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STRENGTH OF HOT ISOSTATICALLY PRESSED AND S I N T E R E D  REACTION 

BONDED SILICON N I T R I D E S  C O N T A I N I N G  Y2O3 

W i l l i a m  A .  Sanders and D iane M. M ieskowsk i  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lewis Research Cen te r  
C l e v e l a n d ,  Oh io  44135 

SUMMARY 

The h o t  i s o s t a t i c  p r e s s i n g  o f  r e a c t i o n  bonded Si3N4 c o n t a i n i n g  Y2O3 p ro -  
duced specimens w i t h  g r e a t e r  room tempera tu re  s t r e n g t h s  t h a n  those  b y  h i g h  
p r e s s u r e  n i t r o g e n  s i n t e r i n g  o f  t h e  same m a t e r i a l .  
bend s t r e n g t h s  f o r  h o t  i s o s t a t i c a l l y  p ressed  r e a c t i o n  bonded s i l i c o n  n i t r i d e  
and h i g h  p r e s s u r e  n i t r o g e n  s i n t e r e d  r e a c t i o n  bonded s i l i c o n  n i t r i d e  were 767 
and 670 MPa r e s p e c t i v e l y .  Va lues  o f  472 and 495 MPa were obse rved  a t  1370 "C .  
For specimens o f  s i m i l a r  b u t  lower Y2O3 c o n t e n t  p roduced from Si3N4 powder 
u s i n g  t h e  same h i g h  p r e s s u r e  n i t r o g e n  s i n t e r i n g  c o n d i t i o n s ,  t h e  room tempera- 

s t r e n g t h s  o f  t h e  r e a c t i o n  bonded s i l i c o n  n i t r i d e  m a t e r i a l s  i n  compar ison  t o  
t h e  s i n t e r e d  s i l i c o n  n i t r i d e  powder m a t e r i a l  a r e  a t t r i b u t e d  to  t h e  combined 
e f f e c t  o f  p r o c e s s i n g  method and h i g h e r  Y2O3 c o n t e n t .  

Average room t e m p e r a t u r e  

m 
(u d- 

e I 
W t u r e  s t r e n g t h  was 664 MPa and t h e  1370 "C s t r e n g t h  was 402 MPa. The g r e a t e r  

INTRODUCTION 

I n  r e c e n t  y e a r s ,  Si3N4 and o t h e r  S i -based ce ramics  have been s t u d i e d  as 
p o t e n t i a l  rep lacemen ts  f o r  s u p e r a l l o y s  i n  h i g h  t e m p e r a t u r e  e n v i r o n m e n t s .  
T h e i r  s u p e r i o r  s t r e n g t h s  make them l i k e l y  c a n d i d a t e s ;  however ,  t h e y  do  n o t  
match t h e  s u p e r a l l o y s  i n  r e l i a b i l i t y  and f r a c t u r e  toughness .  One approach t o  
remedy these  d e f i c i e n c i e s  i n  Si3N4 has emphasized m a t e r i a l  s t r e n g t h  improve-  
ment by  t h e  r e d u c t i o n  o f  c r i t i c a l  f l a w s  i n  t h e  Si3N4 m i c r o s t r u c t u r e s .  The 
f o c u s  o f  t h e  p r e s e n t  s t u d y  has been on f l a w  r e d u c t i o n  i n  dense S i 3 N 4  
t h r o u g h  h e a t  and p r e s s u r e  t r e a t m e n t  o f  porous  r e a c t i o n - b o n d e d  Si3N4. E x p e r i -  
ments i n v o l v e d  t h e  p o s t - n i t r i d a t i o n  d e n s i f i c a t i o n  o f  r e a c t i o n  bonded Si3N4 con 
t a i n i n g  Y2O3 by  e i t h e r  h o t  i s o s t a t i c  p r e s s i n g  ( H I P )  or h i g h  p r e s s u r e  N2 (HPN) 
s i n t e r i n g .  
room tempera tu re  and a t  1370 "C.  

