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CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL 

PROGRESS REPORT FOR APRIL 1989 THROUGH SEPTEMBER 19B 

SUMMARY 

The Ceramic Technology For Advanced Heat Engines Projcct was developed by the 
Department of Energy’s Office of Transportation Systems (OTS) in Conservation and 
Renewable Energy. This project, part of the OTS’s Advanced Materials Development 
Program, was developed to meet the ceramic tcchnology requirements of the OTSs 
automotive technology programs. 

Energy (DOE), National Aeronautics and Space Administration (NASA), and Department 
of Defense (DoD) advanced heat engine programs have provided evidence that the 
operation of ceramic parts in high-temperature engine environments is feasible. Howevcr, 
these programs have also demonstrated that additional research is needed in materials and 
processing development, design methodology, and data base and life prcdiction before 
industry will have a sufficient technology base from which t o  produce reliable cost-effective 
ceramic engine components commercially. 

An assessment of necds was completed, and a five year project plan was developed 
with extensive input from private industry. The objective of the project is to develop thc 
industrial technology base required €or rcliable ceramics for application in advanced 
automotive heat engines. The project approach includes determining the mechanisms 
controlling reliability, improving processes for fabricating existing ceramics, developing new 
materials with increased reliability, and testing thesc materials in simulated engine 
environments to confirm reliability. Although this is a generic materials project, the focus is 
on structural ceramics for advanced gas turbine and diesel engines, ceramic bearings and 
attachments, and ceramic coatings for thermal barrier and wear applications in these engines. 
This advanced materials technology is being developed in parallel and close coordination 
with the ongoing DOE and industry proof-of-concept engine development programs. To 
facilitate the rapid transfer of this technology to US.  industry, the major portion of thc 
work is being done in the ccramic industry, with tcchnological support from governmcnt 
laboratories, other industrial laboratories, and universities. 

This project is managed by ORNL for thc Office of Transportation Technologies, 
Office of Transportation Materials, and is closely coordinated with complemcntary ceramics 
tasks funded by other DOE offices, NASA, DoD, and industry. A joint DOE and NASA 
technical plan has been established, with DOE focus on automotive applications and NASA 
focus on aerospace applications. A common work breakdown structurc (WBS) was 
developed to facilitate coordination. The work describcd in this rcport is organized 
according to the following WBS project elements: 

Significant accomplishments in fabricating ceramic components for the Department of 
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0.0 Management and Coordination 

1.0 Materials and Processing 

1.1 Monolithics 
1.2 Ceramic Composites 
1.3 Thermal and Wear Coatings 
1.4 Joining 

2.1 Materials Design Methodology 

2.1 Modeling 
2.2 Contact Interfaces 
2.3 New Concepts 

3.0 Data Base and Life Prediction 

3.1 Structural Qualification 
3.2 Time-Dependent Behavior 
3.3 Environmental Effects 
3.4 Fracture Mechanics 
3.5 NDE Development 

4.0 Technology Transfer 

This report includes contributions from all currently active project participants. The 
contributions are arranged according to the work breakdown structure outline, 



0.0 PROJECT MANAGEMENT AND COORDINATION 

D. R. Johnson 
Oak Ridge National Laboratory 

Obiec tive/scoDe 

This task includes thc technical management of the project in accordance with thc 
project plans and management plan approved by the Dcpartment of Energy (DOE) Oak 
Ridge Operations Office (ORO) and thc Office of Transportation Technologies. This task 
includes preparation of annual field task proposals, initiation and management of 
subcontracts and interagency agreements, and management of ORNL tcchnical tasks. 
Monthly management rcports and bimonthly reports are provided to DOE; highlights and 
semiannual tcchnical reports are provided to DOE and program participants. In addition. 
the program is coordinated with interfacing programs sponsored by other DOE offices and 
federal agencies, including thc National Aeronautics and Space Administration (NASA) and 
the Department of Defense (DoD). This coordination is ac~omplished by participation in 
bimonthly DOE and NASA joint managerncnt meetings, annual interagency heat engine 
ceramics coordination meetings, DOE contractor coordination meetings, and DOE Energy 
Materials Coordinating Committee (EMaCC) mcctings, as well as special coordination 
meetings. 
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1.0 MATERIAIS AND PROCESSING 

INTRODUcIloN 

This portion of the project is identified as project element 1.0 within the work 
breakdown structure (WBS). It contains four subelements: (1) Monolithics, (2) Ceramic 
Composites, (3) Thermal and Wear Coatings, and (4) Joining. Ceramic research conducted 
within the Monolithics subelement currently includes work activities on green state ceramic 
fabrication, characterization, and densification and on structural, mechanical, and physical 
properties of these ceramics. Research conducted within the Ceramic Composites 
subelement currently includes silicon carbide and oxide-based composites, which, in addition 
to the work activities cited €or Monolithics, include fiber synthesis and characterization. 
Rcscarch conducted in the Thermal and Wear Coatings subelement is currently limited to 
oxide-base coatings and involves coating synthesis, characterization, and determination of the 
mechanical and physical properties of the coatings. Research conducted in the Joining 
subelement currently includes studies of processes to produce strong stable joints between 
zirconia ccramics and iron-base alloys. 

to systematically advance the understanding of the relationships between ceramic raw 
materials such as powders and reactant gases, the processing variables involved in producing 
the ceramic materials, and the resultant microstructures and physical and mechanical 
properties of the ccramic materials. Success in meeting this objective will provide U.S. 
companies with new or improved ways for producing economical, highly reliable ceramic 
components for advanced heat engines. 

A major objective of the research in the Materials and Processing project element is 
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1.1 MONOLITHICS 

1.1.1 Silicon Carbide 

T u r b o m i l l i n g  of Sic Whiskers and Sic W h i s k e r - C e r a m i c  C o m p o s i t e s - -  
D .  E .  W i t t m e r  ( A s s o c i a t e  P r o f e s s o r ,  S o u t h e r n  I l l i n o i s  
U n i v e r s i t y  a t  C a r b o n d a l e ,  C a r b o n d a l e ,  I L  6 2 9 0 1 )  

O b j e c t i v e / S c o p e  

The  p u r p o s e  o f  t h i s  w o r k  i s  t o  c o n t i n u e  t h e  
i n v e s t i g a t i o n  o f  t h e  t u r b o m i l l i n g  p r o c e s s  as  a means o f  
i m p r o v e d  p r o c e s s i n g  f o r  S i c  w h i s k e r - c e r a m i c  m a t r i x  
c o m p o s i t e s  and  d i s p e r s i o n  o f  m a t r i x  p o w d e r s  p r i o r  t o  
c o m p o s i t e  p r o c e s s i n g .  

T e c h n i c a l  P r o g r e s s  

t h e  i n i t i a t i o n  o f  Phase I 1  o f  t h i s  c o n t r a c t  w e r e  c o m p l e t e d .  
Phase I 1  i s  d i v i d e d  i n t o  4 m a j o r  t a s k s :  

D u r i n g  t h i s  r e p o r t i n g  p e r i o d ,  c o n t r a c t  n e g o t i a t i o n s  f o r  

T a s k  1. B e n e f i c i a t i o n  o f  S i c  w h i s k e r s .  
Task  2 .  D e v e l o p m e n t  o f  a s p e c t  r a t i o  r e d u c t i o n  

T a s k  3.  I m p r o v e d  d i s p e r s i o n  o f  p a r t i c u l a t e  m a t r i c e s .  
T a s k  4 .  F i n a l  R e p o r t  

p a r a m e t e r s .  

The t u r b o m i l l i n g  p a r a m e t e r s  i n v e s t i g a t e d  f o r  T a s k  1 and 
2 w e r e :  

M ILL ING M E D I A  
- - Z O O  g o f  3 mm P l a s t i c  ( 4 2 0 0  b e a d s )  
- - 2 0 0  g o f  3 mm P S Z  ( 3 1 6  b e a d s )  

MILL ING T I M E  
- - 1 2 0  m i n  f o r  P l a s t i c  M e d i a  
- - 6 0  m i n  f o r  P S Z  M e d i a  
- - S a m p l e s  P u l l e d  E v e r y  1 5  m i n  

MILL ING SPEED--800 r . p . m .  o r  1 2 0 0  r . p . m .  

W H I S K E R  LOADING LEVEL--200 g o r  300  g 

1 l i t e r  D i s t i l l e d ,  D e i o n i z e d  W a t e r  

T a s k  1. B e n e f i c i a t i o n  o f  S i c  W h i s k e r s  

D u r i n g  t h i s  p h a s e  o f  t h e  p r o j e c t ,  A m e r i c a n  M a t r i x ,  I n c .  
( A M I )  S i c  w h i s k e r s  (Sic,) w e r e  p r o c e s s e d  i n  t h e  t u r b o m i l l  t o  
d e v e l o p  i m p r o v e d  b e n e f i c i a t i o n  t e c h n i q u e s .  I n  t h i s  t a s k  t h e  
i n f l u e n c e  o f  t h e  d e n s i t y  o f  t h e  m i l l i n g  m e d i a  o n  t h e  
b e n e f i c i a t i o n  p r o c e s s  a n d  f r a c t u r e  b e h a v i o r  o f  t h e  w h i s k e r s  
was s t u d i e d .  P S Z  b e a d s  w e r e  u s e d  f o r  h i g h  d e n s i t y  m e d i a  a n d  
n y l o n  b e a d s  w e r e  u s e d  f o r  t h e  l o w  d e n s i t y  m e d i a .  
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Severa l  small  b a t c h e s  of AMI S i @  were p rocessed  by 
t u r b o m i l l i n g  w i t h  t h e  s o l i d s  l o a y i n g ,  f r a c t i o n  of m i l l i n g  
media a n d  t u r b o m i l l i n g  speed de termined  t h r o u g h  t h e  use o f  
an  expe r imen ta l  des ign  m a t r i x .  Sed imen ta t ion  t e c h n i q u e s  
were then  u t i l i z e d  t o  s e p a r a t e  t h e  f i n e  w h i s k e r s  from l a r g e  
wh i ske r  f r agmen t s  a n d  i m p u r i t i e s  and remave t h e  s o l u b l e  
i m p u r i t i e s .  

The a s - r e c e i v e d  S i c  wh i ske r s  a r e  p r e s e n t l y  be ing  
ana lyzed  f o r  f r e e  ca rbon ,  f r e e  S i ,  p re sence  of u n r e a c t e d  
s i 1  i c a ,  a n d  chemical composi t ion  by s t a n d a r d  a n a l y t i c a l  
t e c h n i q u e s  t o  produce a b a s e l i n e  chemical compos i t ion .  
S e l e c t e d  p r o d u c t s  from t h e  s e d i m e n t a t i o n  p r o c e s s  a r e  a l s o  
being a n a l y z e d ,  i e .  t h e  s u p e r n a t a n t  l i q u i d  f o r  d i s s o l v e d  a n d  
ul t r a - f i n e  s a t u r a t e d  i m p u r i t i e s ,  t h e  r e s u l t a n t  c o a r s e  
whisker  f r a c t i o n  a n d  f i n e  f r a c t i o n  chemical c o m p o s i t i o n ,  
s u r f a c e  a r e a  a n d  p a r t i c l e  s i z e s  f o r  c o a r s e  a n d  f i n e  
f r a c t i o n s ,  a n d  morphology. A p o r t i o n  o f  t h e  b e n e f i c i a t e d  
S i@,  w i l l  t hen  b e  h e a t  t r e a t e d  i n  vacuum or o t h e r  
a p p r o p r i a t e  a tmosphere f o r  comparison w i t h  t h e  u n t r e a t e d  
v i r g i n  w h i s k e r s ,  a n d  t h e  u n t r e a t e d  b e n e f i c i a t e d  w h i s k e r s .  
The i n f o r m a t i o n  a n d  p r o d u c t s  o f  t h i s  t a s k  w i l l  a l s o  be 
u t i l i z e d  i n  t h e  development of f u t u r e  t a s k s .  

M i l l i n g  wi th  e i t h e r  p l a s t i c  media or P S Z  media a p p e a r s  
t o  s o l u b i l i z e  C a ,  Mg, Na, and K from t h e  SiCW. The r e s u l t s  
of I C A F  a n a l y s e s  a r e  g iven  in  Table  1. 

Tab le  1 .  Analyses  of S u p e r n a t a n t  From Turbomi l led  AMI SiCM 
f o r  200 g .  Sic,  a n d  1 2 0 0  r .p . rn .  

-_ .._... S 9 l e  .-____ I.D, @a ( P P d  M a - l P P m r -  Na ( p p d  K O  
Deionized H20 < .01 < .01 < .01 .81 

P1 as t i  c Medi a 40 39 5.52 3.01 2.17 
60 min. 

Plast ic  Media 39.52 6.11 3.00 2.44 
120 min. 

PSZ Media 20.53 2.56 1.89 1.22 
60 min. 

Task 2 .  Development o f  Aspect  R a t i o  Reduct ion  P a r a m e t e r s .  

The S i c  a s p e c t  r a t i o  w i l l  be de te rmined  a s  a f u n c t i o n  
of t u r b o m i l l i n g  pa rame te r s  from t h e  i n f o r m a t i o n  g e n e r a t e d  
d u r i n g  Task 1 .  During t h i s  t a s k  a model will be deve loped ,  
based on  t h e  mathemat ica l  re1 a t i o n s h i p  between a v e r a g e  
s u r f a c e  a r e a ,  ave rage  p a r t i c l e  s i z e  and measured wh i ske r  
d i a m e t e r s ,  t o  de t e rmine  t h e  ave rage  a s p e c t  r a t i o  f o r  t h e  
Sic,  p r o d u c t s  produced i n  T a s k  1. T h i s  c a l c u l a t e d  d a t a  w i l l  
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t h e n  b e  c o m p a r e d  t o  t h e  a s p e c t  r a t i o  a s  v i e w e d  b y  S E M  and  
o p t i c a l  m e t h o d s .  

1 urn, t h e r e f o r e  a c l o s e  a p p r o x i m a t i o n  o f  t h e  a s p e c t  r a t i o  
c a n  made f r o m  e x a m i n a t i o n  o f  t h e  S i c w  l e n g t h s .  SEM 
p h o t o m i c r o g r a p h s  w e r e  p r e p a r e d  b y  d i s p e r s i o n  o f  t h e  S i c w  
p r o d u c t s  o f  T a s k  1 i n  a c e t o n e ,  f o l l o w e d  b y  e v a p o r a t i o n  o f -  
t h e  SiC,/acetone s l u r r i e s  on a warm A 1  S E M  s t u b .  Low 
m a g n i f i c a t i o n  ( 5 0  a n d  100X)  p h o t o m i c r o g r a p h s  w e r e  t h e n  t a k e n  
f o r  e a c h  o f  t h e  t u r b o m i l l e d  p r o d u c t s .  Each i n d i v i d u a l  
w h i s k e r  a n d  p a r t i c l e  was t h e n  m e a s u r e d .  I f  t h e  l e n g t h  was 
l e s s  t h a n  4 um, t h e n  i t  was c o n s i d e r e d  t o  be  a p a r t i c l e .  
The w h i s k e r  l e n g t h s  ( L )  w e r e  t h e n  t a b u l a t e d  and  g r o u p e d  
a c c o r d i n g  t o  t h e  r a n g e s  1 4  urn, 4 um<L<8 um, 8 um<L<16 um 
a n d  b 1 6  um. The summary o f  t h e s e  r e s u l t s  a r e  shown i n  
F i g s .  1 t h r o u g h  4 .  

f o r  PSZ v s .  p l a s t i c  t u r b o m i l l i n g  m e d i a  f o r  2 0 0  g b a t c h e s  o f  
S i c ,  t u r b o m i l l e d  a t  800 r .p .m.  f o r  60  m i n .  The PSZ m e d i a  
w a s  much m o r e  e f f e c t i v e  i n  r e d u c i n g  t h e  S i c w  a s p e c t  r a t i o  
i n t o  t h e  4 t o  1 6  um s i z e  r a n g e  t h a n  t h e  p l a s t i c  m e d i a .  A t  
1200 r .p .m.  ( F i g .  Z ) ,  k e e p i n g  t h e  o t h e r  p a r a m e t e r s  t h e  same, 
n e i t h e r  m i l l i n g  m e d i a  a p p e a r s  t o  b e  t h a t  e f f e c t i v e  i n  
r e d u c i n g  t h e  a s p e c t  r a t i o  f o r  a m a j o r  v o l u m e  f r a c t i o n  o f  t h e  
Sic,. 

