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Abstract  

The ./brnmtion ()/" fi'-sialon ./)'ore ~'-sialon during 
il!fi/tration ~?/'a glass matrix  ]las bee/l int, estigated. 
Sintered 7'-sialon containing large grains o f  about 
51utl ha,s been resintered within a glass matrix  ~)[' 
which the conlposition is in equilibriunl with fl'-sialon. 
Dttring re,vintering the glass matrix  has penetrated 
into sintered 7.'-sialon specimen and induced the 
tran.sJ~rnlatio/l i)/ 7'- into [~'-sialon. No trace o f  :~' is 
/'oluut within /4' grains./m'nted. The nucleation (~1" fl' 
,~raitl.~ i.s flirts be/iel'ed to occur not on the 
pree.visting ~' grains but #t the penetrated glass 
tnatri.v. The concentration oJA/  in fl' grains increases 
.[i'ont their centre towards their edge, impO'h~g that the 
g/ass nlatri.v has continuous O, penetra ted  wit/l 
resintering tilnc. Continuous penetration ~)[" glass 
/llatri,\ and thus a concentration gradient in the 
penetrated ghtss is aLs'o confirmed by a directional 
growth ff/  12H poO,lype grains Jormed between 
tran,y/i)rl~led fi' and bulk g/as,~' matrix. 

Die Bi/dung yon [4'-Sialon aus ~'-Sia/on wdhrend der 
h~filtration einer G/asmatrix wurde untersucht. 
Gesintertes 7'-Sialon. mit etwa 5 lun gro/~en K6rnern, 
wurde in einer GlasmatrL'¢, deren Zusammensetzung 
im Gleichgewicht mit fi'-Sialon ist, nachgesintert. 
WTihrelut des Nachsb~terns ~h'ang die G/asmatrix in die 

gesinterten ~'-Sialon Proben ein und induzierte die 
Tran,sJbrmation yon z(- in fl'-Sialon. Es konnte kein ~' 
in den fl'-K6rnern hachgewiesen werden. Es wird 
daher angenommen, da[] die Keimbildung yon fl'- 
K6rnern nicht #7 den bereits existierenden ~'-K6rnern, 
sondern in der eindringenden Glasmatrix stat(findet. 

* To whom correspondence should be addressed. 

Die A/-Konzentration b7 den fl'-K&nern nb~lmt t~om 
Zentrum zu den Rdndern hin zu, was hedeutet, daft die 
Glasmatrix kontinuierlich wdhrend der Nach- 
sinterzeit eindringt. Das kontinuierliche EindrhTgen 
der Glasmatrix und damit ein Konzentrationsgradient 
im eillge~h'ungenen Gkls wird ebel?/~dls duch ~kls 
gerictltete ~#achStlltTl dcr 12tl  Polyt)7)-Kdrner 
t)e,s't/it~t, die sicll .zwischen denl unlgewande/ten fl' und 
der massilen G/asnTatrix hi/den. 

Los auteurs ont Otudi6 la.lormation du sialon fi' ~'t 
partir du sialon ~' durant /'infiltration d'une matrice 
ritreuse. Le sialon ~'.[i'itt~. contenant de gros grains 
al'oisinant 5 fun on,'iron, a ~;tc "~ rq/i'ittc; ~'t /'hlt~;rieur d'une 
lnatrice t:itrettse dont /a conlposition esl en ~;quilibre 
at:ec /e siahm [~'. Durant /e rq/iqttage, k' t,el're a pOnOtr{ 
I'{chantil/on de sialon 7' ./i'ittO el a induit la 
tran,sformation sialon :t' ~s ia lon  fl'. On it'd re[el~O 
aucune trace de sialon :~' dans h,s grains de sialon [4' 
./brmOs. La nucl~;ation des grains de fl' est done 
attribuOe, non pas aux grains de ~' prO-exLs'tants, mais 
bien au verre pOnOtrant dans le./'rittO. La concentration 
en Al  des grains de [4' augmente depuis le centre ~ers 
los of lOs, ce qui implique que let, erre a continuellentent 
pOnOtl'O /e solide durant tout le re/~'ittage. Cette 
continuelle pOnOtration du verre et dollC till gradient de 
concentration chins/e t, erre pOnOtl'O, est aussi confir- 
nlOe pat" une Cl'oissance directionnelle de grains du 
poO't)'pe 12H/brmOs entre le sialon [4' tran,y/brnl~; et la  
nlalrice d~ ~ l:~rr~ ,. 