P r o c e s s i n g  e f f e c t i v e n e s s  was e v a l u a t e d  by  bend s t r e n g t h  t e s t s  a t  

R e a c t i o n  bonded Si3N4 i s  a d e s i r a b l e  s t a r t i n g  m a t e r i a l  because i t  can be 
up t o  85 p e r c e n t  dense and t h e r e f o r e  e a s i l y  machined t o  near  ne t -shape.  The 
a d d i t i o n  o f  a s i n t e r i n g  a i d ,  such as Y2O3, and an e x t r a  h e a t  t r e a t m e n t  a r e  nec- 
e s s a r y  t o  d e n s i f y  t h e  m a t e r i a l  f u l l y  and t o  i n c r e a s e  i t s  s t r e n g t h  t o  d e s i r e d  
l e v e l s .  T h i s  approach has been i n v e s t i g a t e d  by  o t h e r  r e s e a r c h e r s  ( r e f s .  1 to  
9 ) .  A summary o f  t h e i r  r e s u l t s  fol lows. G i a c h e l l o  and Popper ( r e f .  1 )  and 
Mangels and Tennenhouse ( r e f s .  2 t o  4) conducted  s i m i l a r  s t u d i e s  and were t h e  
f i r s t  t o  r e p o r t  on  t h e  p o s t  s i n t e r i n g  o f  RBSN c o n t a i n i n g  Y2O3. I n  b o t h  p r o -  
j e c t s  t h e  Y2O3 was added to  t h e  S i  powder p r i o r  t o  n i t r i d a t i o n  t o  o b t a i n  a 
f i n a l  l e v e l  o f  8 w t  %. ( T h i s  l e v e l  o f  Y2O3 was chosen as t h e  op t imum l e v e l  
for  b o t h  d e n s i f i c a t i o n  and h i g h  tempera tu re  s t r e n g t h  r e t e n t i o n . )  G i a c h e l l o  
and Popper used a s i n t e r i n g  tempera tu re  o f  1800 "C and N2 a t  a t m o s p h e r i c  p r e s -  
s u r e .  Mangels and Tennenhouse s i n t e r e d  a t  1825 t o  1925 "C and 2 .07  MPa N2. 



F u r t h e r  work by G o v i l a ,  Mangels ,  and Baer ( r e f .  8)  i n v o l v e d  a s i n t e r i n g  temper-  
a t u r e  o f  1975 "C ,  a p r e s s u r e  o f  10 MPa N2, and a 2-s tage s i n t e r i n g  c y c l e .  
O t h e r  work on  RBSN w i t h  Y2O3 was pe r fo rmed  by Pompe, Hermansson, and C a r l s s o n  
( r e f .  5 )  and by F a l k ,  Pompe, and Dunlop ( r e f s .  7 and 9 ) .  T h i s  d i f f e r e d  from 
t h e  p r e c e d i n g  work i n  t h a t  Si3N4 was mixed w i t h  S i  and Y2O3 p r i o r  t o  n i t r i d a -  
t i o n  f o r  t h e  purpose o f  m i n i m i z i n g  s h r i n k a g e .  They r e p o r t e d  98 p e r c e n t  theo-  
r e t i c a l  d e n s i t y  and 1 1  t o  12 p e r c e n t  t o t a l  s h r i n k a g e  f o r  specimens s i n t e r e d  a t  
1870 " C  and 1 a tm N 2 .  

The p r e s e n t  s t u d y  was based on RBSN t o  wh ich  Y2O3 had been added p r i o r  t o  
n i t r i d a t i o n .  Specimens were separa ted  i n t o  two groups ,  one wh ich  was p o s t -  
s i n t e r e d  a t  2140 " C  under  5 .0  MPa N2 and a second wh ich  was h o t  i s o s t a t i c a l l y  
p ressed  a t  1900 t o  2050 " C  under  138 MPa A r .  S t r e n g t h  averages w e r e  compared 
by s t a t i s t i c a l  a n a l y s i s  u s i n g  S t u d e n t ' s  t - t e s t .  A d d i t i o n a l  a n a l y s i s  i n c l u d e d  
SEM f o r  c h a r a c t e r i z a t i o n  o f  t h e  g e n e r a l  m i c r o s t r u c t u r e  and c r i t i c a l  f l a w s  and 
TEM fo r  c h a r a c t e r i z a t i o n  of t h e  g r a i n  boundary phase. 