F i g u r e  3 shows t h e  c o m p a r i s o n  o f  t h e  v o l u m e  f r a c t i o n  o f  
S ic ,  p r o d u c e d  as  a f u n c t i o n  o f  m i l l i n g  speed ,  u s i n g  t h e  
p l a s t i c  m e d i a  t o  t u r b o m i l l  200  g b a t c h e s  o f  S i c w  f o r  
1 2 0  m in .  T h e s e  r e s u l t s  d e m o n s t r a t e  t h a t  t u r b o m i l l i n g  a t  
800 r . p . m .  i s  somewhat m o r e  e f f e c t i v e  i n  r e d u c i n g  t h e  S i c  
a s p e c t  r a t i o .  
800 r . p . m .  f o r  60 m i n  was much m o r e  e f f e c t i v e  t h a n  1 2 0 0  
r .p .m.  f o r  6 0  m i n  i n  i n c r e a s i n g  t h e  v o l u m e  f r a c t i o n  o f  S i c w  
b e t w e e n  4 and  1 6  um. 

a r e :  

F o r  A M I  S ic ,  t h e  a v e r a g e  d i a m e t e r  i s  a p p r o x i m a t e l y  

F i g u r e  1 shows t h e  c o m p a r i s o n  o f  S i c ,  v o l u m e  f r a c t i o n  

F o r  t h e  PSZ m e d i a  ( F i g .  4 ) ,  t u r b o m i l l i n g  a y  

The  c o n c l u s i o n s  t h a t  c a n  be  d r a w n  f r o m  t h e s e  r e s u l t s  

1. The p l a s t i c  m e d i a  was e f f e c t i v e  i n  r e d u c i n g  t h e  
S ic ,  a s p e c t  r a t i o  w i t h o u t  s i g n i f i c a n t l y  i n c r e a s i n g  t h e  
v o l u m e  o f  f i n e  p a r t i c u l a t e .  

2 .  The PSZ m e d i a ,  as  e x p e c t e d ,  was m o r e  e f f e c t i v e  i n  
r e d u c i n g  t h e  a s p e c t  r a t i o  e v e n  t h o u g h  t h e  number o f  p o i n t -  
t o - p o i n t  c o n t a c t s  was s i g n i f i c a n t l y  l e s s  t h a n  f o r  t h e  
p l a s t i c  m e d i a .  

3 .  A t u r b o m i l l i n g  s p e e d  o f  800 r . p . m .  a p p e a r s  t o  b e  
much m o r e  e f f e c t i v e  t h a n  1200  r .p .m.  i n  r e d u c i n g  t h e  a s p e c t  
r a t i o  o f  t h e  S i c ,  f o r  b o t h  p l a s t i c  a n d  P S Z  m i l l i n g  m e d i a .  
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Work i s  c o n t i n u i n g  t o  de t e rmine  t h e  e f f e c t s  of 
t u r b o m i l l i n g  on t h e  S i c ,  a s p e c t  r a t i o  d u r i n g  t u r b o m i l l i n g  
a n d  p r o c e s s i n g  o f  w h i s k e r s / c e r a m i c  m a t r i x  compos i t e s .  
Whiskers developed a s  p r o d u c t s  of Task 1 w i l l  be d i s p e r s e d  
i n  t h e  m a t r i x  m a t e r i a l  s e l e c t e d  by t h e  Company. The wh i ske r  
volume l o a d i n g  w i l l  be v a r i e d  from 1 5  v o l . %  t o  35 v 0 1 . X  f o r  
t h e  m a t r i x  m a t e r i a l ( s )  t o  be s p e c i f i e d  l a t e r  by the  company. 
I t  i s  a n t i c i p a t e d  t h a t  s i l i c o n  n i t r i d e  w i l l  be one of t h e  
s p e c i f i e d  m a t r i x  m a t e r i a l s .  During t u r b o m i l l i n g  p r o c e s s i n g ,  
samples  w i l l  be pr i l led by syphon a t  s e l e c t e d  t ime i n t e r v a l s  
a n d  measured f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  s u r f a c e  a r e a  
a n d  a s p e c t  r a t i o .  The whisker  a s p e c t  r a t i o s  w i l l  a l s o  be 
de te rmined  f o l l o w i n g  c o n s o l i d a t i o n  of t h e  compos i t e s .  The 
r e s u l t s  s h a l l  be monitored by d e n s i t y  a n d  f r a c t u r e  r e s u l t s  
f o r  h o t - p r e s s e d  a n d / o r  HIPed a n d / o r  s i n t e r e d  samples .  

Task 3 .  Improved D i s p e r s i o n  o f  P a r t i c u l a t e  M a t r i c e s .  

I n  c o n j u n c t i o n  wi th  Task 2 ,  Task 3 w i l l  i n v e s t i g a t e  t h e  
d i s p e r s i o n  o f  t h e  m a t r i x  m a t e r i a l ( s )  s p e c i f i e d  by t h e  
Company by t h e  tu rbo t i i i l l i ng  p r o c e s s ,  p r i o r  t o  t h e  
i n t r o d u c t i o n  of t h e  S i c  t o  t h e  m a t r i x .  S l u r r y  pH, s o l i d s  
l o a d i n g ,  c o a r s e : f i n e  ralfj io,  t y p e  a n d  amount of d i s p e r s a n t  
a n d  o t h e r  t u r b o m i l l i n g  pa rame te r s  w i l l  be a d j u s t e d  a n d  
moni tored  t o  deve lop  op t imized  c o n d i t i o n s  f o r  d i s p e r s i n g  t h e  
s e l e c t e d  m a t r i x  m a t e r i a l  ( s ) .  Once t h e s e  c o n d i t i o n s  have 
been i d e n t i f i e d ,  S IC ,  from Task 1 a t  wh i ske r  l o a d i n g s  from 
1 5  v o l . %  t o  35  v o l . %  w i l l  be added, f o l l o w i n g  t h e  d i s p e r s i o n  
s t e p ,  During t h i s  s t e p  i t  w i l l  be n e c e s s a r y  t o  deve lop  
t e c h n i q u e s  t o  un i fo rmly  f l o c c u l a t e  t h e  r e s u l t a n t  
w h i s k e r / p a r t i c u l a t e  d i s p e r s i o n  t o  avo id  s e p a r a t i o n  u p o n  m i l l  
d i s c h a r g e .  The s l u r r i e s  produced i n  t h i s  t a s k  w i l l  t hen  be 
vacuum a s s i s t e d ,  p r e s s u r e  c a s t  i n t o  d i s k s  . f o r  t h e  
p r e p a r a t i o n  o f  t e s t  samples .  I s o p r e s s i n g  of t h e  d ry  
preforms may be r e q u i r e d  t o  e n a b l e  d e n s i f i c a t i o n .  The 
r e s u l t s  s h a l l  aga in  be moni tored  by d e n s i t y  a n d  f r a c t u r e  
r e s u l t s  f o r  h o t - p r e s s e d  a n d / o r  HIPed a n d / o r  s i n t e r e d  
samples .  

__-_ S t a t u s  o f  M i l e s t o n e s  

Phase 11:  
Task 1. B e n e f i c i a t i o n  o f  SiC w h i s k e r s  O c t .  ' 8 9  

(Compl e t e d )  

Task 2 .  Development of a s p e c t  r a t i o  r e d u c t i o n  J a n .  ' 9 9  
p a r a m e t e r s .  

Task 3 .  Improved d i s p e r s i o n  of m a t r i c e s  A u g .  ' 9 0  

T a s k  4 .  F i n a l  Repor t  S e p t .  ' 9 0  
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P r e s e n t a t i o n s  and  P u b l i c a t i o n s  

D. E .  W i t t m e r  and  W .  T r i m b l e ,  " A s p e c t  R a t i o  R e d u c t i o n  and  
B e n e f i c i a t i o n  o f  S i c  W h i s k e r s  f o r  R . e i n f o r c e m e n t  o f  C e r a m i c  
M a t r i x  C o m p o s i t e s , "  The 9 1 s t  A n n u a l  A m e r i c a n  C e r a m i c  S o c i e t y  
M e e t i n g ,  I n d i a n a p o l i s ,  I N ,  A p r i l  2 3 - 2 7 ,  1989 .  
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Reinforcements for Miqh-Temperature Ceramics - Christos I .  Kyriacou, Juan 
L .  Sepulveda, Mary A .  Watson (Keramont Corporation) 

0 b.j e c-t i v e / s cop e 

The production o f  ' i i E 3 ,  whiskers; consolidation of composites of  S i c  
mat r ix  w i t h  SiB, whiskers, and testing of composites properties in a i r  
above 1200°C. 

Technical Drogress 

has been investigated by the reaction: 
The growth and development of TiB,  whiskers by the CVD-VLS mechanism 

-1150°C Ti&l,(g) .t- 2BBr,(g) I- 5H,(g) ai,=> T i B 2 ( w )  .I- 6HBr(g) -t 4HCl(g) 

The reaction i s  carried o u t  in a quar tz  tube 3 inches i n  diameter and 30 
inches long. The precursor raw material of TiC1, and BBr, are in l iquid 
form and are heated to  a certain temperature t o  generate vapors which are 
transported t o  the reaction furnace by preheated helium gas. The catalyst  
i s  sprinkled on grafoil substrate and reacts with the gas  t o  form TiB, 
whiskers. T h e  averall experirnental apparatus i s  shown in Figure 1. 

I .  Basic research 

The research on the contract during the  period o f  April t o  September 
o f  1989, h a s  focused on the  development of a b a s i c  technology for the  
growth  of TiB, whiskers. The parameters investigated were as follows: 

i )  Catalyst Type 
i i )  Substrate Type 

i v )  Gas Composition 
i i i )  Reaction Temperature 

The research performed for each parameter and the experimental 
A summary of the resu l t s  i s  resul ts  are  discussed in the sections below. 

also shown in Tab?e 1. 

i) Catalyst Type 

A catalyst  was identified based on thermodynamics and phase diagrams. 
The YLS growth o f  whiskers becomes possible by the presence of a catalyst .  
A TGA/DTA o f  the catalyst  showed a melting point of a b o u t  956"C,  A t  t h i s  
temperature the catalyst  melts and becomes a preferred s i t e  f o r  the 
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depos i t i on  o f  TiB,. TiB, then d i f f u s e s  through the  c a t a l y s t  me l t  t o  the  
growing s i n g l e  c r y s t a l .  The c a t a l y s t  was found t o  be e a s i l y  ox id i zed  by 
exposure t o  a i r  a t  temperatures above 400°C as was found by TGA. 

The co r ros ion  o f  t he  c a t a l y s t  was found t o  be t h e  most d i f f i c u l t  
problem i n  growing the  TiB, whiskers.  Accurate control. o f  t h e  gas 
composi t ion and t h e  r e a c t i o n  temperature were found t o  be necessary t o  
minimize the  co r ros ion  o f  t he  c a t a l y s t .  

The c a t a l y s t  was found t o  r e s u l t  i n  t h e  e f f i c i e n t  growth o f  T i B  
whiskers by the  VLS mechanism. This  was conf i rmed by t h e  presence o f  
c a t a l y s t  spheres a t  the  t i p  o f  the  whiskers. SEM and EDAX ana lys i s  o f  t he  
c a t a l y s t  b a l l s  found a d i r e c t  r e l a t i o n  between the  c a t a l y s t  composi t ion 
a f t e r  growth and t h e  diameter o f  t he  whiskers. 

ii) Substrate Type 

Three groups o f  subst rates were tes ted  f o r  t h e i r  e f f e c t  on TiB, 
whiskers growth. The f i r s t  group, cons is ted o f  ox ide ceramics such as 
A1 0 and SiO, and gave negat ive r e s u l t s .  The second group cons is ted  of 
metal  subs t ra tes  such as Fe, N i  and T i .  Th is  group a l s o  gave negat ive  
r e s u l t s  due t o  co r ros ion  i n  t h e  furnace environment. The t h i r d  group 
cons is ted  o f  cova len t  ceramics such as A1N and graph i te .  These gave 
p o s i t i v e  r e s u l t s  main ly  due t o  t h e i r  c o m p a t i b i l i t y  w i t h  t h e  furnace 
environment, and t h e i r  l a c k  o f  r e a c t i v i t y  w i t h  the  c a t a l y s t .  

iii) Reaction Temperature 

The r e a c t i o n  temperature was va r ied  f rom about '350°C which i s  t he  
m e l t i n g  p o i n t  o f  t he  c a t a l y s t ,  t o  1200°C. The lower  temperature range o f  
t1000"C r e s u l t e d  i n  the  format ion o f  by-products associate w i t h  the  
co r ros ion  o f  t h e  c a t a l y s t .  A t  temperatures between 1000 - 1100°C con ica l  
shape whiskers submicron i n  diameter, 10-20 micron long, were produced 
along w i t h  nodular  s t r u c t u r e  coat ings.  The con ica l  shape o f  t h e  whiskers 
i s  be l ieved t o  r e s u l t  by a simultaneous growth o f  t h e  whiskers and 
co r ros ion  o f  t he  c a t a l y s t .  An SEM micrograph o f  t h e  whiskers i s  shown i n  
F igure  2. 

A t  temperatures o f  1100 - 1200°C c y l i n d r i c a l  shape whiskers were 
grown w i t h  a diameter range o f  1 - 5 microns and a l e n g t h  o f  50 - 100 
microns. These whiskers have a smooth sur face morphology. SEM 
micrographs o f  t h i s  product are shown i n  F igure  3 .  A c a t a l y s t  d r o p l e t  
appears t o  e x i s t  on the  t i p  o f  the  whiskers i n d i c a t i n g  t h e  VLS growth 
mechanism. The f a c t  t h a t  t he  cor ros ion  o f  t he  c a t a l y s t  i s  avoided r e s u l t s  
i n  h igher  growth dens i t y  o f  t he  whiskers. 

i v )  Gas Composition 

The composi t ion o f  hydrogen was found t o  have a s t rong e f f e c t  on the  
growth and morphology o f  t he  TiB, whiskers. A t  gas composi t ion of 
TiC1,:BBr,:H2 = 1:2:10 con ica l  shape whiskers were produced. A t  gas 
composi t ion o f  TiC1,:BBr3:H, = 1:2: - > 50 c y l i n d r i c a l  shape whiskers were 
produced. 
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I I .  Process development 

The bas i c  condi t ions  necessary f o r  the growth of TiB, whiskers a r e  
shown i n  Table 2 .  These condi t ions  were used t o  s tudy o t h e r  process  
parameters f o r  the production of l a r g e  q u a n t i t i e s  o f  whiskers.  The 
parameters t e s t e d  were: 

i )  Surface a rea  
i i )  Gas Flow Rate and Concentration 

i i i )  Ca ta lys t  Concentration 

The e f f e c t  of each of t hese  parameters i s  d i scussed  below. 

i )  Surface Area 

The su r face  a rea  f o r  t h e  growth of t h e  whiskers was increased by 
means of f l e x i b l e  Gra fo i l .  The Grafoi l  was shaped in  t h e  form of a hollow 
tube  i n s e r t e d  i n s i d e  the quar tz  tube.  However, not a l l  t h e  a v a i l a b l e  a rea  
becomes e f f e c t i v e  in  growing whiskers.  The growth i s  higher  on t h e  a rea  
c l o s e r  t o  t h e  gas  input  po r t s  and decreases  sharp ly  t h e r e a f t e r .  

i i )  Gas Flow Rate and Concentration 

The t o t a l  gas flow r a t e  was increased by increas ing  t h e  flow r a t e  of 
the precursor  s a t u r a t i o n  gas (He) and hydrogen t o  a t o t a l  of 2 .5  LPM. 
T h i s  r e s u l t e d  in  increas ing  t h e  e f f e c t i v e  a rea  of growth f u r t h e r  away from 
the input  p o r t s .  The concent ra t ion  of T1C1, and BBr, in  the input  gas  
stream was increased by increas ing  t h e  s a t u r a t i o n  temperature  of the 
precursor  l i q u i d s ,  

i i i )  Ca ta lys t  Concentration 

The amount of c a t a l y s t  ysed t o  grow TiB, yh i ske r s  was var ied  from a 
monolayer o f  ab;ut 0.02 g/in t o  about 0 .2g/ in  . Cata lys t  concent ra t ion  
above 0.05 g/in d id  not result in  any inc rease  i n  t h e  growth d e n s i t y  of 
the whiskers s i n c e  growth pr imar i ly  occurs  on the su r face  of  the c a t a l y s t  
l a y e r .  The growth o f  the whiskers on t h e  su r face  only,  r e s u l t e d  in  
l imi t ed  whisker y i e l d .  