I Introduction 

431 

One of  the major research subjects for Si3N4-based 
ceramics has been the phase transformation from 
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to fl,1-4 because ~-Si3N 4 powder has usually been 
used to get fl'-sialon products. The phase transform- 
ation is now understood to occur by solution of 
and reprecipitation of fl' through a liquid matrix. 5'6 
The liquid matrix which forms by reactions between 
impurity silica, sintering additives and also possibly 
Si3N 4 plays in fact the major role for the 
transformation.5.7 11 

Probably the most definitive experimental sup- 
port for the solution-reprecipitation process and the 
role of liquid matrix is the uneven concentration of 
elements in single crystal fl' grains formed in the 
liquid matrix.l°'l~ Decreasing A1 concentration 
from the centre of fl' grains towards their edge for 
the garnet and cordierite sialon systems ~° and the 
Si3N4-A12Oa-Nd203 system ~ can be understood 
as a result of changing the liquid composition with 
sintering temperature and time and the grain growth 
by material precipitation from liquid, i.e. 
solution-reprecipitation process. 

Another experimental support for the precipit- 
ation of materials from liquid matrix is the cored 
structure of ~'- and fl'-sialons. 12- 14 Observed ~- (or 
fl') Si3N 4 cores within ~'- (or fl'-) sialon grains 12 
appear to demonstrate that the grains were grown by 
material precipitation and the ~'- or fl'-sialon nuclei 
might form on pre-existing ~- or fl-Si3N 4 starting 
powders. As far as the nucleation sites are concerned 
during the phase transformation from ~ to fl, two 
possibilities may be considered: pre-existing c~ or 
liquid matrix. The previously published cored- 
microstructure (~ within ~' and fl within fl,)12 

suggests the former possibility, however, many 
investigations 2-5 have proposed the latter possi- 
bility without any microstructural evidence. 

In the present study, the nucleation and growth of 
if-siMon during the transformation from ~' to fl' has 
been investigated. Since the transformation is rapid 
and the resulting microstructure is very fine in usual 
sintering of fine powder mixtures, it may be difficult 
to determine the transformation mechanism. In this 
study, large ~'-sialon grains were induced to 
transform into if-siMon by resintering in a liquid 
matrix of which the composition is in equilibrium 
with if-siMon. 

100g A120 3 balls and full of ethyl alcohol for the 
preparation of e'-sialon. Approximately 1-5g of 
dried slurry was compressed in a steel die of 15 mm 
in diameter and isostatically pressed under 200 MPa. 
The compact was packed with Si3N 4 powder and 
sintered in a graphite furnace at 1700°C for 24h 
under 0.3 MPa N 2 pressure in order to obtain ~'- 
sialon with large grain size. Sintered c(-sialon was 
packed with 15g of 14-4 Si3N4-4-2A1N-40-8 
A1203-40"6 Y203 (wt%) powder mixture and 
resintered at 1700°C for various times up to 32 h in 
0"3 MPa N 2 to induce the transformation from c~' to 
fl'. The chemical composition of the packing powder 
corresponds to a glass composition which is in 
equilibrium with fl'-sialon at the resintering temper- 
ature. The sintered and resintered specimens were 
etched in an NaOH molten melt at 400°C. The 
phases present were identified by X-ray diffraction 
(XRD) using CuKe and their chemical composition 
was determined by energy dispersive X-ray spec- 
troscope (EDX) attached to scanning electron 
microscope (SEM) and scanning transmission 
electron microscopy (STEM) with the reaction beam 
diameter of 5 #m and 1 pm, respectively. The relative 
amount  of transformed fl' (fl'/(c(+/T)) was deter- 
mined by the formula (11 o l(fl') + 121 o(ff))/(11 o2(ct') + 
I21o(a') -+-/lOl(fl') -+- I210(fl')), 15 where each term is 
the intensity of diffracted beam for a specific plane 
and phase. 