EXPERIMENTAL PROCEDURE 

F i n e  powder was p repared  by  m i l l i n g  a s - r e c e i v e d  minus 325 mesh ( 4 4  pm) 
s i l i c o n  powder w i t h  13 .0  w t  % Y2O3 i n  a s t e e l  a t t r i t i o n  m i l l .  T h i s  l e v e l  o f  
Y2O3 was c a l c u l a t e d  t o  y i e l d  8.0 w t  % Y2O3 i n  Si3N4 a f t e r  n i t r i d a t i o n  and 
p o s t - s i n t e r i n g  S i  l o s s .  A powder b a t c h  w e i g h i n g  300 g was mixed w i t h  1 .25  
l i t e r s  normal  heptane and m i l l e d  i n  a i r  fo r  7 h .  The m i l l i n g  media c o n s i s t e d  
o f  3 .2  mm d iamete r  s t a i n l e s s  s t e e l  b a l l s  w i t h  a media t o  powder w e i g h t  r a t i o  
o f  4 0 : l .  The r e s u l t a n t  s l u r r y  was separa ted  from t h e  b a l l  charge and 
a i r - d r i e d  t o  produce a f r i a b l e  powder cake.  T h i s  was l a t e r  passed t h r o u g h  a 
70 mesh (212 pm) s i e v e  t o  f a c i l i t a t e  p r e p a r a t i o n  o f  t e s t  b a r s .  Chemical 
a n a l y s i s  and s p e c i f i c  s u r f a c e  a r e a  d a t a  a r e  g i v e n  i n  Tab le  1 .  

T e s t  b a r s  were made from t h e  m i l l e d  powder by  c o l d  compact ing  1.6 g o f  
powder c o n t a i n i n g  no b i n d e r  i n  a two-way-ac t ion  t u n g s t e n  c a r b i d e  l i n e d  s t e e l  
d i e  a t  a p r e s s u r e  o f  70 MPa. These b a r s  were s u b s e q u e n t l y  c o l d  i s o s t a t i c a l l y  
p ressed  a t  350 MPa t o  g reen  d imens ions  o f  3.60 by  0 .75  by  0 .39  cm. Average 
g reen  d e n s i t y  was 62 p e r c e n t  o f  t h e  c a l c u l a t e d  t h e o r e t i c a l  v a l u e  of 2 .50  g / c c  
f o r  87 w t  % S i  - 13 w t  % Y2O3. 

Weighed and measured t e s t  b a r s  were p l a c e d  on  RBSN s e t t e r s  i n  g roups  
v a r y i n g  from 12 t o  23 b a r s .  These i n  t u r n  r e s t e d  on  h i g h  p u r i t y  a l u m i n a  t r a y s  
wh ich  were p l a c e d  i n  f u r n a c e s  composed o f  h i g h  p u r i t y  a l u m i n a  tubes  and e x t e r -  
n a l  s i l i c o n  c a r b i d e  h e a t i n g  e lemen ts .  A f t e r  t h e  f u r n a c e  tubes  were s e a l e d  and 
leak-checked,  a f low o f  h i g h  p u r i t y  He o f  500 m l / m i n  was e s t a b l i s h e d  and t h e  
f u r n a c e s  were purged f o r  2 h .  The tempera tu re  was t h e n  i n c r e a s e d  l i n e a r l y  
o v e r  a 4 h p e r i o d  t o  1150 "C.  The b a r s  were s i n t e r e d  a t  1150 "C f o r  4 h and 
a l l o w e d  t o  cool t o  ambien t  t empera tu re .  A t  t h e  c o m p l e t i o n  o f  t h e  s i n t e r i n g  
c y c l e ,  t h e  He f low was s topped and an N2 - 4 v o l  % H2 f low o f  10 m l / m i n  was 
e s t a b l i s h e d .  
i n t o  t h e  f u r n a c e .  E x i t  gas from t h e  n i t r i d i n g  f u r n a c e  was passed t h r o u g h  an 
o i l  f i l l e d  b u b b l e r  wh ich  produced a back p r e s s u r e  o f  0 .023 MPa. Specimens 
were t h e n  n i t r i d e d  f o l l o w i n g  a c y c l e  deve loped by  Mangels and W i l l i a m s  ( r e f .  
10). T h i s  schedu le  was o f  140 h d u r a t i o n  and had a maximum t e m p e r a t u r e  o f  
1400 "C.  
c a l c u l a t e d  t h e o r e t i c a l  v a l u e  o f  3.28 g / c c  f o r  92 w t  % Si3N4 - 8 w t  % Y2O3. 