111. Charac te r i za t ion  

The products  and by-products of t h e  r eac t ion  were cha rac t e r i zed  by 
, EDAX, and XRD. Using $EM t h e  morphology and s i z e  d i s t r i b u t i o n  of 

the whiskers were determined. Ry means o f  EDAX t h e  composition of the 
c a t a l y s t  b a l l s  and m e t a l l i c  impur i t ies  on t h e  su r face  of the whiskers were 
de t ec t ed .  As produced whiskers on the g r a f o i l  su r f ace  were examined by 
X-ray d i f f r a c t i o n .  An XRD spectrum o f  t h e  whiskers i s  shown in  Figure 4 ,  
and i s  compared t o  a s tandard f i l e  f o r  T i B  from JCPDS. Samples from our  
whiskers were sen t  t o  QRNL and t o  t h e  Army 6 a t e r i a l s  Technology Laboratory 
f o r  a n a l y s i s  by TEM.  
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I V .  Conclusions 

Keramont has demonstrated a basic technology to produce TiB, whiskers 
by the VLS mechanism by means o f  a less expensive catalyst. The whiskers 
were observed to grow mostly on the surface o f  the catalyst layer and 
limited the production yield with the present installation available. I t  
has been concluded that a new system for precursor gas mixing and 
distribution in the bulk volume o f  the catalyst layer will be necessary. 
A new furnace design with increased growth capacity would be necessary to 
grow large amounts o f  whiskers. 

Status of milestones 

Samples o f  TiB, whisker product have been delivered to ORNL and the 
Army Materials Technology Laboratory. A 5.09 sample o f  TiB, whiskers will 
be delivered to ORNL in the first week o f  November. 

Composites o f  a-SiC/TiB whiskers will be delayed t o  produce due t o  
insufficient quantities o f  wfiiskers produced. 

Pub1 ications 

Our work on this contract has been presented at the annual DOE 
Automotive Technology Development Contractors’ Coordination Meeting, 
October 23-26, 1989, Dearborn, Michigan. 
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Figure 2. SLM Micrograph o f  conteal shape VLS Ti82 whtskers. Growth 
temperature 1000°C. 
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Figure 3. SEM Micrographs o f  VLS TiBzwhiskers. Growth temperature 1150°C. 
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Tab1 e 1. Summary of Experimental Results from Whisker Growth Development. 

Catalyst 

Eutectic Composition at -950°C. 
Catalyst Ball at Tip of Whiskers. 
Very Efficient But Easily Corroded. 

Substrates 

Oxides (A1,0,, SiO,): Negative 
Metals: Negative (corrosion) 
Covalent Ceramics (AlN, Grafoil): Positive 

Temperature 

t1000"C: No Whiskers, By-products. 

<11OO"C: Conical Shape Whiskers, Submicron Diameter 10-20 

<1150"C: Cylindrical Whiskers, -3 micron diameter 10-100 

Microns Long, Rough Surface. 

microns long, smooth surface. 

Gas Composition 

Low H, Concentration : Catalyst corrosion, conical shape 
whiskers, low growth density. 

High H, Concentration: No catalyst corrosion, cy1 indrical 
shape whiskers, high growth 
dens i ty . 

Precursor Gas Composition : Ti Cl,/BBr, - 1/52 

PRESENCE OF OXYGEN HINDERS WHISKER GROWTH 
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Table 2. Standard Condit ions f o r  Growth o f  TiB, Whiskers. 

Temperature: 1150°C 

Substrate: Gra fs i  1 

Ca ta l ys t  
Concentrat ion:  0.05 g/in2 

Gas Composition: TiC1,:BBr,:H2 = 1:2:50 

Gas Flow Rate: 2.0 LPM 

Reaction Time: 2 h rs  
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1.1.2 Silicon Nitride 

Sinterinn of Silicon Nitride 
G. W. Gazza (U. S. Army Materials Technology Laboratory) 

0 biec tive/Sco pe: 

The program is concentrating on sintering compositions in the Si,N,-Y,O,-SiO, system 
using a two-step sintering method where the nitrogen gas pressure is raised to 7-8 MPa 
during the second step of the process. During the sintering, dissociation reactions are 
suppressed by the use of high nitrogen pressure and cover powder of suitable composition 
over the specimen. Variables in the program include the sintering process parameters, 
source of starting powders, milling media and time, and specimen composition. Resultant 
properties determined are room temperature modulus of rupture, high temperature stress- 
rupture, oxidation resistance, and fracture toughness. Successful densification of selected 
compositions with suitable properties will lead to densification of injected molded or slip 
cast components for engine testing. 

Technical Progress 

In order to produce the complex shapcs required for engine testing of ceramic 
components, slip casting processes are being explored for selected compositions. A 
cornposition focused on at this point in the program for extensive evaluation is 85.8m/o 
Si3N,-4.73rn/o Y203--9.47m/o SiO,, designated as composition number 39. It was found 
previously that sintering could be promoted for the same compositions of interest if l.Om/o 
of M0,C was added to the starting composition. Also, the Mo,C particles were fine enough 
and well distributed, their presence as reacted MoxSiy particles in the body would not serve 
as fracture origins under fast fracture conditions at as found for coarser Fe-base impurity 
inclusions (1). The particles appear to be well distributed in the microstructure and 
analytical microscopy performed at MTL and ORNL (2) did not detect the presence of Mo 
in thc Y,Si,O, grain boundary phasc which was determined to be comprised of inter- 
connecting single crystals. Stress-rupture results obtained previously in this program 
demonstrated that the base composition shown above with lm/o Mo2C, lasted 750 hours 
under 300 MPa flexure stress at temperatures of 1200°C and 1250°C. Examination of the 
specimens alter stress-rupture testing revealed some permanent strain in the bars. At 
1250"C, after 950 hours, permanent strain readings ranged from 0.15-0.25%. STEM 
micrographs taken at ORNL (2) showed some cavitation in strcss-rupture specimens at 
triple points and at a Mo,Si, particle. In addition to grain boundary sliding at the 
graidgrain boundary interface, the softening and deformation of the pyrosilicate phase itself 
i s  suspected to significantly contribute to high temperature creep behavior. 

Slin Casting Additive Stabililv: 

During this period, investigation of slip casting techniques and additives continued for 
casting the 85.9m/o Si3N,-4.7m/o Y,03-9.4m/o SiO, composition with and without 1 m/o 
Mo,C additions. Several experiments were conducted to determine which slip casting 
additives would burn out cleanest and in which environmental condition should the burnout 
be performed, e.g., air, vacuum, or nitrogen. It was determined whether the additives 
vaporized or pyrolyzed requiring further removal of residual, typically carbon. After air 
firing the lignosol, however, some brownish-yellow residue remained. It is believed to be a 
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sulfur containing compound. Although SORE additivcs may play more than one role in the 
slip casting process, the additives studied were generally classified into four categories; 
defoarners/surfactants, bindcrs, plasticizers, and deflocculants/dispersants. Table I identifies 
each additive and indicates its behavior when fired under different environmental conditions. 

As observed in the Table, when fired in a nitrogen atmosphere, only the glycerol 
vaporized while the other additives investigated pyrolyzed to a black residue. Under 
vacuum, the glycerol, oleic acid, XU§ 40303.00, and Triton DF-20 all vaporized while the 
others pyrolyzed. In air, a two cycle treatment was used. In the first step the additives 
were heated to 400°C for 2 hours and then examined to determine their condition. The 
glycerol had disappeared while the others had pyrolyzed to a black residue or for lignosol, a 
brownish-yellow residue, The temperature was then raised to 
'The residues of the oleic acid Darvan $21A, XUS 40303.00, methocel 20-214, and Triton 
DF-20 were oxidized away while some residue remained for the Antifoam Emulsion €3, 
polyvinyl alcohol, and lignosol. 
in a 1:l ratio with some of the other additives to determine the behavior of the mixtures 
under different firing conditions. The results are shown in Table 11. Under vacuum, at 
600°C for 1 hour, the glycerol/Darvan 821A mixture and glyccrol/polyvinyl alcohol mixtures 
both pyrolyzed while the glycerol/polyethylene glycol mixture vaporized, In air, the mixtures 
shown in Table IT fired under this condition all pyrolyzed but could be oxidized away at 
400°C for 60 hours. 

Since the glycerol could be easily vaporized, it was mixed 

Slip Casting 

Various slurries were prepared using TOSOH 73-10", Siconide M1152**, and a 
-I*** manufactured silicon nitride powders. Although the primary powder uscd in this 
study is from TOS H, the others were used for comparison because of their broader 
particle size distribution, di€ferences in chemistry, and differences in method of  manufacture. 
The compositions of the slurries are shown in Table I11 which include the particular Si,N, 
powder used, Y203 and SiO, additives, and the various slip casting additives used to form 
the slurries. In every case except the Siconide S4 slurry, Darvan 821A was used as the 
dispersant. Darvan C was used in S4. The slurries were prepared by a milling and stir 
blending procedure to promote the uniform distribution of additives and the removal of 
entrapped air from the slurry. Solids loading ranged from 60-68% but most values were 
near 65%. Viscosity measurements were taken for each slurry in a Brookfied viscometer. 
In Figures l a  and 1b the slurry viscosity (Pas) is shown for different shear ratcs. Different 
spindles were used for data generation in Figure l a  vs l b  plots producing different shear 
rate levels. Thus far, only the 1'52 slurry was used in both spindlcs. As seen in Figure la, 
the viscosities are lower for the TOSOH slurries than for the Siconde based slurries. This 
is not unexpected due to the much broader particle size distribution of the Siconide Si,N, 
powder. Although each slurry has a somewhat different additive level, slurries TS1 and S3 
are similar expect for the source of the Si$, powder. They are not compared directly on 
either l a  or l b  but can be compared indirectly from the TS2-S3 relationship in Figure l b  
and the TS2-'E1 relationship in Figure la. The lower viscositics for S1 and S2 compared 
to the TS2 in Figure l b  may be due to the higher water content and lower XUS binder 
content of S1 and the higher Darvan content of S2. Subsequent to viscosity dctcrminations, 
the remaining portion of each slurry was slip cast into a disc shapc approximately 5cm in 
diameter x 1 cm thick. Although some cracking of the discs frequently occurrcd, "green" 
densities measured on pieces from the disc were in the 1.60-1.70 g/cc range. A series of 
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burnout and sintering studies are underway to determine burnout cycles and which 
combination of additives and concentration level will produce the densest sintered compact. 

* TOSOH Corp., Tokyo, Japan 
** KemaNord Ind., Stockholm, Sweden 
*** Kawecki Berylco Industries, Inc., Boyertown, Pa. (not currently a Si,N, supplier) 

IJnfortunately, progress is still being hindered by the unavailability of a 10 MPa 
overpressure sintering furnace requiring repair. 

References 

(1) Pasto, k E., "Causes and Effects of Fe-Bearing Inclusions in Sintered Si,N;, 
Communications of the American Ceramics Society, Sept., 1984, C178-180. 

(2) Allard, L., Ceramic Technolgy for Advanced Heat Engines Project Semiannual Progress 
Report for Oct. 1988-March 1989, pp. 19-20. 

Status of Milestones 

A. Evaluate slip casting methods for compositions of interest. Focus on pressure slip 
casting techniques. Slip cast specimens have been produced with "green" densities 
approximately 50% T.D. Various surfactant, dispersant, and binder additions are being 
evaluated. 

B. Generate "green" bodies of silicon nitride with pyrosilicate grain boundary phases. 
Sinter specimens using high gas pressure, two-step, cladless sintering method. 

C. Complete database of properties using sintered specimens from slip cast bodies. 
Camplete microstructural examination of sintered material. Write final report. The 10 
MPa gas pressure sintering furnace is unavailable and will not be ready for operation until 
early in 1990. 



Table I .  Effect of Heat. Treating Environment on the Stability of 
Additives Used €or the Slip Casting Process. 

Additive 
nitrogen 

glycerol 
oleic acid 
Darvan 8 2 1 A  
XUS 40303.00 
Antifoam Emulsion B 
polyvinyl alcohol 
methocel 20-214 
Triton DF-20 
menhaden oil 
1 ignosol 

vaporized 
pyrolyzed 
pyrolyzed 
pyrolyzed 
pyrolyzed 

pyro 1 yzed 
pyr o 1 yz e d 

pyrolyzed 

-------- 

(nitrogen and vacuum -- 600Cll hr. 

Environment 
vac'uum air 

vaporized 
vapor I zed 
pyrolyzed 
vaporized 
pyrolyzed 
pyr o 1 yzed 
pyr D 1 yzed 
vaporized 
pyrolyzed 
pyrolyzed 

vapor-or oxid. 
pyrolyzed/oxid. 
pyrolyzedfoxid. 
pyrolyzed/oxid. 
pyrolyzed 
pyrolyzed 
pyrolyzedloxid. 
pyrolyzed/oxid. 

pyrolyzed 
---__I_---_- 

air--400Cf2 hr.;600C/24 hr.1 

Table 1 1 .  Effect of H e a t  Treating Environment on t h e  Stability of Mixed 
Additives Used for the Slip Casting Process 

Additive Environment 
vacuum air 

glycerol/Darvan C -------- 
glycerol/XUS 40303.00 
glycerol/menhaden oil ----_--- 
glycesol/Darvan 8 2 1 A  pyrolyzed 
glycerol/polyvinyl alc. pyrolyzed 
glycesallpolyethylene glycol vapor i red 

-------- pyrolyzed/oxid. 
pyrolyzed/oxid. 
pyrolyzed/oxid. -__----------_- 

(vacuum--SOQC/l hr. air--4UUC/60 hrs.) 



Table 1 1 1 .  Slurry Compositions Using TOSOH IS-10, Siconide Mt152, and 
KES'I Silicon Nitride Powders (amounts in volume XI. 

