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ABSTRACT 
The paper deals wi th  the phase re lat ionships of n i t r i de  ceramics, 
which are re levant  to composit ional opt imizat ion,  ox idat ion resistance, 
pos t - s in te r ing  heat - t reatments ,  the role of rare earth oxide addi -  
t i ves ,  and f rac tu re  toughness.  

MATERIALS INDEX: n i t r i des ,  s i l icon,  aluminum, y t t r i um ,  oxides 

N i t r ide  ceramics are one of the main families of h igh performance inorganic  
materials that  have at t racted a great  deal of wor ldwide a t tent ion .  The Chinese 
Academy of Sciences has been pu rsu ing  n i t r i de  ceramics research for  more than 
a decade ( I - 5 ) .  Research ef for ts  have been focused on the unders tand ing  of 
the phase equ i l i b r ium re la t ionsh ip  of mul t i -component systems, phase composi- 
t ion manipulat ion and gra in  boundary  eng ineer ing ,  e t c . ,  in order  to develop 
improved materials wi th  f ine and uni form mic ros t ruc tu re  wi th  advanced p rop-  
er t ies.  

I .  Cr i t ica l  review and rev is ions of  phase re lat ionships relevant to com- 
posit ional opt imizat ion.  

Add i t i ves  are necessary to s in ter  si l icon n i t r i de  materials because of the 
h i gh l y  covalent  nature of the chemical bonds. The fundamental phase re la t ion-  
ship of the Si, A I IO ,  N system has been studied by Jack (6) and Gauckler et 
al. (7) (Fig.  I ) .  These studies indicated the importance of forming 13-Si3N4--- 
solid solut ion (13Js.s.) mainta in ing a MIX rat io of 314 and hav ing the general 
formulae of Si6_zAlzOzN8_ z. They  also showed the ve ry  l imited solid solut ion 
of  Si2N20 wi th  AI203 (OJs,s.)  w i th  MIX rat io of 2•3. 

I t  has also been shown both in our  lab and elsewhere that  that  Y203 and 
AI203 are ef fect ive add i t i ves  for p roduc ing  bet ter  material ,  especial ly for high 
temperature appl icat ions.  Naik and Tien (8) have studied the Si, AI ,  Y /O,  N 
system and ascerat ined an important  compatible region of Y203.2SIO2 wi th  
13's.s. and O's .s .  (F ig.  2). Cr i t ica l  reviews and studies of Si, A I IO ,  N and 
Si, AI ,  Y/O, N systems have been in tens ive ly  carr ied out both in our labora- 
to ry  and in close col laborat ion wi th  other laborator ies.  A number of important  
features have been uncovered and rev is ions suggested. Some of the new th ings  
that  wi l l  be important  for the des ign ing and development of advanced materials 
are: 

( I )  The garne t  phase is compatible to ~-Si3N 4 and 13's.s. (F ig.  3). 
(2) 13-Si3N 4 and O's .s .  are compatible, ~nd there should be a t ie l ine 
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(3) 

(4} 

between them as shown by the study of Si2N20-AI203-Y203 (La203 
or CaO) system (10) (Fig. 4). O's.s. can dissolve up to 15 mlo of 
AI203 with the general formulae of Si2_xAlxN2_xO1+ x up to x=0.3,  
which is compatible with 15's.s. up to z=0.8 (Fig. 5). Thus the 
phase diagram of Si, AIIO, N system should be revised. 
From what we can see from Fig. 4, 15-Si3N4-O's.s.-YAG-H form a 
compatible region <1550°C. If  it is heated up to 1700°C and annealed 
at 1200-1300°C, H phase decomposes and the compatible region be- 
comes B-Si3N4-O's. s. -YAG-Y2S. 
Si, AI, Y/O, N phase relationship should be revised as Fig. 6 and 
Fig. 7. The most important of which is the compatibility of the gar-  
net phase with silicon ni t r ide - 15 's.s.-O~s.s. phases, the compatib- 
i l i ty of the yt t r ium disilicate phase with silicon nitr ide-si l icon oxy-  
n i t r ide-O's.s ,  phase and the possible coexistence of garnet with 
yt t r ium disilicate phases with Si3N4-O's.s.,  depending on composition. 
Materials with promising properties within these regions can be and 
have been tailored by phase compositional manipulation and grain 
boundary engineering. 

.~jNj. ~.~N 4 

FIG. I 

Behaviour diagram for the Si- 
AI-O-N system at 1700°C, after 
Jack. 

AIN At203 

FIG. 2 

The compatibility tetrahedron Si2N 4- 
Si2N20-15'10-O'-Y2Si207, after Naik 
et al. 
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FIG. 3 

Subsolidus phase dia- 
gram of the system 
Y203-AI203:AIN-Si 3 
N4. 
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FIG. 4 

Subsolidus phase diagram of 
the Si2N20-AI203-Y203 system. 
J=2Y203"Si2N20; SN=Si3N4; 
YAM=2Y203"AI203; K=Y203.Si 2 
N20; H=YI0(SiO4)6N2; YAG= 
3Y203"5AI203. 