Both  gases were p u r i f i e d  t o  remove oxygen p r i o r  t o  i n t r o d u c t i o n  

The average specimen d e n s i t y  a f t e r  n i t r i d a t i o n  was 73 p e r c e n t  o f  t h e  
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The t e s t  specimens were then  d i v i d e d  i n t o  2 g roups  o f  45 f o r  h o t  i s o s t a t i c  
p r e s s i n g  and HPN s i n t e r i n g .  Tes t  b a r s  r e c e i v i n g  an HPN s i n t e r  were hea ted  15 
a t  a t i m e  i n  a t u n g s t e n  cup w i t h  a l o o s e - f i t t i n g  t u n g s t e n  l i d  i n s i d e  a w a t e r  
c o o l e d  doub le -wa l l  f u r n a c e .  The b a r s  were separa ted  from one a n o t h e r  and from 
c o n t a c t  w i t h  t h e  t u n g s t e n  cup by  BN d i s c s .  The loaded t u n g s t e n  cup was p l a c e d  
on a t u n g s t e n  p e d e s t a l  w i t h  t h e  a x i s  o f  t h e  p e d e s t a l  c e n t e r e d  i n  a 10.2 c m  
d i a m e t e r  t u n g s t e n  mesh h e a t e r .  S u r r o u n d i n g  t h e  h e a t e r  were c o n c e n t r i c  W and 
Mo r a d i a t i o n  s h i e l d s .  The s i n t e r i n g  tempera tu re  (2140 " C )  was m o n i t o r e d  and 
c o n t r o l l e d  w i t h  W-5Re/W-26 Re thermocoup les .  
s t a t i c  N2 p r e s s u r e  o f  5.0  MPa. H e a t i n g  from R . T .  t o  2140 " C  was a t  an a p p r o x i -  
m a t e l y  l i n e a r  r a t e  and accompl ished i n  45 min .  
a l s o  a p p r o x i m a t e l y  l i n e a r ,  i n c r e a s i n g  from 0.7 MPa a t  t h e  s t a r t  o f  h e a t i n g  t o  
5 .0  MPa w i t h i n  60 m in .  

S i n t e r i n g  t i m e  was 2 h i n  a 

N i t r o g e n  p r e s s u r e  r i s e  was 

Those specimens s u b j e c t e d  t o  H I P  were c l a d  i n  p re fo rmed  Ta cans (0 .05  c m  
t h i c k )  wh ich  had been coa ted  w i t h  BN t o  p r e v e n t  s t i c k i n g .  Pr ior  t o  t h e  f i n a l  
e l e c t r o n  beam c l o s u r e  we ld  on t h e  cans, specimens and cans were baked o u t  i n  
vacuum a t  1000 " C  f o r  2 h.  Leak t e s t i n g  c o n s i s t e d  of p lacement  o f  t h e  s e a l e d  
cans under  6.9 MPa He p r e s s u r e  f o l l o w e d  by  immers ion i n  a l c o h o l  and obse rva -  
t i o n  fo r  b u b b l e s .  The Ta cans were t h e n  c o l l a p s e d  by  c o l d  i s o s t a t i c  p r e s s i n g  
(414  MPa) t o  m i n i m i z e  d e f o r m a t i o n  d u r i n g  H I P  and rechecked f o r  l e a k s .  Canned 
specimens were p l a c e d  i n  a g r a p h i t e  f u r n a c e  housed w i t h i n  t h e  H I P  u n i t  wh ich  
had a 15 c m  d i a m e t e r  by  15 c m  l o n g  h o t  zone w i t h  a tempera tu re  u n i f o r m i t y  o f  
% l o "  a t  2000 " C .  The h e a t  s h i e l d  s u r r o u n d i n g  t h e  h o t  zone was i n  t h e  form o f  
an i n v e r t e d  can and was f a b r i c a t e d  from g r a p h i t e  and g r a p h i t e  wool. Specimens 
w e r e  t h e n  hea ted  f o r  2 h a t  1900 " C  under  138 MPa A r .  Temperature was moni- 
t o r e d  w i t h  W-5Re/W-26 Re thermocoup les  h a v i n g  h i g h  p u r i t y  BN f o r  i n s u l a t i o n .  
The Ta cans were removed from t h e  specimens a f t e r  H I P  by  o x i d i z i n g  them i n  a i r  
a t  1000 "C f o r  3 h .  Of t h e  o r i g i n a l  45 t e s t  b a r s ,  33 were l os t  due t o  b reak -  
age, r e l a t e d  t o  n o n u n i f o r m  Ta can d e f o r m a t i o n .  