Materia 1 K1 TS 1 

Si 3N4 36.08 34.73 
Y203 1.85 1.70 
Si02 2.25 2.17 
H20 56.75 57.44 
glycerol 1 - 3 0  1 .25  
Darvan 821A 0 . 1 5  0 .14  
XUS 40303.00 1 .62  2.50 
Darvan C ---- _ _ - -  

Slurry Designation 
TS 2 51 5 2  s3 S4 

32.68 31.94 34.70 34.73 38.04 
1.67 1.64 1.78 1.78 1.95 
2.04 1.99 2 . 1 6  2.17 2.37 

59.92 61.72 57.38 57.44 5 3 - 3 3  
1.17 1.15 1-25 1.25 1.37 
0.15 0.13 0.23 0.14 ---- 
2.35 1.44 2.49 2.50 2.74 

---- ---- 0 . 2 1  ---_ ---- 

s5 

39.97 
2.05 
2 . 4 9  

52.45 
1.44 
0.16 
1.44 __-- 

w 
0 
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S y n t h e s i s  o f  Hi9h Purity Sinterable S i  A& Powders 
G. M. Crosbie, J. M. Nicholson, R.  L .  bredmesky, and E .  L .  Cartwright 
(Research Staff, Ford Motor Company, Dearborn, Michigan) 

Object i ve/scope 

The goal of this task is to achieve major improvements in the quanti- 
tative understanding of how to produce sinterable Si3N4 powders having 
highly controlled particle size, shape, surface area, impurity content and 
phase content. Through the availability of improved powders, new ceramic 
materials are expected to be developed to provide reliable and cost- 
effective structural ceramics for application in advanced heat engines. 

Of interest to the present powder needs is a silicon nitride powder 
of high cation and anion purity without carbon residue. 

The process study is directed towards a modification of the low 
temperature reaction o f  Sic14 with liquid NH3 which is characterized 1) by 
absence of organics (a source of carbon contamination), 2) by pressuriza- 
tion (for improved by-product extraction efficiency), and 3)  by use of a 
non-reactive gas diluent for Sic14 (for reaction exotherm control). 

In the "further development" phase begun October 1987, our goal is to 
test for unique properties o f  the ceramics sintered from the low carbon 
powders, before committing to a pilot plant of the 110 L scale designed. 
In view of powder quantities needed to allow tests of the ceramics, the 
major task is t o  design and implement a scaled-up version of the silicon 
nitride synthesis processing equipment to produce greater amounts of 
powders with high cation and anion purity and low carbon residue. 

Technical Droqress 

Introduction 
based ceramics are often considered to represent the 

toughest o f  the high-temperature (above 1000°C) mono1 ithic ceramics 
intended for advanced heat engine use. Also, due to a desirable 
combination of lower temperature properties (wear resistance, low density, 
high hardness, and toughness), the nitride ceramics are already finding 
commercial applications in certain passenger vehicles. 

Ceramic reliability and cost depend on powder qualities and 
subsequent processing. Because powders can 1 imi t the capabi 1 i ty to 
achieve unique sintered properties and to fabricate complex shapes, the 
availability of appropriate powders is critical t o  advanced ceramics 
research. In the case of silicon nitride ceramics, the powder purity is 
especially important, since a low solubility in silicon nitride for many 
impurities leads to high concentrations of those impurities in grain 
boundary phases. Also, carbon residues (which are found in some otherwise 
high purity powders) are considered to be detrimental t o  second phase 
oxynitride development, thermal stability, and mechanical properties. 

Silicon nitride 

Previous work 
publication,l the primary points of reference for 

the previous process work are the. 1986 and 1987 Automotive Techn logy 
Development Contractors' Coord'n t 'on Meeting proceedings p a p e r ~ ~ 9 ~  and 
the previous semiannual reports. 

In the previous lab demonstration work, we prepared a novel process 
flowsheet for preparation of Si3N4 with a block flow diagram and a 

Along with a 1989 
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mathematical model of mass and heat balances for the "vapor chloride-- 
liquid ammonia" process. We observed that the cooling from latent heat of 
vaporization of NH3 more than offsets the heat of reaction at O°C and 75 
psig. 

Powder characteristics met or were approaching target values. Key 
results were achieved in the areas of phase and microstructure, and carbon 
purity. SigNq powder was produced with phase content, particle size and 
shape which are close to those characteristics considered desirable for 
pressureless sinterabil fty. 

Specifically, the powder derived by thermal decomposition of an 
intermediate imide product (from reaction of Sic14 with liquid NH3 at O°C 
and 75 psig) was principally alpha silicon nitride (as determined by x-ray 
diffraction, which has little sensitivity to amorphous phases) with 
crystallite size of 0.2 to 0.3 micron and primarily equi-axed particle 
shape. 

The process was identified to have features which are important for 
scale-up. Key features of near-neutral heat balance and 1 iquid-1 i ke 
materi a1 s hand1 ing were demonstrated. 

Also, improvements were achieved in yield, laboratory production 
rate, cation purity, and alpha/beta ratios. 

In the extension period work, we prepared a pilot plant design for 
the "vapor-chloride - liquid ammonia" process, carried out additional 
process development including the "1 iquid chloride - liquid ammonia" 
direct reaction, campaigned runs to test process stability, carried out 
sintering tests, and reported on a new analytical method for 
discriminating amorphous and crystalline phases in silicon nitride 
powders. 

Previous pre-pi lo t  plant work 
In the "further development" phase begun in the prevfous period, we 

increased reactor volume, took steps to improve quality o f  sealing of 
vessels and piping, and incorporated direct mechanical agitation while 
under pressure. By thSs means, we have e uiprnent to produce 100 g lots of 
powder (by liquid-liquid and vapor-llqui 3 rowtes) f o r  sintering tests and 
characterization of the sintered materials. 

Through joint work with am eng eering firm, the 4 L scale skid- 
mounted imide reactor system was installed in a dynamometer test cell and 
pressure tested to 225 psig (1.65 MPa absolute) with nitrogen in March 
1988. 

We found evidence for rapid rinsing out of the chloride by-product 
with the use of agitation. We installed additional subsystems to the pre- 
pilot plant, found high oxygen cantents in initial nitride powders 
produced, and extended transient flow modeling of the saturator. 

With the liquid-chloride--liquid amonia reaction, we obtained 
(0.1 um particle sizes and substantial co ent of fibrous morphology. 
Through He leak testfng in the presence o f  1 ufd amonia, changes were 
identified and made in O-ring fitting seals and the line to the condenser. 
Even with discounting of 5% for surface adsorbed oxygen, the powder had 
4.5% oxygen contamination. 

Summary of current period work 
The first vapor-chloride--1 iquid ammonia runs were made. Equi-axed 

microstructures were obtained which were similar to those of the 1986 lab 
demonstration phase product. By use of the revised saturator-mixer 
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design, the vapor inlet stayed clear through multiple runs. Through 
improvements to the agitator seal and infrared handling, the intermediate 
product o f  the vapor reaction with liquid ammonia was shown to be the same 
imide as obtained by Billy, et al. (1975). Thermal decomposition led to a 
nitride without the Si2N20 phase previously seen. A pressureless sintered 
density of 88% of theoretical was obtained. 

Pre-pilot operation 
In this period, a notable improvement was made in particle morphology 

and size. These improvements are attributed to operation of the pre-pilot 
plant for the first time with the patented vapor-SiCl4--liquid-ammonia 
process. The vapor-liquid process was developed in the preceding CTAHE 
subcontract. The pressurized 1 iquid-SiC14--1 iquid-ammonia process had 
been used in earlier pre-pilot periods. 

In the scanning electron micrograph, Fig. 1, the powder is seen to be 
free of fibrous content which was seen in previous 1iq.-liq. reaction 
products. The equi-axed grains are submicron in size, but not so fine as 
to impede ceramic processing. An x-ray step-scan is shown in Fig. 2. 

Aside from the product powder qualities, other important features 
observed in running the vapor-chloride--1 iquid-ammonia process were the 
absence o f  build-up in the Sic1 inlet tube, adequacy of the condenser 

transfers), and an apparently higher Si3N4 product yield. Initial data 
were collected for testing of the saturator flow model, also. 

chiller, a more uniform imi ! e intermediate (facilitating slurry 

Figure 1. Scanning electron micrograph of Batch 5437-37. Equi -axed 
crystallites are present of a size less than 1 Am, but not finer than 
0.2,um. (Photography courtesy of W .  T. Donlon.) The microstructure is as 
good or better than those of the smallest scale lab demonstration 
apparatus of the prior subcontract (in 1986). 
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Figure 2. Step-scan x-ray diffraction scan of 5437-37. By peak 
integration, the Si N20 content was determined to be 8%. (Courtesy of C. 

of alpha/(alphatbeta) ranged from 84% to 90%. (The prior periods' method 
from peak height from a continuous trace gave alpha/(alphatbeta) of 96%.) 

In the June-July 1989 period, six vapor-chloride--1iquid-ammonia runs 
were made, including two in one week. These runs were used to initiate a 
parametric study of rinsing out of by-product NH4C1. Runs were made with 
six rinses, instead of the usual three. Another run was made with three 
rinses of 50 minute duration, instead of the usual 10 min. 
Alpha/(alphatbeta) ratios of  t e decomposition product ranged from 92% 'to 

the vapor chloride inlet to the reactor stayed 
clear. The exception was a case in which the gas at the reactor inlet was 
greatly supersaturated due to a deficiency in flow o f  gas bypassing the 
Sic14 saturator. In such a supersaturated vapor case, liquid Sic14 is 
expected to condense at the inlet, to react with NH3, and to form a hard 
plug, as was observed in this one exceptional case. 

Upgrades were made in the agitator seal and heat transfer items. A 
chip which was found in the ceramic rotating face probably led to seal 
leakage. Chiller lines which feed the vessel jackets were insulated 
against ambient heat. The heat transfer fluid in the system condenser was 
changed, with improvement in condenser cooling (and reduced loss of 
ammonia with the carrier gas flow). 

R. Peters.) Depen 8 ing on preparation (dry or acetone dispersion), ratios 

97% by the peak height method. P 
Except for one case, 

~~ ~ 

Peak height method attributed to H .  D. Blair (Ford Research,l987): 

34.51° (2.599 A) 

33.59O (2.668 A) 

%alpha/(%beta+%alpha) = 100% X 1.75 X alpha2 / ( 1.75 X alpha2 t beta2 ) 
where alpha2 = average of I(alphal02) and I(alpha210) 

35.24O (2.547 A) 

36.04O (2.492 A) 
beta2 = average of I(betalO1) and I(beta210) 
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Because reactor gas tightness was decaying over many runs, steps were 
taken to improve the agitator mechanical seal. Efforts by the reactor 
manufacturer to repair the seal led twice to rapid failures upon NH3 
exposure. We machined a new shaft and installed it according to the 
intended seal i ng practice. 

To answer the question of whether the seal repair was sufficient, an 
infrared analysis was made of the imide intermediate product (Fig. 3 . )  
We made two trials of infrared spectrophotometry of imide intermediates 
produced in Runs 5437-53 and 5437-55 with the new sealing. Though a new 
glovebox was used in both cases, only in the case of complete anaerobic 
handling of the IR pellet (5437-55)  was the spectrum of Si(NH)z found. 

In Fig. 3 ,  the experi ental intermediate imide is compared with a 
reference Si (NH) In the sister sample (5437-53)  without as 

spectral range was a large Si-0 absorption at 1045 cm- 

spectrum.y 

P complete anaero 2 ic handling (not shown), the maj r feature in this 

Fiaure 3 .  

I I I I I 1 I 

... . I  

, .  . .  

1200 1000 800 
Wavenumber (cm-l) 

ComDarison o f  infrared transmittance sDectra: a) 
ExperimGntal intermedike from Run 5437-55 (anaerobic method cour esy o f  

The necessary handling involved sealing the KBr-imide mixture in a 
pellet press in the glovebox, pressing under vacuum, and transferring the 
pellet to a KBr-window chamber for insertion into the spectrometer. (The 
sample handling equipment and direction for this preparation were provided 
by C. K. Narula, Ford Research.) 

C. K. Narula) and b) Si(NH)2 adapted from M. Billy, et al. ( 1 9 7 5 ) .  4 
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The good comparison to reference imide is evidence that the seal 
repair i s  sufficient to make a low-oxygen-contamination imide by the 
chlor ide-vapor-- l iquid-ammonia process under pressure. This, i turn, 
shows that the same compound can be formed as for Billy, et a1 . ,9 under 
the higher temperatures and pressures and the vapor process that we used. 

Thermal decomposition of the intermediate (under a dilute nitrogen- 
ammonia gas mixture) led to a high alpha 5i3N4 with little, if any, 
Si N20, by x-ray diffraction (Fig. 4). With reduced oxygen content so 

the baseline pressureless sintering study,g a ceramic density o f  88% 
theoretical was obtained frotn the 5437-55 powder. 

aoo 

in ii icated, sintering tests were resumed. Fol owing the procedure ‘‘DO” of 
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Figure 4 .  Step-scan x-ray diffraction scan of 5437-53 nitride. No 
peaks for Si2N20 are visible. 

Pre-pilot plant yield 
High process yields are important for credibility o f  cost estimates 

which have been made. With the care taken to avoid ambient exposure of 
the liquid precursors, it i s  not possible to simply weigh the Sic14 before 
and after a run is made. Through the use o f  records, estimates of input 
Sic1 vapor (and the Si3N4 equivalent) have been made. In spite o f  a 

saturator is a function o f  total pressure, which varies somewhat during a 
run. A plot of the estimate of equivalent instantaneous Si3N4 production 
rate for the first sub-run o f  run 5437-43 is then calculated, based on an 
assumption of pickup o f  100% of the Sic14 vapor pressure at the saturator. 

The curve for the complete run is numerically integrated t o  obtain a 
value of 36.5 g for the run. The amount o f  product recovered was 29.1 g, 
without adjustment for imide intermediate sampling and without 
compensation for some oxygen Contamination. Thus, a yield value of 80% is 
calculated. This yield points to the reasonableness of the assumptions of 
complete reaction for the gas flow rates, turbine agitator speed, and 
vapor depth of introduction which were used. 

Liquid-chloride--1iquid-ammonia runs earlier in the April-Sept. 1989 
Four of five liquid-liquid runs in this period were lost. In two 

cases (5437-33 and 5437-35), the intermediate product slurry would not 
flow out of the product holding tank to the thermal decomposition tube. 

(Courtesy o f  C. R .  Peters, Ford Research.) 

stea A y carrier gas flow rate, the amount of vapor picked up in the 
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In two other cases (5437-27 and 5437-31), the thermal decomposition vessel 
perforated (and exposed the powder to air) after contact with the LaCr03 
heater bars. 

In run 5437-29, powder was produced with an alpha/(alpha+beta) ratio 
of 90% (by peak height). The nitrogen content was 35% (relative t o  
stoichiometric Si N4 at 40%) and the oxygen content was 9%, both by the 
Leco methods. d e  product amount of 8 g resulted from Sic14 sufficient 
for 120 g. (All input measures are subject to assuming metering vessels 
fi 11 completely. ) 

Process comparison: 

and the pressurized vapor-liquid route to form Si3N4: 
A comparison can be made between the pressurized liquid-liquid route 

Li q . Si C14- Li q . NH3 Vap.SiCl4-Liq.NH3 

Raw mater i a1 s : 
Si C14 
carrier gas 
ammon i a 

Reaction: 
heat 
reaction time 
inlet residue 

Condenser: 
exhaust 
heat loading 

Slurry transfer: 
ease of piping 
consistency 

Dry intermediate: 
smoothness 

Si 3N4 product: 
morpho1 ogy 
part i cl e size 
yield 

injected 1 iquid 
none (only purge) 
1 iquid 

exothermic (to 7OoC) 
2 min 
hard packed, crusty 

clean 
always lagging 

sometimes no flow 
chunky, granul ar 

non - un i f orm, crusty 

f i bers and ul traf i ne 
wide, including u’fine 
low e.g. 7% 

injected vapor 
Yes 
1 iquid 

endotherm (to -1OOC) 
45 - 72 min 
soft, fluffy 

some packing 
maintained temp. 