FIG. 5 

Variation of cell dimension of 13' coexist- 
ing with O's.s. of x=0.3; limit of ~' 
z=0.8. 
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FIG. 6 

Phase relat ionships of O ' -B '  in Y -  
Si -AI-O-N system at 1550°C. 

AIN At203 

FIG. 7 

Phase relat ionships of O1-13 ' in Y -  
Si -AI-O-N system at dev i t r i f y i ng  
temperature 1200-1300°C. 

2. O'-13' composite sialons-processincj and oxidat ion resistance. 

From the studies mentioned above, the ta i lor ing of 13 's.s. -O's.s.  compo- 
sites with garnet  or y t t r i um disi l icate or both as grain boundary phases is 
possible. Both garnet  and y t t r i um disi l icate are re f rac to ry .  And the combina- 
tion of the good mechanical propert ies of 13 ~ and oxidat ion resistance of O I can 
tai lor  good engineering materials with a fa i r  degree of freedom. Compositions 
have been prepared wi th in these regions (11),  as shown in Fig. 8, on the Si- 
AI-O-N plane leaving out the y t t r i a  added in addit ional.  I t  may be suf f ic ient  
to mention that compositions wi th in the top t r iang le  are r icher  in O's.s.  con- 
tent  with y t t r i um disi l icate as the grain boundary phase. While compositions 
wi th in the lower t r iang le  are r icher  in 13's.s. content with garnet  as the grain 
boundary phase, And those close to the Si3N4-O's.s. {x=0.3) line wil l have 
both garnet  and disi l icates depending on composition and heat treatment.  Heat 
t reatment has a great  deal to do with the appearance of grain boundary phases. 
Comparing the oxidat ion resistance of compositions 6, 3 and 7, i t  can be seen 
that  composition 6, which is an O~s.s. based material ,  is bet ter  than composi- 
tion 7, which is a • 's .s.  based material.  Moreover, heat treatment schedule 
is ve ry  important.  These are ev ident  in Fig. 9. SEM and EDAX analysis in-  
dicates that  the major oxidat ion products are cr is tobal i te and ~(-Y2Si207 . 
There is obviously considerable room for ta i lor ing O ' -B '  sialon composites, as 
far as oxidat ion resistance and also mechanical propert ies are concerned. The 
optimization of these composites may lead to promising materials for d i f fe ren t  
purposes. 

Si3061 X=0.3 

Si2N20 Si2-xAtx01÷xN2-x 

__0/~8 Si6-zAlzOzN8-z 

Si3NL, AI~N~ 

FIG. 8 

Compositions explored in the O ' -B '  region 
of S i -AI-O-N system (11). 
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FIG. 9 

O x i d a t i o n  a f t e r  48 h rs  at  each t e m p e r a t u r e  in the range  1000-1400°C (113. 
Compos i t ion  3: c u r v e  1 - w i t h o u t  d e v i t r i f i c a t i o n  

c u r v e  3 - d e v i t r i f i c a t i o n  at 1200°C for  16 h r  
c u r v e  5 - d e v i t r i f i c a t i o n  by  a s tepw ise  heat t r ea tmen t  

Compos i t ion  6: c u r v e  4 - d e v i t r i f i c a t i o n  at  1200°C for  16 h r  
Compos i t ion  7: c u r v e  2 - d e v i t r i f i c a t i o n  at 1200°C for  16 hr  

3. RBSN post-sintered and heat treated. 

13' sialon material with refractory grain boundary phases has been devel- 
oped through post-sintering reaction bonded silicon nitride (RBSN) route plus 
proper heat treatment (12). The advantage of lower sintering shrinkage of re- 
action bonded material and thus the possibility of making ocmplex shapes with 
better dimensional accuracy has also attratced much attention (13-15). The re- 
action bonded material was processed with the incorporation of Y203, AI203 
and AIN. The phase compositions of the reaction bonded, post-sintered and 
heat treated (or annealed) materials as determined by XRD and HREM techniques 
are shown in Table I. Figures 10 and 11 are transmission electron micrographs 
which show the crystallization of YAG from glassy phase at grain boundaries or 
at triple points between 13 ' and ~' grains. The remaining glassy phase after 
crystallization is rather difficult to find under TEM. 

FIG. 10 

TEM of post-sintered RBSN without heat 
treatment: S -g' or c~' grains; N' - Y2 
SiAIO5N; G - glassy phase. 