T e s t  specimens w e r e  p r e p a r e d  fo r  s t r e n g t h  t e s t i n g  by l o n g i t u d i n a l l y  g r i n d -  
i n g  t h e  m a j o r  f a c e s  o f  t h e  t e s t  b a r s  w i t h  a 400 g r i t  diamond wheel and b e v e l -  
i n g  t h e  l o n g  edges 0.12 mm. The f i n a l  t e s t  b a r  cross s e c t i o n  was 0.28 by  
0 .56  cm. D e n s i t y  measurements on  machined t e s t  b a r s  showed t h a t  100 p e r c e n t  
o f  t h e o r e t i c a l  d e n s i t y  was a t t a i n e d  by  b o t h  HPN s i n t e r i n g  and f o r  H I P .  Four  
p o i n t  f l e x u r a l  s t r e n g t h  t e s t s  were conducted  a t  RT and 1370 O F .  S t e e l  f i x -  
t u r e s  h a v i n g  i n n e r  and o u t e r  spans o f  9.53 and 19.05 mm, r e s p e c t i v e l y ,  were 
used for room t e m p e r a t u r e  t e s t s .  E l e v a t e d  tempera tu re  t e s t s  were conduc ted  
u s i n g  S ic  f i x t u r e s  w i t h  t h e  same spans i n  an S ic  m u f f l e  f u r n a c e  mounted o n  a 
u n i v e r s a l  t e s t i n g  machine.  A l l  t e s t s  were conducted  i n  a i r  a t  a c rosshead  
speed of 0 .5 mm/min. 

A d d i t i o n a l  ana y s i s  i n c l u d e d  chemica l  a n a l y s i s  o f  
h e a t  t r e a t m e n t ,  SEM o f  f r a c t u r e  s u r f a c e s ,  and TEM exam 
c h a r a c t e r .  

RESULTS AND DISCUSSION 

specimens a f t e r  f i n a l  
n a t i o n  o f  i n t e r g r a n u l a r  

I n  t h i s  s e c t i o n ,  s t r e n g t h  and m i c r o s t r u c t u r a l  d a t a  w i l l  be compared for 
HPN s i n t e r e d  RBSN and H I P ' d  RBSN. T h i s  d a t a  w i l l  a l s o  be compared t o  
p r e v i o u s l y  r e p o r t e d  d a t a  on  NASA c o m p o s i t i o n  6Y, a s i n t e r e d  Si3N4 c o n t a i n i n g  
6.2 w t  % Y2O3 and 0.13 w t  % Fe wh ich  was HPN s i n t e r e d  under  t h e  same c o n d i -  
t i o n s  ( r e f .  1 1 ) .  (Ba tches  15 and 16 r e p o r t e d  i n  r e f e r e n c e  1 1  a r e  r e f e r r e d  t o  
i n  t h i s  r e p o r t  as NASA 6Y b a s e l i n e . )  
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Tab le  I 1  shows a compar ison o f  s i n t e r i n g  r e s u l t s  fo r  HPN s i n t e r e d  RBSN 
w i t h  Y2O3 and NASA c o m p o s i t i o n  6Y b a s e l i n e .  Weight  loss compar ison w i t h  H I P ' d  
RBSN was n o t  f e a s i b l e  s i n c e  t h i s  m a t e r i a l  had been canned i n  Ta. A s  expec ted ,  
l o w e r  s h r i n k a g e  and w e i g h t  loss was o b t a i n e d  f o r  RBSN ba rs  i n  compar ison t o  
p ressed  Si3N4 powder b a r s .  The d e n s i t y  d i f f e r e n c e  i s  l i k e l y  due t o  t h e  h i g h e r  
Y2O3 and Fe l e v e l s  i n  t h e  RBSN based m a t e r i a l  s i n c e  b o t h  m a t e r i a l s  were 
e s s e n t i a l l y  p o r e - f r e e .  

A summary o f  s t r e n g t h  d a t a  f o r  room tempera tu re  and 1370 " C  i s  shown i n  
Tab le  111. S t a t i s t i c a l  a n a l y s i s  c o n s i s t e d  of F - t e s t s  (compar isons  o f  
v a r i a n c e s )  and S t u d e n t ' s  t - t e s t s  (compar isons  o f  means) a t  t h e  95 and 99 p e r -  
c e n t  s i g n i f i c a n c e  l e v e l s .  A l l  v a r i a n c e s  were found  t o  be equal  i n d i c a t i n g  
t h a t  b a s i c  p r o c e s s i n g  s teps  produced t h e  same e f f e c t s  f o r  a l l  spec imens.  The 
t - t e s t s  i n d i c a t e d  t h a t :  ( 1 )  t h e  room tempera tu re  s t r e n g t h  o f  H I P ' d  RBSN was 
g r e a t e r  t han  t h a t  o f  e i t h e r  HPN s i n t e r e d  RBSN or NASA 6Y a t  t h e  95 p e r c e n t  
s i g n i f i c a n c e  l e v e l ;  ( 2 )  HPN s i n t e r e d  RBSN and NASA 6Y showed equa l  s t r e n g t h ;  
3)  t h e  1370 "C  s t r e n g t h  o f  H I P  ' d  and H P N  s i n t e r e d  RBSN were e q u a l ;  and 4) t h e  
1370 "C  s t r e n g t h s  o f  b o t h  H I P ' d  and HPN s i n t e r e d  RBSN were g r e a t e r  t h a n  t h a t  
o f  HPN s i n t e r e d  NASA c o m p o s i t i o n  6Y b a s e l i n e  a t  t h e  99 p e r c e n t  s i g n i f i c a n c e  
l e v e l .  