3 Results and Discussion 

The microstructure of sintered e'-sialon showed 
more or less equiaxed grains of about 5 pm in size 
containing little glassy phase, as shown in Fig. 1. The 
chemical composition of the ~' phase measured by 
EDX analysis was Yo.sSi9.TsA12.25Oo.TsN15.25. 
During resintering of the ~'-sialon packed with 14.4 
Si3N4-4-2 A1N~0-8 A1203~0-6 Y203 (wt%) pow- 
der mixture, the liquid formed penetrated into the 

2 Experimental Procedure 

Specimens were prepared from commercial ~-Si3N 4 
(LC-10, H. C. Starck, Berlin, Germany), A1N (A 
Grade, H. C. Starck, Berlin, Germany), A120 3 
(AKP-30, Sumitomo Chemicals, Tokyo, Japan), and 
Y203 (Shin-etsu Chemical Co., 99-99%, Tokyo, 
Japan) powders. Fifty grams of 77"9 Si3N4-13"7 
AIN-8"4 YaO3(wt% ) powder mixtures were ball- 
milled for 30 min in a planetary ball mill containing Fig. 1. f-siMon sintered at 1700°C for 24h under 0"3 MPa N 2. 
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Fig. 2. Optical micrograph of the sample resintered at 1700"C 
for 32 h under 03 MPa N 2. From left, regions of bulk glass 

matrix, 12H polytype grains, and transformed fi' grains. 

specimen and the fraction of  fi'-sialon (fi'/(o~'+ fl')) 
increased sigmoidally with resintering time. After 
32h resintering, ~'-sialon t ransformed completely 
into fi'-sialon. Between the t ransformed fl' and bulk 
glass matrix of which a fraction had been crystallised 
during cooling, 12H (SiA1502N 5) sialon polytype 
grains were present, as shown in Fig. 2. 

Figure 3 shows large and well-faceted growing fl' 
grains and small dissolving ~' grains in a specimen 
resintered for 8 h. (The fi' and :~' grains can be easily 
dist inguished by observing the dis t r ibut ion of  
yt tr ium under SEM or STEM.) The cored struc- 
ture12- 14 which was observed previously (in ~ ~' or 
fi-fi' solutions)is not formed in our ~'-fl '  t ransform- 
ation. TEM micrographs,  such as Fig. 4, also show 
that any second phase or heterogeneity is not present 
within the t rans formed  fl' grains. The cat ion 
composi t ion off l '  grains was measured more than 30 
times by an EDX attached to STEM with the 
reaction beam diameter size of  1/tm. No yt tr ium was 
detected within any single crystal fl'-sialon, indicat- 
ing that no :~' grain was entrapped within fi'-grains 
during the t ransformat ion from ~' to fl'. Yttr ium was 
present only in the glass matrix. This experimental 

Fig. 4. TEM micrograph of transformed fl'-sialon grains in 
specimen resintered for 32 I1. 

observation may imply that the nucleation and 
growth offi '  grains occur mostly within and from the 
penetrated glass matrix, and not on the pre-existing 
x' grains, in contrast  to the case of ~-u.' or p-fi' 
t ransformation.  It also appears that  the old ~' phase 
is very unstable to dissolve out completely without  
any en t rapment  of the phase within newly formed fi' 
grains. 