Yes 
mil ky 

uniform, fluffy 

equi -axed 
submi cron, not u’ fine 
high e.g. 80% 

At the cost of recycling carrier gas and a longer reaction time, the 
vapor-liquid process leads t o  a powder feasible without fibers in a more 
desirable particle size range. 

Continuous process fl owsheet 
Extended discussions were held regarding data required for conceptual 

design of a continuous reactor scheme, in lieu of the semi-continuous 
operation o f  the pre-pilot plant. imide preparation 
and the high temperature decomposition were discussed with experienced 
outside personnel and possible additional economies identified. 

Schemes for both the 

Conclusions 
With vapor-chloride--liquid-ammonia operation of the pre-pilot plant, 

we can obtain equi-axed morphology particles and yields of 80%. The 
intermediate formed by the vapor-liquid reaction is the same as that 
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obtained by Billy, et a1.7 at lower temperatures and pressures. The inlet 
flow design we have used has kept the vapor inlet clear. On thermal 
decomposition of the intermediate, alpha silicon nitride i s  formed, with 
no apparent Si2N20. One sample tested sintered to 88% of theoretical 
density. 

Status of Milestones 
This two-year follow-on contract was initiated October 1, 1987 for 

the "Further ilevelopment of Synthesis of High-Purity Sinterable Si1 icon 
Nitride (Si3N4) Powders for Application in Ceramic Technology for Advanced 
Heat Engines Project. I' 

In this period, the visits to the pre-pilot plant by potential 
licensees (previously designated as acceptable by the Government) 
furthered the intent of the milestone of initiating discussions which was 
met in the June-July 1989 period. Other milestones are on schedule. 
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Microwave Processing of Silicon Nitride 
T. N. Tiegs, H. D. Kimrey, J. 0. Kiggans, and E. C. Dickey (Oak Ridge National Laboratory) 

The objective of this research element is to identify those aspeds of mic 
processing of silicon nitride that might (1) accelerate densification, (2) permit sint 
density with much lower levels of sintering aids, (3) lower the s ~ n ~ e ~ n ~  te 
(4) produce unique microstructures. The in~estigatio~ of microstructure developm~~t  is being 
done on dense silicon nitride materials annealed in the ~ i c r o w ~ ~ e  furnace. The sintering of 
silicon nitride involves two approaches. The first approach comprises heating ob silicon nitride and 
sialon powder compositions in the 2.45- or 28-GHz units. The second a p p r o a ~ ~  deals with using 
reaction-bonded silicon nitride as the starting material and is done entirely in the 2.45-GHz 
microwave furnace. 

. It has been established that ~ ~ ~ r o w a v e  heating can 
cesses, such as sintering and grain growth. This could be 

used to manipulate the microstructures of Si3N4 and sialon materials for improved properties. 
Potential benefits include (1) increased fracture toughness or inhibition to crack propagation by 
promoting acicular &grain growth, (2) improved high-~e~pera~ure strength due to crystallizaliion of 
glassy grain boundary phases that are normally present in these materials, and (3) higher 
hardness and high-temperature strength by being able to fabricate materials with lower than 
normal sintering aid contents and/or more-refractory sintering aids. Additional benefits of 
increasing the fracture toughness would be to reduce the variability and scatter in mechanical 
properties by reducing the flaw sensitivity of the materials. Also, by increasing the hardness of the 
materials, an improvement on the wear resistance should be observed. The sintering aids used in 
the Si3Nq and sialon materials influences the way in which the microstructure can be ~ a n ~ p u ~ a ~ ~ d .  
To get a wide range of sintering aid levels, samples of Si3N4-4% Y2O3, Si3N4-6% Y2U3-2% A1$J31 
Si3M4-12% Y203-4% AI203 and sialon-2% YAG were hot-pressed to full density and annealed 
both by microwave and conventional heating at 1200,1400, and 1500°C for times of 10 and 20 h. 
The range of compositions was intended to give a wide range of glassy, grain-boundary phases to 
study the effects of crystallization and grain growth. The microwave annealin 
2.45 GHr.  

through 5 for the various compositions. As shown, the microwaved samples g 
increases in the elastic modulus compared with ~ o n v ~ n t ~ ~ n a ~ ~ ~  annealed spec 
relative changes in elastic modulus are indicative of greater crystallization of gl 
boundary phases by the use of microwave annealing. This effect was more evident in the 
compositions with higher amounts of sintering aids. 

X-ray diffraction was performed on specimens as-fabricated and those annealed at 
1400°C for 10 h in the microwave and conventionally. Only minor differences were observed 
between the microwave- and conventionally annealed samples with the exception of !he 
Si3N4-12Y0 Y203-4% AI203 composition. These samples contained the greatest amounts of 
sintering aids, and the microwave-annealed sample showed an increased amount of sialon 
phases. 

X-ray study. Essentially no differences in grain size or fracture behavior were observed for the 
Si3Nq-4% “203, Si3Nq-6Y0 Y2O3-2% AI203 and SiqA12Q2Ng-Z0~3Y2O3-5A1203 cornpositions. 
However, the fracture surfaces of the Si3Nq-12% Y203-4% AI203 composition samples revealed 
that the microwave-annealed samples experienced enhanced grain growth along with the 

The results an the changes in elastic modulus with annealing are given in Tables 1 

SEM examination of fracture surfaces was performed on the same Sam 
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composition samples had a less-glassy appearance and a more-crystalline fracture surface as 
shown in Fig. 2. No large differences in the grain size are obvious in those samples. 

Table 1. Modulus results for hot-pressed Si3Nq-4% Y2O3 
after annealing by conventional and microwave heating 

Type Temperature Time Modulus Modulus 
anneal (“c) (h) as-fab. post- anneal 

Conventional 1200 10 294.8 295.3 
Microwave 1200 10 31 2.9 308.8 
Conventional 1200 20 294.8 295.1 
Microwave 1200 20 312.5 313.0 
Conventional 1400 10 309.2 31 0.3 
Microwave 1400 10 308 .O 312.4 
Conventional 1400 20 309.2 306.1 
Microwave 1400 20 308.0 307.8 
Conventional 1500 10 31 2.6 308.5 
Microwave 1500 10 312.5 308.1 

Table 2. Modulus results for hot-pressed Si3N4-6% Y2O3-2% 
AI203 after annealing by conventional and microwave heating 

Type Temperature Time Modulus Modulus 
anneal (92) (h) as-fab. post-anneal 

Conventional 1200 10 310.5 31 2.6 
Microwave 1200 10 300.6 307.9 
Conventional 1200 20 310.5 305.7 
Microwave 1200 20 300.7 304.9 
Conventional 1400 10 310.7 309.5 
Microwave 1400 10 295.7 305.2 
Conventional 1400 20 310.7 31 0.5 
Microwave 1400 20 295.7 305.6 
Conventional 1500 10 31 1.1 307.3 
Microwave 1500 10 300.7 309.9 
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Table 3. Modulus results for hot-pressed Si3N4-12% Y203-4% 
AI203 after annealing by conventional and microwave heating 

TY Pe Temperature Time Modulus Modulus 
anneal (“c) (h) as-fab. post-anneal 

Conventional 1200 10 298.6 306.7 
Microwave 1200 10 287.6 N.D. 
Conventional 1200 20 298.6 297.3 
Microwave 1200 20 287.1 302.7 
Conventional 1400 10 299.6 306.2 
Microwave 1400 10 292.5 304.6 
Conventional 1400 20 299.6 299.9 
Microwave 1400 20 292.5 N. D. 
Conventional 1500 10 298.2 294.2 
Microwave 1500 10 287.1 M.D. 

Table 4. Modulus results for hot-pressed Si&1202N6-2% 3Y2034A1203 
after annealing by conventional and microwave heating 

TY Pe Temperature Time Modulus Modulus 
anneal (“c) (R) as-fab. post-anneal 

Conventional 1200 1Q 252.8 250.7 
Microwave 1200 10 254.6 255.2 
Conventional 1200 20 252.8 249.3 
Microwave 1200 20 257.9 271 . I  
Conventional 1400 10 252.8 254.4 
Microwave 1400 10 254.7 253.7 
Conventional 1400 20 252.8 254.4 
Microwave 1400 20 254.7 266.7 
Conventional 1500 10 252.0 253.1 
Microwave 1500 10 257.9 267.9 

Table 5. Modulus results for hobpressed Si4.5A11.5O1.51\16.5-2% 3Y20y5A1203 
after annealing by conventional and microwave heating 

TY Pe Temperature Time Modulus Modulus 
anneal (“c) (h) as-fab. post-anneal 

Conventional 1200 10 283.3 281.8 

Conventional 1200 20 283.3 279.1 
Microwave 1200 20 283.6 287.4 
Conventional 1400 10 282.9 285.3 
Microwave 1400 10 284.9 294.3 
Conventional 1400 20 282.9 282.6 
Microwave 1400 20 284.9 296.8 
Conventional 1500 10 286.0 284.8 
Microwave 1500 10 283.6 288.2 

Microwave 1200 10 288.8 285.7 
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The results from the annealing study indicate an apparent enhancement of both grain 
growth and crystallization of glassy, grain-boundary phases in silicon nitride and sialon 
compositions with microwave annealing. Further examination of these processes will determine 
the effects of glass composition and the affect on mechanical properties. 

of silicon n i t w .  It was reported previously that coupling to Si3Nq-6Y0 Y283-2% 
A1203 is very difficult in the 2.45-GHz microwave furnace. Additions of TIC, TIN, and Sic improved 
the coupling; however, field nonuniformities resulted in cracked parts. In addition, the results 
showed that the sintering temperatures required are similar to those used in conventional heating 
and that liquid phases must be present. 

additions) and sialon were sintered in the 28-GHz microwave furnace. All of the samples coupled 
well, which was in contrast to the sintering attempts in the 2.45-GHz furnace. The results on the 
densification behavior are summarized in Table 6. As shown, the silicon nitride compositions did 
not achieve full density, while the sialon materials easily reached high density. Further tests will 
attempt to optimize the heating schedules for the silicon nitride compositions. The sialon samples 
sintered to full density in the 28-GHz furnace were tested for indent hardness and fracture 
toughness and compared with results from hot-pressed sialon material. Those results are 
summarized in Table 7. As indicated, the results show very little difference between hotpressed 
and microwave-sintered sialon materials. 

Additional samples of S3N4-6 % Y2O3-2% AI203 (with and without the TiN, and Sic 

Table 6. Summary of results on sintedng of silicon nitride 
in the 28-GHz microwave furnace 

Sintering Sintered density Fraction of 
temperature ("C) (g/cm3) theo. density Sample composition 

si3FJ4a 1750 2.930 90 
Si3N~a-2 W/Q Sic 1750 3.042 93 
Si3Nqa2 W/O XN 1750 2.968 91 

Si alo nb 1670 3.192 100 
Si alo nb 1650 3.1 20 98 

aSigNq with 6 wf YO Y203 and 2 vvt Yo A12O3. 
komposition Si4.5A11.504.5N6.5: Vesuvius Crucible, Grade AA Sinterable. 

Table 7. Summary of results on indent hardness and fracture toughness of sialon materials3 
fabricated by Rot-pressing and microwave sintering 

Sample 
Fabrication Indent Indent fracture 

temperature hardness tough n&ss 
("c) (GPa) (MPadm) 

Hot-pressed 1650 13.0 5.1 
M W Sintered 1650 12.0 5.1 
MW Sintered 1670 12.5 5.2 

aComposition Si4.5AI1.504.5N6.5: Vesuvius Crucible, Grade AA Sinterable. 

bonded s i l i w d e  (RBSN . Reaction-bonded silicon nitride offers many 
advantages over sintered silicon nitride. Previous results showed enhanced reaction rates for 

. .  
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nitridation in the 2.45-GHz microwave furnace. Specimens of different Si powder purity and 
particle size were nitrided both in the microwave and in a conventional furnace. Those results are 
summarized in Fig. 3. tt should be noted that the sample sizes were -100 g for the microwave- 
heated and -20 g for the conventionally-heated samples. The conventionally heated specimens 
were smaller because of furnace capadiy in that particular furnace. In any event, the nibidatian in 
the micrrrwave appears to be increased by at least a fador of 3 compared with the cmmntionaliy 
nitrided specimens. Increased nitridation is observed with higher-Fe-content and Smaller-particle- 
size Si powders for both the microwave- and the conventiona8y heated spedmens. Nitridation is 
also enhanced by the use of Y203 and &a sintering aids. Thus, direct nitridation of h~h-purity 
Si followed by a sintering step may yield dense silicon nitride. 

Further testing examined the effect of other dntehng aid$ on the nitridation rates. The 
samples were approximately 100 g of highpurity Si powder (< 0.05% Fe) and were heated in a 
total cycle time of 23 h to 1400%. These results are summarized in Table 8 and show not only 
the effect of the sintering aids but also of some processing variables. As shown, when the 
powders are wet milled in isopropanol, the nitrklation rate is decreased. Similar effects have been 
observed by other researchers with methanol.1 Increased nitridation With the use of Y 9 3 ,  MgO, 
or Ce@ compared with the Yfi-Al203 ambination indicates that the AI& may have an 
inhibiting effect on the nitridation readion. 

Table 8. Summary of results on effect of various sintering aids on the nitridation 
of silicon in the 2.45-GHz microwave furnace 

Sintering aid Mltiiflg Silicon weight Nitridation 
con t e nt procedure gain (%) reaction (%) 

None None 52.1 78 
6% Y203-2% AI203 Dv 57.3 86 
6% Y203-Wo A203 W8P 50.2 76 
6% Y203 W8P 55.1 83 
5% MgO W%P 55.9 84 
0% ceo;! W& 55.3 83 

Wet-milled in isopropanol. 
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Fig. 3. Summary of results on nitridation of silicon with microwave and conventional heating. 
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Silicon Nitride Milling Characterization 
S. G. Malghan, L. H. S. Lum and D. Minor 
(National Institute of Standards and Technology) 

Obiective/ScoDe 

Ceramics have been successfully employed in engines on a 
demonstration basis. The successful manufacture and use of 
ceramics in advanced engines depends on the development of reliable 
materials that will withstand high, rapidly varying thermal stress 
loads, Improvement in the starting ceramic powders is a critical 
factor in achieving reliable ceramic materials for engine 
applications. Milling of powders is an integral unit operation in 
the manufacture of silicon nitride components for advanced energy 
applications. The production and use of these powders require the 
use of efficient milling techniques and understanding of 
characteristics of the milled powders in a given environment. High 
energy attrition milling appears to offer significant advantages 
over conventional tumbling and attrition mills. 

The objectives of this project are to: (1) develop fundamental 
understanding of surface chemical changes taking place when silicon 
nitride powder is attrition milled in aqueous environment, and ( 2 )  
demonstrate the use of high energy attrition milling for silicon 
nitride powder processing, by developing measurement techniques and 
data on the effect of milling variables on the resulting powder. 
This study will provide data and models for effective application 
of high energy attrition milling to industrial processing of 
silicon nitride powder. 
procedures for physical and surface chemical characterization of 
powders and slurries involved in the milling process. 

It also will provide recommended 

Technical Propress - 

The technical progress covered in this report includes 
characterization of powder, and installation of high energy 
attrition milling system. 

Characterization of Startinq Powder - The characterization 
study of starting powders for milling was extended to Ube's SNE-3 
SNE-5 and SNE-10. 
surface chemical properties of the three powders. These data are 
useful in the interpretation of milling studies, especially when 
examining the effect of milling environment on the powder surface 
properties. The basic surface chemical properties (isoelectric 
point, IEP and zeta potential at a given pH) of aqueous suspensions 
of the as-received powders, aged powders, and anionic surfactant 
adsorbed powders were studied. 