N e i t h e r  SEM f r a c t o g r a p h y  n o r  m i c r o s t r u c t u r a l  a n a l y s i s  c o u l d  accoun t  f o r  
t h e  d i f f e r e n c e s  i n  s t r e n g t h .  C r i t i c a l  f l a w s  f o r  a l l  t h r e e  m a t e r i a l s  were s i m i -  
l a r  i n  s i z e  and d i v e r s i t y  o f  shapes. G r a i n  s i z e s  and morpho log ies  were s i r n i -  
l a r .  L i k e w i s e ,  TEM showed n o n c r y s t a l l i n e  g r a i n  boundary  phase f o r  a l l  o f  
t h e s e  m a t e r i a l s .  R e p r e s e n t a t i v e  m ic rog raphs  showing a t y p i c a l  s u b s u r f a c e  p o r e  
f r a c t u r e  o r i g i n  o b t a i n e d  by SEM and t h e  amorphous g r a i n  boundary  phase o b t a i n e d  
by  TEM a r e  shown f i g u r e s  1 and 2 r e s p e c t i v e l y .  

The r e l a t i v e  s t r e n g t h s  o f  t h e  m a t e r i a l s  s t u d i e d  a r e  a t t r i b u t e d  t o  s e v e r a l  
d i f f e r e n t  f a c t o r s .  These a r e  d e s c r i b e d  be low i n  t h e  same o r d e r  as t h e  r e l e v a n t  
s t a t i s t i c a l  s ta temen ts .  

1 .  The g r e a t e r  room tempera tu re  s t r e n g t h  o f  H I P ' d  RBSN-base m a t e r i a l  o v e r  
HPN s i n t e r e d  RBSN and NASA 6Y b a s e l i n e  i s  b e l i e v e d  t o  r e s u l t  from t h e  h e a l i n g  
e f f e c t s  o f  H I P  p r e s s u r e  on  v e r y  f i n e  c r a c k s  a s s o c i a t e d  w i t h  t h e  obse rved  
c r i t i c a l  f l a w s .  

2 .  The s i m i l a r  1370 "C s t r e n g t h s  o f  t h e  RBSN-base m a t e r i a l s  a r e  due t o  
s o f t e n i n g  o f  t h e i r  g r a i n  boundary  phases wh ich  a r e  i d e n t i c a l  i n  c o m p o s i t i o n  
and phase.  

3. The g r e a t e r  1370 "C s t r e n g t h  o f  t h e  RBSN-base m a t e r i a l  o v e r  NASA 6Y 
b a s e l i n e  i s  l i k e l y  due t o  a h i g h e r  Y2O3 c o n t e n t  and more r e f r a c t o r y  g r a i n  
boundary phase i n  t h e  RBSN and a l s o  t o  t h e  e f f e c t  o f  H I P  p r e s s u r e  on  f l a w  
sever  i t y  . 

s t r e n g t h  o f  NASA 6Y w i t h  improvements i n  powder p r o c e s s i n g  t e c h n i q u e s .  
b e n e f i t s  would be expec ted  f o r  RBSN m a t e r i a l s .  

Recent  work by Sanders and B a a k l i n i  ( r e f .  1 1 )  show improvements i n  t h e  
S i m i l a r  

CONCLUDING REMARKS 
I n  t h i s  s t u d y ,  t h e  RBSN r o u t e  to  a f u l l y  dense Si3N4 m a t e r i a l  by  h o t  iso- 

s t a t i c  p r e s s i n g  or h i g h  p r e s s u r e  n i t r o g e n  s i n t e r i n g  has been demons t ra ted .  
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The f u l l y  dense RBSN-base m a t e r i a l s  were s t r o n g e r  t h a n  a s i n t e r e d  Si3N4 mate- 
r i a l  o f  s i m i l a r  c o m p o s i t i o n .  When emp loy ing  h i g h  p r e s s u r e  n i t r o g e n  s i n t e r i n g ,  
t h e  RBSN-base m a t e r i a l  s u f f e r s  l e s s  w e i g h t  loss and s h r i n k a g e  t h a n  t h e  Si3N4 
powder-base m a t e r i a l .  These a r e  b e n e f i c i a l  a t t r i b u t e s  when c o n s i d e r i n g  
component shapes f o r  h i g h  tempera tu re  a p p l i c a t i o n s .  

