The 
factor dominating the oxidation rate at 
T >  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 /~-sialons than for Si3N +. This 
might be due to the fact that the glass 
containing aluminium is denser than a pure 
silica glass. 

(7) For Si3N 4 and the single-phase/%sialons the 
divergence from parabolic oxidation is most 
pronounced for low z values, where a high 
amount of 7-cristobalite is present in the 
oxide scales. 
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