The basic surface properties of ceramic raw materials and 
properties such as zeta potential, surface charge density and 
isoelectric charge (IEP) are important for slurry processing of 
these raw materials. 

Major emphasis was placed on obtaining basic 

Typically these properties are determined by 
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electrophoresis or streaming potential techniques. 
experiments the Matec ESA system was used for measuring the 
electrokinetic properties of the silicon nitride powders in aqueous 
environment. 

suspension of powder in water. 
motion between the particles and liquid, which generates a sound 
wave at the same frequency of the electric field. Each particle 
vibrating in the electric field generates sound waves which sum up 
to a coherent sound wave when many particles are involved. This 
effect is termed the "Electrokinetic Sonic Amplitude" (ESA). The 
ESA is the pressure amplitude per unit electric field generated by 
the particles (SI units pascals per volt per meter). 
directly proportional to zeta potential, in dilute suspensions. 

to 6.0. The IEPs increased as the fineness of the powder 
increased. This type of increase in IEP of the powders is most 
likely related to the extent of surface dissolution of the powders 
and parameters of the manufacturing process. Considering the 
degree of difference in fineness of the powders (SNE-3 to SNE-10 
change of surface area is 3 to 10 m2/g), the observed shift in IEP 
is considered to be minor. Based on these data, all three powders 
can be dispersed in aqueous environment in the pH ranges below 4 
and above 7. 

potentials) increased as a function of powder fineness. The SNE- 
10, being the finest powder, has the highest ESA value. However, 
in the basic pH range above 7, the ESA values are slightly 
disordered with respect to their surface areas. The ESA values of 
SEN-3 are between those of SNE-5 and SNE-10. This type of behavior 
is attributed to presence of impurities at the surface of the SNE- 
3 powder. 

polyacrylate surfactant and their surface chemistry was examined 
after 4 and 72 hrs. aging. Several important surface chemical 
changes were observed: 

In our 

In this method an alternating electric field is applied to the 
The electric field sets up relative 

The ESA is 

The as-received powders exhibited IEPs in the range of pH = 5.0 

In the acidic pH range ( 4  and below) the ESA values (hence zeta 

All three powders were aged in aqueous environment containing a 

The presence of 10-3M of the surfactant had the maximum 
effect on the SNE-10 powder, in which, the IEP shifted from 
a pH of 6.0 to 3.2, without aging. 

the same type of surface, in which the IEPs ranged from pH = 
3.0 to 3.2. 

case of 10-5M, then the SNE-10 powder did not show a large 
shift in the IEP. 

all three powders can be dispersed at the natural pH of 
8.5 - 8.9. The natural pH is defined as that pH of the 
suspension measured immediately after the suspension is 
prepared. 

However, after aging for 4 hrs, all three powders attained 

If the quantity of surfactant was not sufficient, as in the 

At a concentration of approximately 10- 3M polyacrylic acid, 
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Aging of the powder was found to destabilize the suspension 
even in the presence of ~ P M  concentration of the 
surfactant. 
decrease in ESA values before and after aging. 

The degree of destabilization was measured by 

Addi.tiona1 studies on powder surface chemistry and data 
analysis are continuing. 

Hiph Enernv Attrition Mill - The mill has been installed, 
related safety inspections are completed, and the mill is being 
prepared for trial runs. One of the major hurdles of obtaining 
small diameter (1 to 2 mm) silicon nitride media has been overcome 
The 2 mm hot pressed silicon nitride media were obtained from a 
source in Netherlands, 

Certain commercial equipment, instruments and materials may be 
identified in this report in order to adequately specify the 
experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Institute of 
Standards and Technology, nor does it imply that the materials 
or equipment identifies are necessarily the best available for 
the purpose. 
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1 . 1 . 4  Prscessinu of Monolithics 

Improved Processing 
R. L. Beatty, A. A. Strehlow, and 0. 0. Omatete (Oak Ridge National Laboratory) 

0 bjectivelscoDe 

The objective of this research is to determine and develop the reliability of selected 
advanced ceramic processing methods. This program is to be conducted on a scale that will 
permit the potential for manufacturing use of candidate processes to be evaluated. 

Technical progress 

Gelcastinq of silicon nitride. The first objective in the development of the gelcasting 
process for silicon nitride was preparation of a castable formulation at 50% or higher 
volumetric loading of solids. Work has been concluded on developing an initial formulation 
for gelcasting of silicon nitride specimens. 

Numerous attempts were made to gelcast several silicon nitride powders, and a 
successful formulation was achieved using Starck Type S silicon nitride powder. This powder 
possesses a rather large nominal particle size and is not expected to sinter as readily as the 
finer powders. Nonetheless, because of the feasibility now demonstrated for casting it, we 
decided to use it as the formulation of choice for work in the near term as we continue 
efforts with a selection of finer powders. 

sintering aids. In order to minimize the solubilii of yttrium (a potential contributor to 
flocculation) in the aqueous slurry, a compound with lower yttrium solubility, yttrium 
aluminate (Y,AI,O,J, was synthesized and used as sintering aid in this and several of the 
other preparations studied. 

rate of hydrolysis is high and silica-containing gels form rapidly. We used three preparation 
approaches with dispersants selected on the basis of both literature reports and our tests 
using the scanning laser microscope particle-size analyzer. 

concentrations of about 40% and then concentrated the resulting suspensions in vacuum. 
This led to parts with generally satisfactory appearance, which we believe to have contained 
agglomerates that formed during the concentration step In the continuing work, no direct 
dispersion of this particular powder has been achieved in the concentration range near 50% 
using any of the dispersants we have studied. This powder appears to hydrolyze rapidly 
and to generate a suspension with thick gel-like appearance. In order to use this material, 
powder pretreatment may be required. Although we plan some additional dispersion studies 
on the as-received powder, the methods to be explored include bath chemical and thermal 
treatments. 

A second set of preparations followed the work of Hoffman et al.’ In these 
preparations, a suspension containing 48 1101% was successfully prepared, mixed, and cast 
using Starck LC-12SX powder that had been oxidized in accordance with the reported work. 
Parts from this formulation showed cracks that developed following gelation. We believe, 
however, the cracking was due to our use of an improper mold-release agent and is not a 
serious problem. 

requirement that the silicon nitride particles be oxidized. This poses problems of process 
control on scaling-up the process. The step also increases the oxygen content of the  
powder, which is not desirable for the optimal product properties. Oxygen analyses were 
obtained for two oxidation runs of 4 and 8 h at 60O0C, with samples being taken from both 
the bottom and the top of the bed. The oxygen content for the as-received powder was 
1.10 -t 0.08% and for all other samples the average was 2.0976, with a range of 

The selected silicon nitride formulation includes aluminum and yttrium oxides as 

In dealing with aqueous concentrations of fine and active silicon nitride powders, the 

Initially, we prepared UBE-SN-10 silicon nitride suspensions at volumetric 

A more important possible disadvantage of this method and formulation is the authors’ 
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1.83 to 2.33%. We plan further efforts with his method, but the 
powder does not make it as attractive a ch ice for develo~men~ 
Type S powder. 

The third approach referred to above used the 
The method we developed involved b ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~  with d 
the use of this f o r ~ ~ ~ a t ~ o n  and continue to examine other powders, ~ i ~ p e r ~ ~ ~ t s ~  dispersion 
methods, and powder pretreatments. Eecause the strong scaleup advantages of 
aqueous route for gelcasting silicon nitride, no rk is presently planned on explorin 

r-particle-size Type 5 p ~ w ~ e r .  
ant at 51% voB %. We will explore 

le nonaqueous alternatives. 

Dispersion stud&. Dispersion stu silicon nitride powders were 
continued using the scanning laser microscope t~ observe changes in 
distributions under various conditions. In addition to dispersion studies 
concentration-dependence study of the analyzer, attrition studies, and a 
t e ~ p ~ ~ a t ~ r e - d e p e n ~ e ~  effects. The dispersant stu ies were carried oert on several powders 
and with several dispersants. Under the low-shear conditions used by the device some 
dispersant activity could be measured, However, the approach of greatest utility involves the 
combined effects of dispersant and ultrasonication or milling by attritor, ball-mill, or turbo- 
mill. 

Studies of the concentration d e ~ ~ n ~ e n c e  of the measured size d ~ ~ r ~ ~ ~ ~ ~ o n  of alumina 
powder using this device were made for alumina at ~ o ~ c e ~ ~ r a t i ~ n §  from 2 to IO vol %. The 
size distribution was relatively ~ n s ~ ~ $ ~ ~ ~ v e  to ~ o n c ~ ~ t r ~ ~ i o n ,  indicating the useful a 
of the method. However, the total particle count (pmicles counted in a 1 to 3 s 
time) departed from l ~ f l e a ~ i t ~  at canc~ntrat~on~ of about 4 vol %, ~ n ~ ~ ~ ~ t ~ ~ ~  that the data 
obtained at higher ~on~~nt ra t ion$ may not be ~ ~ p r ~ ~ r i ~ t ~  or 
use when applied to this material. The values at normal test 
for the intended purpose of assessing the presence of large a ~ ~ ~ ~ ~ e r ~ t e s  at early slurry 
stages of processing. 

Attrition studies were eon ucted using a small (0.5-L) attritor. A sample of yttrium 
aluminate that was synthesized during this period as a sintering aid was not successfully 
milled at times to 72 min. Ball milling, however, proved to be edfective 
commercial silicon nitride powders, on the other hand, were tested usi 
were found to be effectively milled in water with either of the 
tested so far. 

distribution, especially in the range of 19 to 23%, was examine . This is the ~ ~ ~ ~ e r a ? ~ r e  
range corresponding to the critical flocculation pheno 
property of polymer systems. This was a test of the p 
polymeric dispersants we are using. By varying the t ~ ~ p e r a ~ u r e  ~ y s ~ ~ ~ a ~ ~ ~ a ~ ~ y  
range from 13 to 4@C, we found no effect that could be attributed to a c ~ a ~ ~ ~ ~ t j o n  or 
flocculation of the slurry at the concentration ranges of <lo vol %. 

that did indicate the possible coalescence ob the polymer in the expected temp 
of 19 to 23°C. However, this was in the absence of ceramic powder. We con 
is not necessary to specify and control ~ ~ m ~ ~ r ~ ~ ~ r ~  for this ~ i ~ j ~ ~ - ~ ~ s ~ e r s i o n  ste 

r this material. Two 

o polyacrylate dispersants 

In a third series 0f studies, the effect of t e ~ ~ ~ ~ r a t u r e  on the d ~ ~ a ~ ~ c  particle-size 

a wel l -k~ow~ characteristic 
enon for the particular 

Some separate measurements on turbidity were conducted w~~~ the ~ ~ ~ ~ ~ r s a n t  alone 

Gelcastinq of alumina. One of the features of the slurry gelcasting process is the 
apparent easy machinability of the drie castings before debinderin ~ They are rugged and 
readily sawn or dr ed without the use of specia 

that may be used and to develop the techniques required. We believe this work to be 
substantially independent of the ceramic powder that is used. A fine surface finish can be 
imparted by abrasive paper. Several of the test alumina specimens being prepared as part 

alumina specimens to deter e range of machinin 
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of the development effort are being used to evaluate tool wear, surface quality, and other 
characteristics of interest. Specimens have been made using steel drills, a band saw, and 
hand files. A first attempt to machine a casting using lathe tools failed but will be repeated 
with a wider variety of specimens. 

Industrial hwiene and environmental issues. Part of the advanced processing studies 
is associated with the issues of hygiene, safety, and environment. A literature search was 
conducted on acrylamide, a key ingredient of the process, and assistance was requested 
from the Industrial Hygiene Section of the Environmental Compliance Division. A survey of 
two staff members was carried out by that department over a 5-d period during normal 
operations. The results in every case showed no acrylamide at the detectable limit (15% of 
the maximum daily tolerance limit). This result is in accordance with our expectations based 
on measured air flows in the laboratory. 

disposal practice was written. After review by the Environmental and Health Protection 
Section of the Environmental Compliance Division, the suggestions received were 
incorporated into our standard operating procedures. 

A waste-disposal procedure was developed and implemented, and a standard waste- 

Dwina studies. A drying cabinet design was tested using a glove box. Slow drying 
at room temperature is needed to avoid warpage and other evident strain. Relatively dry air 
is admitted to the cabinet periodically to maintain the set-point humidity as monitored by a 
meter. The satisfactory results of this test device permitted a design to be completed for a 
cabinet to hold sufficient samples for the full planned production rate. The cabinet was built 
and is being tested. For the tests, humidity was maintained by moisture from the test 
pieces, although a small water bath is used in the final design. 

In supporting studies on drying, an automatic balance and an existing environmental 
chamber have been adapted for long-term studies. This should result in a fuller 
understanding of this centrally important stage of the process and permit optimal drying to 
be defined. 

Grindim and specimen preparation. An automatic slicing machine to be used in 
cutting test specimens and performing surface-finishing operations was received and is 
being installed. 

Status of milestones 

A September 1989 milestone of choosing a silicon nitride formulation was met. A 
formulation decision has been made, and the first parts are now in process. 

Publications 

None. 
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Improved Processing 
Vimal K. Pujari* (Norton Company) 

OBJECTIVE/SCOPE 

The goals of this program** are to develop and 
demonstrate significant improvements in processing 
methods, process controls, and nondestructive evaluation 
(NDE) which can be commercially implemented to produce 
high-reliability silicon nitride components €or advanced 
heat engine applications at temperatures to 1370'C. 
Achievement of this goal shall be sought by: 

- The use of silicon nitride - 4% yttria composition 
which is consolidated by glass encapsulated HIPing. 

- The generation of baseline data from an initial 
process route involving injection molding. 

Fabrication of tensile test bars by colloidal 
techniques - injection molding and colloidal 
consolidation. 

- 

- Identification of (critical) flaw populations 

- Correlation of measured tensile strength with flaw 

- Minimization of these flaws through innovative 

through NDE and fractographic analysis. 

populations and process parameters. 

improvements in process methods and controls. 

*Other contributors are listed in the end of the text. 

**I*Research sponsored by the U.S. Department of Energy, 
Assistant Secretary for Conservation and Renewable 
Energy, Office of Transportation Systems, as part of the 
Ceramic Technology for Advanced Heat Engines Project of 
the Advanced Materials Development Program, under 
contract DE-AC05-840R21400 with Martin Marietta Energy 
Systems, Inc., Work Breakdown Subelement 1.1.4.1.11 
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The quantitative program goals are: 1) mean RT 
tensile strength of 900 MPa and Weibull modulus of 20, 
2) mean 137OoC fast fracture tensile strength of 500 
MPa, and 3 )  mean 1230OC tensile stress rupture life of 
100 hours at 350 MPa. 

TECHNICAL PROGRESS 

The technical progress against the major tasks, as 
described in the statement of work (SOW) is being 
described. The major tasks are: 1) Material Selection 
and Characterization; 2) Material Processing and Process 
Control; 3 )  Development and Application of NDE; 4) 
Property Testing and Microstructural Evaluation: 
Reporting; 6) Quality Assurance. 

In this period development efforts in the individual 
unit operations (sub tasks) leading to the total process 
are described. Where found suitable, fractional 
factorial design experiments based upon Taguchi method 
were conducted to optimize a particular unit operation 
No attempt was made at this stage to link various unit 
operations f o r  the sake of total process optimization. 

TASK 1 

5 )  

Material Selection and Characterization. 
Material Selection 
(with 4% yttria) is selected to perform the specified 
tasks and meet the required property goals. The silicon 
nitride powder to be used is derived from a diimide 
process such as that produced by Ube Ind. 