REFERENCES 

1 .  A .  G i a c h e l l o  and P .  Popper ,  " P o s t - S i n t e r i n g  o f  React ion-Bonded S i l i c o n  
N i t r i d e , "  pp.  620-31 i n  Energy and Ceramics ( e d .  b y  P .  V i n c e n z i n i ) ,  
E l s e v i e r  S c i e n t i f i c  P u b l i s h i n g  Co., New York, NY,  1980. 

2 .  J.A. Mangels and G.V.  Tennenhouse, " D e n s i f i c a t i o n  o f  React ion-Bonded S i l i -  
con N i t r i d e , "  B u l l .  Am. Ce r .  SOC.,  59 ( 1 2 > ,  pp.  1216-18, 1222 (1980) .  

3 .  J.A. Mangels ,  " S i n t e r e d  React ion-Bonded S i l i c o n  N i t r i d e , "  pp.  589-603 i n  
Proceed ings  o f  t h e  5 t h  Annual Conference on  Composi tes and Advanced 
Ceramic M a t e r i a l s ,  Amer ican Ceramic S o c i e t y ,  Columbus, OH 1981. 

4 .  J.A. Mangels and G.J. Tennenhouse, " S i n t e r i n g  B e h a v i o r  and M i c r o s t r u c t u a l  
Development o f  Yt t r ium-Doped React ion-Bonded S i l i c o n  N i t r i d e , "  B u l l .  Am. 
Cer .  S O C . ,  60 (12 ) ,  pp.  1306-10 (1981) .  

5 .  R .  Pompe, L .  Hermansson, and R .  C a r l s s o n ,  " F a b r i c a t i o n  o f  Low-Shrinkage 
S i l i c o n  N i t r i d e  by  P r e s s u r e l e s s  S i n t e r i n g , "  pp .  65-74 i n  E n g i n e e r i n g  w i t h  
Ceramics (ed .  by  R.W. Dav idge ) ,  B r i t i s h  Ceramic S o c i e t y ,  S t roke -on -T ren t ,  
Eng land,  1982. 

6 .  J.A. Mangels, " S i n t e r i n g  o f  R e a c t i o n  Bonded S i l i c o n  N i t r i d e , "  pp.  231-6 i n  
P rog ress  i n  N i t r o g e n  Ceramics (ed .  by  F .L .  R i l e y ) ,  M a r t i n e u s  N i j h o f f  
P u b l i s h e r s ,  Bos ton ,  Mass. 1983. 

7 .  L .K .L .  F a l k ,  R. Pompe, and G.L. Dun lop ,  "Development o f  M i c r o s t r u c t u r e  d u r -  
i n g  N i t r i d a t i o n  and S i n t e r i n g  o f  S i :S i3Nq  Powder Compacts," pp .  293-8 i n  
Sc ience  o f  Ceramics (ed .  by  P .  V i n c e n z i n i ) ,  Research I n s t i t u t e  f o r  Ceramics 
Technology,  Faenza, I t a l y ,  1983. 

t e r e d  Reaction-Bonded S i l i c o n  N i t r i d e , "  J .  Am. C e r .  SOC. ,  68 (71 ,  
8 .  R.K. G o v i l a ,  J . A .  Mangels ,  and J.R. Baer ,  " F r a c t u r e  o f  Y t t r i a - D o p e d  S i n -  

pp .  413-18 (1985) .  

9 .  L .K .L .  F a l k ,  R. Pompe, and G.L. Dunlop ,  "Development o f  M i c r o s t r u c t u r e  d u r -  
i n g  t h e  F a b r i c a t i o n  o f  Si3N4 by  N i t r i d a t i o n  and P r e s s u r e l e s s  S i n t e r i n g  of 
S i : S i 3 N 4  Compacts," J. Mat .  S c i . ,  20 ( l o ) ,  pp .  3345-56 (1985) .  

10. J.A. Mangels and R.M.  W i l l i a m s ,  "Development o f  Mo ldab le ,  H i g h  D e n s i t y  
R e a c t i o n  Bonded Si3N4,"  T h i r d  Q u a r t e r l y  R e p o r t ,  P rog ress  Repor t  No. 9 ,  
Fo rd  Motor Co., Dearborn ,  M ich . ,  Feb rua ry ,  1979. (NASA C o n t r a c t  DEN 3-20). 