The composi t ional  change of the penetrated 
liquid matrix during resintering may be presumed by 
measuring the variation of the a luminium con- 
centrat ion in single crystal fi'-sialon grains 
formed. ~1 Contrary to the previous investig- 
ations, l ° l l  the A1 concentrat ion increased from the 
centre of grains towards their edges, as shown in Fig. 
5. In usual sintering of fl'-sialon, a liquid containing 
A1 oxide forms first and the A1 oxide in the liquid is 
consumed with the format ion offi'-sialon. The result 
of  such a consumpt ion  of  A1 oxide in the liquid is a 
decrease in A1 concentrat ion from centre towards 
edge of  single crystal fi' grains. ~ In our experiment, 
on the other hand, the liquid which induces the ~' to 
fl' t ransformat ion is supplied from the outside of the 
~' compact.  With resintering time the bulk liquid 
matrix seems to penetrate continuously into the 
sintered ~' compact ,  resulting in higher A1 con- 

Fig. 3. SEM micrograph of the specimen resintered at 1700°C 
for 8 h. Large, faceted grains are fl' and small grains ~'. 

, . - .  1 9  

--~" 1 8  < 

0 

1 7  
t -  
O 

(..) 1 6  

m 

- I I I 

0 2 . 5  5 

D i s t a n c e ( p m )  

Fig. 5. AI concentration in a single crystal fl'grain. The abscissa 
represents the distance from the centre of the hexagonal grain. 
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Fig. 6. Entrapped/f-siMon grains (indicated by arrows) in fast- 
growing 12H(SiAIsO2Ns) plate-like grains. 

cen t ra t ion  in the pene t ra ted  liquid mat r ix  between 
grains and therefore  precipi ta t ion  of /3 '  phase with 
higher  A1 concent ra t ion .  

The  12H (SiA15OzNs) sialon po ly type  fo rmed  
between t rans formed/3 '  and bulk liquid matr ix  were 
plate-like, as shown in Figs 2 and 6. F r o m  the region 
near  the bulk mat r ix  phase towards  the t r ans fo rmed  
If compact ,  most  o f  the 12H grains appea r  to be 
aligned towards  the /3'-region, suggesting that  the 
grains are direct ional ly  grown.  Such a direct ional  
growth  implies again a concen t ra t ion  gradient  in the 
matr ix  and also a con t inuous  pene t ra t ion  o f  liquid 
mat r ix  dur ing  resintering. A similar di rect ional  
growth  o f  plate-like C a O .  6A120 3, an in termedia te  
phase,  was also observed dur ing  react ion between 
C a O .  M g O .  SiO 2 glass and A1203 .16 Within  some 
12H grains small sialon grains were en t rapped  as 
shown in Fig. 6, indicat ing that  the growth  o f  12H 
grains in longitudinal  d i rect ion is very fast. The  
en t rapped  grains were found  to be/3 ' -s ialon by an 
observa t ion  o f  e lement  d is t r ibut ion which showed 
no presence o f  y t t r ium within the grains. The  non-  
existence of  any :~' f ragment  within/3'  grains shows, 
on the o ther  hand,  that  the g rowth  of/3' grains is not  
fast enough  to t rap the dissolving :( f ragments ,  as we 
have observed in the micros t ruc tures  (Figs 3 and 4). 

4 Summary 

D u r i n g  r e s in t e r ing  o f  s in te red  ~ ' - s ia lon  

(Yo.sSi9.75A12.2500.vsN15.25) in a liquid matr ix  o f  
which the compos i t ion  is in equi l ibr ium with /3'- 
sialon at the resintering tempera ture ,  the liquid has 
infil trated into the e' specimen and the ~' phase  has 
t r ans fo rmed  into /3'. Despi te  the large grain size, 
abou t  5/~m, o f  the c(-sialon no  trace o f  the c~' is found  
in any t ransformed/3 ' ,  suggesting that  the nucleat ion 
and growth  o f  the/3 '  phase  does no t  occur  on  pre- 
existing c~' grains but  in the liquid matrix.  Increasing 
A1 concen t ra t ion  within single crystal/3'  grains f rom 

their  centre  towards  their  edges indicates con t inuous  
infi l t rat ion o f  liquid matr ix  into the c( compac t  
dur ing  the t r ans fo rma t ion  and growth  of/3 '  grains. 
Direct ional  g rowth  o f  the 12H (SiA1502Ns) sialon 
po ly type  towards  the sintered co m p ac t  also indi- 
cates concen t ra t ion  gradient  in the liquid mat r ix  in 
the same direct ion dur ing  resintering and phase  
t rans format ion .  
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