Ube silicon nitride powder was chosen for its purity 
because it was observed that many of the carbothermally 
produced powders (Kemanord and Stark) contain signifi- 
cant amounts of iron impurities which lower the strength 
o f  the densified materials as flaws. 

potential for meeting the targeted room and high 
temperature properties. In this program alcohol milled 
powder is chosen to develop the baseline Data employing 
injection molding as the Initial Process Route (IPR). 

Subsequently, the 4% yttria silicon nitride 
composition for further process improvement will be 
processed in the aqueous medium and compared with the 
results obtained from alcohol milled powder. 

Material - Characterization Silicon nitride stock 
powders are analyzed for chemical composition, 
impurities, and particle size distributions. Phase 
analyses are carried out by x-ray diffraction. 

A silicon nitride composition 

The above composition milled in alcohol has shown 
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Impurities are  first assessed by emission spectrographic 
analysis. The cationic impurities are then determined by 
digestion of the powder, and analysis by AAI and ICP, 
and the anionic impurities are determined by ion ehroma- 
tography. Surface area and particle size distributions 
are determined by BET, sedigraph, and light scattering 
techniques, to cover the range of fine particles. 

Analyses are carried out at each unit operatian 
leading to the total process, and the tests required at 
each step, as well as, the operational ranges, are 
defined by flowcharts such as depicted in Figure 1. 

Verification and Validation 

The results obtained from the above mentioned tests are 
verified as follows; 

a) Samples sent f o r  analysis, are separated into three 
sub-samples, and analyzed to obtain an estimate of 
the variation in the sampling procedure. 

b) An additional sample is t hen  sent to obtain 
verification of the results from the previous 
sample 
* If the new sample lies in the range d ic ta ted  by 

the previous results, an estimate of the actual 
average is then calculated and entered into the 
data base. 

coincide with those obtained from previous 
analyses, step a) is repeated. 

* If the results Srom the new sample da not 

TASK 2 

Material Processing and Process Control 
The various sub tasks (unit operation) in this group 
are: i) Powder Processing; ii) Colloid Consolidation; 
iii) Injection Molding; iv) H I P  densification; v) 
Machining and vi) Process Control. 

i) Powder Processing 
Effort in this unit operation includes comminution 
of powder blends and addition of yttria (4w%) in 
aqueous suspensions using salution prexipitation 
technique. This unit operation is being developed i n  
two concurrent stages. The procedure f o r  aqlweous 
milling and yttria precipitation technique is being 
developed using a small 500 gm batch milled in a 
closed loop vibratory mill. A f t e r  drying, the  powder 
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is cold isostatically pressed (CIP) into rectangular 
tiles and subsequently HIPed to achieve near 
theoretical density of 3.24gm/cc. MOR bars, 3mm x 
4mm x 50mm, are being machined out of the tiles in 
order to evaluate the room and high temperature 
mechanical properties of this powder. 

Technique Development 
To silicon nitride powders milled in water with a 
surfactant, yttria was added from solution 
through a precipitation technique. Billets made 
from such powders with 4% Y,O, were presin- 
tered and HIPed. The MOR bars made from such 
billets give flexure strength of 937 * 83 
MPa (for 15 bars) at room temperature and 599 
f 23 MPa (for 5 bars) at 137OOC. However, 
the stress rupture lives for 5 MOR bars were 
5 40 hrs. at 137OoC at 300 MPa in air. 

The causes of the low value of the stress 
rupture life is being investigated. The micro- 
structure of the MOR bars is being examined and 
compared with that obtained from alcohol milled 
powder. The crystallinity of the grain boundary 
phase, and its composition, is also being 
examined. Also, the contribution of the metallic 
impurities from the surfactant to the powders are 
being evaluated. 

then applied to scale up the powder processing of 
milling and yttria addition. 

Powder Processing Scale Up 
The first 300kg lot of silicon nitride powder was 
procured. Of this, 100kg was alcohol milled with 
yttria powder to be used as a baseline comparison 
against water milling. A Class 10,000 hard-wall 
clean room has been constructed in which powder 
processing and colloidal consolidation will be 
performed. A Sweco vibratory mill was setup for 
both semicontinuous operation (8-30 kg) and batch 
operation (6-10kg). High purity silicon nitride 
milling media was specially fabricated for this 
program. The yttria precipitation technique has 
been scaled up. 

~ 

The technique developed in the first stage is 
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The first batch cycle (6 kg) w a s  made t o  iwdebugs8 
the system and examine the effect of milling =Lime 
in the large mill. The mi41 ran for 4 8  hrs. in a 
closed loop Sweco mode with no clogging. The 
particle size distribution o f  a 24 hr. sample was 
similar to t135HS weco. Other analysis is 
ongoing. Modifications to the yttria precipi ta-  
tion equipment w e r e  made based on results from 
this initial experiment, such as mixing technique 
and rate of base addition. The 24 hr. mill time 
will initially be used to generate powder and 
slurry €or the forming operations Q €  injection 
molding and colloidal consolidation, after which 
experimental design will begin to optimize 
chemistry and milling/precipitation parameters. 

ii) Colloidal Consolidation 

Two key steps in the colloidal consolidation 
development, i3e4 slip formulation and tensile bar 
foiming, are being developed simultaneously: 

Slip Formulation 
The objective of these experiments is ta develap 
an aqueous suspension of silicon nitride 
containing 50-70 W/Q solids for centrifugal/ 
pressure casting of crack free N S F  (Net Shape 
Formed) specimens. This requires development of 
suitable dispersant-binder system(s1 As part of 
the initial screening processr various slips 
containing 60-70 w / o  silicon nitride and 
combinations of binders (Bx) and dispersants (Dx) 
were prepared and pressure cast (into 76.2mm dia. 
x 12.7mm thick discs) at 0.2 MPa using colloid 
presses. Table 1 summarizes the lengths of time 
required for the green discs to develop visible 
cracks during drying in air under ambient 
conditions. From these screening tests a few 
potential slip formulations will be identified 
(see Table 1) for pressure/centrifugal casting of 
NSF bars. 

Tensile Bar Casting 
A centrifugal casting machine has been designed, 
built, and made operational, Initial operation of 
this machine led to several changes in design, 
primarily in the seals, to avoid leakage during 
the casting operation. Some changes in plaster 
mold design were also necessary for the same 
reason. Other mold materials have been 

~ 



60 

investigated including porous metal and plastic, 
and are currently being evaluated. Both centri- 
fugal and pressure casting experiments are 
planned for the near future using the above mold 
materials and suitable slip formulation 
identified in section (a). 

iii) Injection Molding (IM) 

The three sub-steps in the injection molding (IN) 
process i.e. mold design, molding process 
optimization and dewaxing are being addressed 
concurrently. The IM process development was 
carried out using alcohol milled powder for which 
mechanical properties have already been established 
using four point bend MOR bars. As per SOW, the base 
line mechanical properties will be established using 
Initial Process Route (IPW) of injection molding 
employing alcohol milled powder. 

a) Mold Design 
In order to fabricate net shape tensile bars, 
three separate mold/gate designs were evaluated 
as shown in Figure 2. The double gated design 
' G 1 '  was made unbalanced to move the parting line 
away from the gage area. However, material flowed 
only from the larger of the two gates. At this 
point, therefore, the smaller gate was blocked 
and one gated design ' G 2 '  was evaluated. Design 
G2 was evaluated with several different gate 
openings. With increasing gate size, better mold 
filling was observed which was further verified 
by microfocus x-ray ( M F X )  examination of 
as-molded tensile bars (see Task 3 ) .  It is 
obvious from the gate design G2 that the material 
has to flow a longer distance through converging 
and diverging flow paths. Therefore, an 
alternative gate design G3 (fan gate at the 
parting line) was evaluated. As expected, design 
G 3  showed very different mold filling as compared 
to the design G 2 .  Net shape tensile bars were, 
however, successfully molded using both the gate 
designs G2 and G3. These bars are presently being 
examined by MFX for soundness and dewaxability 
(see section (c) on dewaxing) . 
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molding parameters. Molding batch A was used to 
evaluate gate designs G1 and 62 and conduct 
factorial design experiments, Molding batch I3 was 
used to evaluate the gate design 6 3 .  Molding 
results from batch A using gate design G2 and 
from batch B using gate design G3 are plotted in 
Figure 4 .  Batch A was molded under two different 
conditions, I n  each case after 10 moldings, bar 
weights seem to stabilize. Batch 8, on the other- 
hand, was molded under a variety of conditions as 
evidenced by the plot to evaluate the mold 
filling and variations in the part-weight. 

Various combinations of environment, superimposed 
pressure and heating schedules were evaluated in 
the dewaxing of IM tensile bars. The heating 
schedules were designed based upan the TGA/DTA 
measurements on the binder and the powder/binder 
mixtures. Fixturing a€ tensile bars in the 
crucible both in the horizontal and the vertical 
orientations were also examined simultaneously. 
The results of these exploratory experiments are 
tabulated in Table 3 ,  Orientation of the tensile 
bar in t h e  crucible was found ts have minimal 
effect. In vertical orientation, however, if the 
bars w e r e  not placed perfectly perpendicular to 
the base, minor buckling of the bar was observed. 
The dewaxing research, as is obvious from Table 
3 ,  is not yet complete. Nevertheless, net shape 
IM N S F  bars have already been successfully 
dewaxed in whole in E, environment as shown in 
Figure 5. Further optimization of this dewax 
condition is on-going. 

are awaiting HIP densification. 

c) Dewaxing 
_I_-I_ 

The dewaxed bars have also been degassed and 

For the purpose of evaluating net shape processing 
using the ASEA H I P  process, ten CIPed and presin- 
tered rod blanks were submitted f o r  green machining 
to near net shape prior to HIPing. An oversize part 
tolerance range of 0.010-6.040 inches was selected 
for evaluating warpage and reaction layer formation 
during WIPing. The seven rods which survived machin- 
ing are being coated. prior to HlPing to reduce 
reaction layer formation and HIP fixturing is being 
evaluated to reduce potential warpage problems dur- 
ing processing. These and injection molded samples 
will be HIPed shortl-y using a standard ASEA H I P  cycle. 
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b) Moldinq Process Optimization 
Experimental Desiqn 
Pre-iteration experiments have been carried out 
in injection molding in order to optimize machine 
settings that were thought to affect the 
characteristics of the molded NSF bars. These 
were done on a restricted scale using alcohol 
milled powder to generate baseline data. Formal 
linked designs will be carried out for process 
improvement in the second stage of the contract. 
The settings to be optimized over were; Barrel 
TemDerature profile, Injection Speed Profile, 
Hold Pressure, Injection Pressure, and Mold 
Temperature. The quality of the molded piece was 
ascertained through the following characteris- 
tics; Molded Weight, and Voids detected & 
Microfocus x-ray. Based on the combined analysis 
of bar weight, and largest void size detectable 
by microfocus, machine settings (Table 2) were 
calculated, (and verified) which yielded the best 
results. 

TABLE 2 

Factor Level 

Injec. Speed Profile **  
Barrel Temp. Profile ** 
Injec. Pressure Profile + 
Mold Temperature + 
Hold Pressure Prafile + 

**highly significant *significant 
+marginally significant 

These settings, however, have been found to be 

Figure 3 shows the correlation between the two 
highly sensitive to the starting conditions. 

key molding process variables and the optimum 
process regime. 

Two large 8kg molding batches A and B were 
utilized to evaluate the mold/gate designs (as 
described in Section (a)) and optimize the 
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Mach in ina 

HIPed cylinder blanks were ordered to evaluate 
tensile bar geometries and procedures for mechanical 
testing. Some of these were machined at a local. 
machine shop that has had experiences in this type 
of specimen. In addition, we performed machining 
trials to evaluate a new multi-axis CNC grinder at 
the machine builders shop, This unique grinding 
machine demonstrated the potential for significant 
reduction in machining time. Further testing will 
confirm whether tolerance and grinding damage is 
acceptable with this process. The Norton-Northboro 
machine shop is also machining some of the HIPed 
cylinders to standardize and evaluate their tensile 
bar grinding process, 

Process Control 

Scheduling 
Each step required in the manufacture of tensile 
bars has been broken into tasks and sub-tasks, 
down to individual aperatians. The availability 
of resources (furnaces/process equipment) and 
personnel operating them have been incorporated 
into a formal schedule. This allows f o r  
allocation of time on multi-user equipment to 
eliminate potential bottlenecks. This is a 
continuous process, and the schedule will be 
updated on a regular basis in order to include 
new operations and to keep track of current ones. 

Database, Data Acquisition, Validation, and 
Analysis 
A data acquisition/analysis scheme has been 
developed, which will simplify the process of 
data collection, validation and reporting. Data 
collection is being carried out through data- 
collection sheets filled by personnel involved i n  
the various stages of the process. SPC charts, 
which will be used to flag deviatians in the 
process, will be generated from data available in 
the database. This process will a l s o  serve as a 
data validation step, as all points outside 
specifications of SPC limits w i l l  be re-examined 
to ensure that no errors were made in transcrip- 
tion. Programs are currently being formulated ta 
automate data entry and data reporting, sa that 
the structure and identification and validation 
schemes will be transparent to the user. 

I_-_-_ 
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TASK 3 

Development and Application of NDE 
A large number (>LOO) of injection molded tensile 

bars (from an experimental designed matrix for optimiza- 
tion of the process) were evaluated by microprojection 
film radiography. Voids appear to be the dominant type 
of defect existing in those samples; most of those voids 
are volume defects and exist mainly at the sample 
shoulder. 

Using the x-ray data from these tensile bars a 
procedure has been devised to quantitatively report the 
flaw/defect population during various stages of 
processing for computerized material data base filing. 
The method briefly allows for storing pertinent flaw 
frequency and size distribution and location (surface 
versus volume) as obtained using microfocus radiography, 
ultrasonics and computer tomography. 

Reference tensile samples with known seeded Fe 
inclusions have been prepared f o r  use in quantitative 
NDE reliability of detection study. They were dry 
pressed, degassed, presintered and then HIPed. Size 
range of seeded F e  particles covers 20 to 200 urn. The 
samples are presently being radiographed and will be 
used by subcontractors soon. Reference samples with 
simulated voids and density gradients are presently 
being made. 

A number of HIPed and machined tensile Si,N, 
samples, which are being tested as part of developing 
the tensile testing procedure using Cu/steel collets 
(avoiding the grip failure problem), were inspected 
before testing using microfocus radiography. The samples 
appear to be clean of defects except f o r  very few 
inclusion particles which are e100 um in size. The 
objective is to be sure to isolate sample failure due to 
testing technique as opposed to those due to presence of 
defect . 
TASK 4 

Property Testing and Microstructural Evaluation 
a) Tensile Testing: Design and Procedure 

...._. . . .. . 

In light of recent problems in tensile testing 
(buttonhead failures) alternative specimen 
geometries and gripping fixtures have been 
considered. Originally stainless steel collets 
were used to test cylindrical specimens. Two sets 
(1 set = 6 split collets) of oxygen free copper 
collets have been ordered and received. Thirty 
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machined silicon nitride tensile rods have been 
ordered as have 30 as-hipped right cylinders. To 
date, thirteen right cylinders have been 
received e 

The University of Dayton Research Institute 
has had success using the copper collets at both 
room and high temperatures. A brief outline of 
our proposed tensile testing procedure follows: 

1. Align grips and specimen 
2. Slowly load specimen to a predetermined load 

<< t h e  expected failure load and hold for a 
short (5 min.) duration 

3 .  Fast load to failure 

The slow load and soak allows the copper 
collet to conform to the buttonhead radius and 
potentially decrease the stress concentration on 
the buttonhead. 

tensile testing has been designed and ordered. 
The design employs a tapered rubber bushing far 
gripping the specimen. 