FIG. 11 

TEM of post-sintered RBSN in the 
heat treated condition, Y - YAG. 
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TABLE I 

Phases Composition Changes of RBSN at Various Processing Stages 

A f te r  reaction Sintered at 1800°C Af te r  heat treatment 
s in ter ing 

Main Phase B' 
Secondary Phase 
Minor Phases YAG 

Trace AIN 

N' YAG 
Glass 

Y2SiO5 Jss 
J AI2.8303.5N0.5 

N'-Y2SiAIO5N, Jss-Solid solution between J & YAM phases 

The phase composition and microst ructura l  changes of this composite mat- 
erial along with processing have a s ign i f icant  bearing on the mechanical prop- 
ert ies (Table II and Fig. 12). I t  is noteworthy to point out that the i r  high 
temperature mechanical s t rength can be maintained up to about 1400°C. 

TABLE II 

Physical Properties of Post-Sintered RBSN at Various Processing Stages 

Propert ies RBSN Post-sintered Heat treated 
at 1800°C at 1450°C 

Bulk densi ty  g/cm 3 2.63 
App. poros i ty ,  % 15.3 
Bend s t rength MPa 

R.T.  247±17 
1200°C 
1400°C 

Klc M Pav'm 
Hv kglcm 2 

3.14 3.10 
0.58 0.39 

465±44 446.32 
- 454±14 485±18 
- 206±17 439±61 
3.40±0.17 4.52±0.36 4.77±0.26 
- 876 1103 
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FIG. 12 

Strength and f rac ture  
of post-s intered and a~ 
heat- treated RBSN vs 

o temperature. 
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4. Si l icon n i t r i de  wi th  rare earth oxide add i t ives .  

Rare ear th oxide addi t ives are also promising to develop h igh performance 
si l icon n i t r i de  materials wi th  h igher  levels of s t reng th  and f rac tu re  toughness 
up to 1300°C. SI3N 4 ceramics wi th Y203 and La203 addi t ives have the most 
impressive h igh temperature mechanical proper t ies  (F ig.  13). The mic ros t ruc-  
tu re  of th is  material is composed of f ine B-Si3N4 gra ins wi th cz-Si3N 4 whiskers  
and an La-conta in ing c rys ta l l i ne  material .  The role of such a mic ros t ruc tu re  
to enhance high temperature s t reng th  and f rac tu re  toughness wi l l  be explored 
in the next  sect ion. 

v 

8ool 

.I,J 
¢~0 ~ool 

I-4 
4..l 40~ 
r,/3 

20t 

Temperature (°C) 

FIG. 13 

S t reng th  of HRSN vs 
temperature;  o wi th  
AI203 add i t i ve ,  • w i th  
La203 add i t i ve .  

5. Fracture toughness of si l icon n i t r i de  materials. 

The change of f rac tu re  toughness wi th  temperature is of considerable con- 
cern for materials that  are intended for h igh temperature usage (Fig.  14). 
Our studies on these materials g ive a p re l im inary  ins igh t  into th is problem (16). 
The mic ros t ruc tu res  of material A wi th  La203 addi t ion tested at h igh tempera- 
tures are pa r t i cu l a r l y  in te res t ing  and are shown in Figs. 15 and 16. 

I t  is in te res t ing  to discuss a l i t t le  more the h igh f rac tu re  toughness 
(around 9 MPa/m up to 1300°C) of the material wi th an addi t ional  doping wi th 
La203. Uni formly  d i s t r i bu ted  La-conta in ing te t ragons,  as ident i f ied by elec- 
t ron microprobe,  usua l ly  project out from the matr ix  of the f ra tu red  surface 
(Fig.  16). Th is  phenomenon s t rong ly  suggests that  cracks do not propagate 
th rough  these c rys ta ls  and go around them, thus they are v i r t u a l l y  pul led out 
from the opposite f rac tu re  sur face.  Microcracks are qui te d i f f i cu l t  to run 
th rough  these c rys ta ls  and are forced to d i ve r t  the i r  r unn ing  d i rec t ions ,  and 
thus s t reng then  the material as a whole. The "pul l  out"  ef fect  wil l  also in-  
crease the f rac tu re  energy  as ver i f ied  by the exper imental  resu l ts .  

For the exp lo i ta t ion  of mid-term and long- term appl icat ions,  several cer -  
amic components made from these materials have been fabr icated and gone 
th rough  test ing as important  parts in diesel engines for a period of 200 to 
I000 hours.  
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FIG. 14 

Fracture toughness vs temperature for sil icon n i t r ide  ceramics. 

FIG. 15 

Scanning electron micrograph for 
the f rac ture  surface ( r i gh t )  and the 
notch surface ( le f t )  of specimen A 
af ter  f rac ture  toughness test ing at 
1400°C (bar=100p) .  (Note the ex-  
tensive cr is tobal i te  formation at the 
notch surface. ) 

FIG. 16 

Enlarged micrograph for the f rac-  
ture surface of specimen A (bar= 
10 ] j ) ,  showing some of the detai ls 
of the microst ructure.  
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