1 1 .  W.A. Sanders and G.Y. B a a k l i n i ,  " C o r r e l a t i o n  o f  P r o c e s s i n g  and S i n t e r i n g  
V a r i a b l e s  w i t h  t h e  S t r e n g t h  and Rad iography  o f  S i l i c o n  N i t r i d e , "  NASA TM 
87251 Februa ry ,  1986. 

5 



TABLE I. - CHARACTERIZATION OF MILLED, NITRIDED, AND SINTERED MATERIAL 

M a t e r i a l  

M a t e r i a l  

S i n t e r i n g  r e s u l  t 

Weight l o s s ,  W id th  s h r i n k a g e ,  Machined e n s i t y ,  
p e r c e n t  g/cm 9 p e r c e n t  

M i  11 ed powderb 

N i t r i d e d  RBSN 

M a t e r i a l  

HPN2 S i n t .  RBSN 

H I P ' D  RBSN 

NASA 6Y ( r e f .  11) 

HPN2 SRBSN 

Four -po in t  f l e x u r a l  s t r e n g t h  

Temperature,  Number o f  Average s t r e n g t h ,  Standard d e v i a t i o n ,  
"C ba rs  MPa MPa 

R T  14 670 77 
1370 15 495 50 

R T  5 767 69 
1370 14 472 55 

R T  19 664 8 5  
1370 20 402 52 

HIP'D SRBSN 

Ma jo r  componentsa 

S i ,  
w t  % 

S i  N , 
w? 2 
---- 

89.3 

89.1 

89 .4  

'2O31 
w t  % 

13 

7.1 

7.1 

7.1 

Chemical anal  y s i  s 

w t %  

0.1A1, l . O C ,  1.7Fe, 
6.60, 0 .451 

0.2C, 1.9Fe, 2 .90 5.6Y 

O.O5C, 1.9Fe, 2 .80 ,  
5.7Y 

O . l C ,  1 .9  Fe, 3 .10,  
5.6Y 

P Pm 

508, 0.2Ca, 640Cr, 720Mn, 
240T i ,  < O .  1Zr 

990A1, 200Ca, <O.OlCo, 
450Cr, <O.O2Cu, <0.005Mg, 
100Mn, <0.05Mo, <0.05Ni ,  
160Ti ,  <O.O05V, <0.003Zn 

950A1 , 200Ca, ( 0 . 0  1 Co, 
470Cr, <O.O2Cu, <0.005Mg, 
310Mn, <0.05Mo, tO.O5Ni, 
170Ti ,  <O.O05V, <0.003Zn 

980A1, 190Ca, <O.OlCo, 
450Cr, <O.O2Cu, <0.005Mg 
360Mn (0.05 Mo, <O.O5Ni 
160T i ,  <O.O05V, <0.003Zn 

aAs added f o r  m i l l e d  powder: c a l c u l a t e d  f o r  0 t h  r m a t e r i a l s  based on chemical  a n a l y s i s .  
b S p e c i f i c  s u r f a c e  a r e a  f rom 3 - p o i n t  BET, 14.2 m 5 /g .  

1.52 I powdera I 4.77 

10.4 

17.0 

3.29 

3.22 

aFor NASA composi t i  on 6Y, r e f .  1 1 .  

TABLE 111. - STRENGTH STATISTICS FOR HIGH PRESSURE NITROGEN SINTERED RBSN 

WITH Y2O3, HIP 'D RBSN WITH Y2O3, AND HIGH PRESSURE NITROGEN SINTERED 

NASA COMPOSITION 6Y 
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ORIGINAL PAGE IS 
OF POOR QlJALITY 

FIGURE 1. - SCANNING ELECTRON NICROGRWHS OF ROOM TEMPERATURE FRACTURE ORIGIN I N  HIGH PRES- 
SURE NITROCEN SINTERED RBSN. 
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(A) BRIGHT FIELD MICROSTRUCTURE (GRAIN BOUNDARY 
PHASE APPEARS DARK). 

(B) DARK FIELD MICROSTRUCTURE (GRAIN BOUNDARY PHASE 
APPEARS LIGHT). 

FIGURE 2. - TRANSMISSION ELECTRON MICROGRAPHS DELINEATING AMORPHOUS GRAIN BOUNDARY PHASE FOR HIGH PRESSURE NITRO- 
GEN SINTERED RBSN. 
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