A fixture to be used for green and presintered 

REFERENCES 

None 

STATUS OF MILESTONES 

All milestones are on schedule. 
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o V. X. Pujari to New London, NH to attend Gordon 
Conference on f8Novel Processing for Flaw Free Ceramics,Il 
August 14-18, 1989. 

o V. X. Pujari, D. M. Tracey to ORNL, Oak Ridge, TN to 
discuss program plans and management issues, September 
6 ,  1989. 

o X. E. Amin, A .  C. Stevens and J. A .  Garwood to 
Precision Acoustic Devices (PAD), Freemont, CA to 
finalize NDE subcontracts, August 21-23, 1989. 

o M. R. Foley visited UDRI ,  Dayton, OH to discuss 
tensile testing procedures, September 22,. 1989. 
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TABLE 1 

TIME REQUIRED FOR THE VARIOUS GREEN BODIES TO DEVELOP V I S I B L E  
CRACKS DURING DRYING I N  AIR UNDER AMBIENT CONDITIONS.  

5 DAYS 4 MIN CRACKS -- -- 04 10 DAYS 

"No CRACKS" MEANS THE GREEN BODY WAS CRACK FREE 
AFTER DRYING FOR 10 DAYS. 



TABLE 3 

DEWAXING PARAMETERS FOR INJECTION MOLDED TENSILE BARS 

FAST 
HEATING 

RATE 
BLXSTERING 

BREAKAGE BREAKAGE 

BLISTER 
FREE 

BREAKAGE 
FREE 

BLISTERING - FAST EVOLUTION OF BINDER CAUSED B L I S T E R I N G  
AND BUBBLE FORMATION 

BREAKAGE - BARS BREAK TRANSVERSELY AT T R A N S I T I O N  POINTS 
AND I N  THE MIDDLE OF THE GAGE AREA 
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1.2 CERAMIC COMPOSITES 

5 - 

H. Yeh, E. Solidum (Garrett Ceramic Components), 
K. Karasek, G. Stranford and D. Yuhas (Allied-Signal Research and 

S .  Bradley (UOP Research Center), and 
J. Schienle (Garrett Auxiliary Power Div.) 

Technology), 

The objective of this program (Phase 11) is to maximize the 
toughness in a high strength, high temperature SIC whisker/SigNq 
matrix material system that can be formed to shape by slip casting 
and densified by a method amenable to complex shape mass production. 
The ASEA glass encapsulation hot isostatic pressing (HIP) technique 
shall be used for densification throughout the program. 

The program is divided into seven technical tasks with multiple 
iterations of process development and evaluation. 
studies shall be conducted to optimize processing steps developed in 
the Phase I effort, guided by established analytical and NDE 
techniques. The seven technical tasks are: Task 1 -Selection of S i c  
whiskers, Task 2 - Baseline Casting Process, Task 3-Parametric 
Densification Study, Task 4 - Effect of Specimen Size and Shape, 
Task 5 - On-Going Evaluation of Alternate Whisker, Task 6 -Nanometer 
Deposition of Sintering Aids, and Task 7 - In Process 
Characterization and Process Control During Drying of Cast Ceramic 
Parts. 

Parametric 

The technical effort was initiated in May 1988. Task 1 was 
completed in January 1989. Based on the results, HF-etched American 
Matrix Inc. Sic whiskers were selected for use for Tasks 2 -4. Task 
2 was initiated in February 1989 and was completed in June 1989. 
Task 3 effort was initiated in July 1989. 

Tasks 5, 6 and 7 were added onto this contract to supplement 
the mainline activities. These efforts were initiated during this 
reporting period. 

TECHNICAL HIGHLIGHTS 

- TASK 1 = Selection of Whisker 
All technical efforts have been completed and the results were 

summarized in Semi-Annual report October 1988 - March 1989. Based 
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on the results, HF-etched American Matrix Sic whiskers selected for 
use under Tasks 2 - 4 .  

TASK 2 BASELINE CASTING PROCESS 

The objective of this task is to develop a green forming 
process from powder preparation through slip casting, for composites 
containing 10, 20, 30 and 40 wt.% Sic whiskers. The matrix material 
is Garrett Ceramic Components' GN-10 Si3N4 formulation and the 
whisker are HF-etched American Matrix Sic. 
composites shall be used for investigation under Task 3 Parametric 
Densification studies. Under this task, detailed characterizations 
shall be performed on the starting materials (matrix powders and 
whiskers), and in-process materials (slips, castings, etc.) by NDE 
and destructive techniques. 

The optimized green 

To maintain consistency in whisker properties a lot of 13-kg 
American Matrix Sic whiskers (designated as AM7 by Allied-Signal) 
has been purchased for this program. This lot of whiskers has been 
HF-etched and then Argon thermal treated to reduce the amount of 
surface Si02 layer (at American Matrix) as recommended by Task 1 
results. A lot of 50 kg of Si3N4 powder was set aside for this 
program in order to minimize potential lot-to-lot variations in 
Si3N4 powders. 

A) Characterization of Si3N4 Powder and Sic Whiskers 

o Powder and Whisker Chemistry 

The Denka 9s Si3N4 powder (Lot 91096) used was analyzed by induction 
coupled plasma emission spectroscopy (ICP) for impurities. Results 
follow in Table I. 

Table I 

Bulk Chemical Impurities in Denka 9s Si3N4 Powder 

Element Weight Percent 

Ca 
Fe 
A1 
Na 

0.23 
0.13 
0.15 
0.0023 
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Bulk carbon, nitrogen, and oxygen levels were obtained for the 
Denka 9s Si3N4 powder and the AM7 Sic whiskers. The C and N were 
measured by a fusion technique$, and 0 content was determined by 
neutron activation analysis*. Results follow in Table 11. 

Table I1 

Bulk C ,  0, and N Contents 

(Weight % +/- 0.1) 

Element Denka 9s Si3N4 Powder AM7 Sic Whiskers 

C 
N 
0 

0.3 
38.2 
1.8 

29.8 
0.1 
1.2 

Theoretical levels of C in Sic and N in Si3N4 are 30.0 and 39.9 
wt.%, respectively. 

The surface chemistry of the Denka 9s Si3N4 powder was analyzed 
by X-ray photoelectron spectroscopy (XPS). The results, given in 
Table 111, are not particularly surprising; the surface is primarily 
Si3N4 with some silicon oxynitride. 

*Measurements performed by Multichem Laboratories, Inc. , Lowell, 
MA. 

i k  Neutron activation analysis performed at the Center for Trace 
Characterization, Texas A&M University, College Station, TX. 
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Table I11 

XPS Results for Denka 9s Si3N4 Powder 

Species Atomic Percent Binding Energy (eV) Comments 

Si2p 
Si2p 
s i2p 

C Is 
c 1s 

27.9 101,3 
5.9 102.8 
1.5 104.0 

4.5 284.6 
1.1 288.6 

Ca2p3 0 .6  347.3 

N Is 
N Is 

29.8 396.9 
4.0 398.3 

0 Is 24.1 531.8 

F Is 0.7 684.6 

Tha XPS data for AM7 Sic whiskers is given in Table PV. [Also 
presented is the data for three previously characterized Ameri-can 
Matrix Sic whisker samples. AM5 is the designation for the as- 
received whiskers used in Task 1 of this program. These whiskers 
were etched and heat treated in argon at Allied-Signal f o r  the 
second part of Task 1; they were then given the designation AMSE.] 

Clearly, the HF etch has removed most of the surface Si02. The 
AM7 major-component-surface chemistry is fairly similar to that of 
the AMSE; it does not at all resemble that o f  the unetched hM5 
whiskers which is dominated by Si02. 

Considering the surface impurity levels, the Ca is the one 
major surprise. The high level, however, is not expected to cause 
problems. Fe appears to be low enough to avoid concern about it 
catalyzing degradation. The F level is much higher than on the AM5E 
whiskers. IC is not clear why this is the case, although some of 
the fluorine may be tied-up with the Ca. We haven’t been able to 
determine any positive or negative effects of fluorine in our 
composites so far. 
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Table IV 

XPS Surface Chemistry Data for S i c  Whiskers 

s i  2p 
Si 2p 
Si 2p 

Atomic % (Binding Energy in eV) 

AM7-k AM5 E AM5# 

31.7(100.5)  29.4(100.4)  15 .9(100.5)  
2 .7(102.2)  6 . 0 ( 1 0 1 . 9 )  17 .3(103.2)  

3 .2(103.1)  

c 1s 29.2(282.4)  28.8(282.4)  1 3 . 6 ( 2 8 2 . 4 )  
c Is 4 . 6 ( 2 8 4 . 4 )  9 . 4 ( 2 8 4 . 4 )  2 .8(283.9)  
c Is 1 . 1 ( 2 9 0 . 2 )  1 . 9 ( 2 8 5 . 3 )  

0 1s 
0 Is 

18.0(531.7)  16 .3(531.9)  8 . 1 ( 5 3 1 . 3 )  
37.5(532.4)  

N Is 2.2(397.8)  3 .7(397.5)  

C a  2p3 5 .5(347.5  0 .9(348.3)  1 . 7 ( 3 4 7 . 9 )  

Fe 2p3 0 .3(711.9)  

F Is 4.7(684.5)+  1 . 5 ( 6 8 5 . 5 )  

A 1  2p 0 . 8 ( 7 3 . 7 )  

The AM7 were also examined by scanning transmission electron 
microscopy (STEM). 
recent American Matrix Sic whiskers including the AM5 whiskers. 
One minor difference observed was an increase in the amount of Ca 
impurity present, which is consistent with the XPS surface 
chemistry. 

The morphology was very similar t o  that of 

_ _ - - _ _ - _ _ - - _ _ _ _ _ _ _ _ _ - -  
* Received from American Matrix, Tnc., Knoxville, TN in March 

1989 

# Received from American Matrix, Inc., Knoxville, TN in March 
1988 

+ Value taken from broad energy survey scan rather than high 
resolution scan; therefore, the accuracy will not be as high 
as for the other values shown. 



o Whisker-Length Measurements 

Whisker length distributions were measured for the AM7 whiskers 
and the green composite samples. 
distribution in green composite samples was to assist process 
development to be described in the next subsection (Processing). 
Small amounts of whiskers or green samples were dispersed in WH40H 
solution. One or two drops of the suspension were deposited on a 
g las s  slide and allowed to dry. 
not determined. The dispersion was diluted until there was 1ittl.e 
overlap of whiskers on the slide. 
too low, the Si3N4 powder would tend to agglomerate onto the 
whiskers. When this became a problem, additional NH4OH was added.) 
An Omnimet lITM image analysis system* was used to measure whisker 
length distributions. Particles or whiskers with aspect ratio less 
than 3 were ignored and assumed to be particulates. 

Measuring the whisker length 

(The actual NH40H concentration was 

If the NH4OH concentration became 

As part of process optimization effort we experimented with 
mixing/milling procedures for the powder/whisker blends. These are 
summarized in Table V. 
measurements to determine any deleterious effects of these 
procedures upon the whiskers. 

We have performed whisker-length 

Table V 

Blending Procedures 

Iteration Deflocculant Blending Method 

1 A standard ball mill 

3 B standard ball mill 

4 ,  5 B tumbled with 5 balls 

(The only difference between iterations 4 and 5 is the amount of  
sintering aids added. In #4 the ratio of the amount of sintering 
aids to that o f  silicon nitride is constant. In # 5 the ratio o f  
the amount o f  sintering aids to total weight is constant.) 

The data for the as-received AM7 whiskers and for the whiskers 
in the green composites under iterations 1, 3 ,  4, and 5 are 
given in Table VI. The term "uncertainty" is an indication o f  
statistical error related to sample size. The "standard deviation" 
is a measure of the width of the distribution. The third and 
subsequent iterations do appear to damage the whiskers less than 

* Image Ghysis measurements were performed at Buehler I..td., 
Lake Bluff, IL. Omnimet I1 is a registered trademark o f  
Buehler Ltd. 
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iteration 1. Among the later iterations, there appears 
to be very little difference attributable to changes in the 
mixing/milling technique. The 30%-third-iteration data is much 
higher than that of the other samples. 
measured in this case was low, it is probably a bad data point. 

Since the number of whiskers 

Table VI 

Whisker Length Distribution Data 

Whisker Iteration Iteration I te r at i on Iteration 
Content #1 #3 #4 #5 

10% 1 3  19+/-3 (13) 18+/-2 (15) 19+/-1 (15) 

20% 14 20+/-2 (14) 17+/-2 (10) 

30% 15 26+/-4 (15) 19+/-2 (12) 

40% 18 17+/-1 (11) 19+/-2 (13) 

100% 19 (As Received AM7) 

Longest Dimension +/- Uncertainty 
Distribution) 

(Standard Deviation of 

Uncertainty = (Longest Dimension) / (No. of Whiskers Measured)l/2 

All dimensions in microns. 

B) Processing 

Due to the HF-etching and washing/infiltration procedures 
performed on the whiskers at American Matrix Inc. 
to Garrett Ceramic Components, it was found that the whiskers do no 
contain any detectable undesired foreign substance; therefore, not 
requiring any further washing/ cleaning. A series of sedimentation 
experiments were performed to determine the feasibility of reducing 
the whisker length distribution with a reasonable yield. 
results indicated that the length distribution is already too narrow 
to be further reduced with a good yield. 
the whiskers in the as-received state shall be used under this task. 

prior to shipping 

The 

Thus, it was decided that 

The composite slips were prepared by blending the matrix GN-10 

The GN-10 slip was prepared follhwing the procedures 
Si3N4 slip with the appropriate amounts of Sic, 
deflocculant. 
established under the ATTAP subcontract at GCC (NASA/DOE DEN3-335 
Subcontract 1774888). The composite s l i p  was cast under pressure 
into a mold with four (4) cavities, each measured 2"x3". After 
casting, the composite plates were dried. After drying, plates were 

water and 



inspected visually and by microfocus X-ray; and selected plates were 
sectioned for microstructural analysis. Figure 1 shows the 
generalized process flow chart. 

An iterative experimental approach was used to establish an 
improved processing for green composites containing 10, 20, 30 and 
40 wt.% Sicw In-process (monolithic and composite slips) as well 
as post-process (the dried green plates) characterizations were 
conducted. A total of five iterations had been conducted. The 
optimized green plates were used under Task 3A Parametric 
Densification Study, discussed later in this report. 

o First Iteration 

The baseline process (the process used under Task 1) was used 
to fabricate 10, 20, 30, and 40 wt.% Sicw composites using the 
selected AM7 Sic whisker, and to identify areas of processing 
improvements. 
under Task 1) The slip properties are listed in Table VII. 

(Only 20 wt.% Sic, loading composites were fabricated 

Visual inspection of the plates did not find any external 
defects, however, internal cracks and voids were detected by a real 
time microfocus X-ray machine. It was found that the 10 and 20 wt.% 
Sicw composites had cracks while the 30 and 40 wt.% Sicw had voids. 
The cracks were attributed to the drying cycle used, while the voids 
were entrapped air because of the high viscosities of the 30 and 40 
wt.% Sicw composite slips. These internal defects probably existed 
in the green composites fabricated under Phase I and Task 1 of this 
Phase but were not known, because the higher resolution microfocus 
X-ray was not  used. 

One plate of each Sic whisker loading was sectioned along the 
vertical direction (casting direction) and the horizontal direction 
to evaluate whisker dispersion and orientation using an optical 
metallograph. It was found that the whiskers were uniformly 
dispersed in all four composites and there was no noticeable 
difference in whisker orientation between the vertical and 
horizontal sections of the composite plates. The lack of preferred 
orientation could be due to the thinner thickness of the plate (thus 
shorter casting time) as compared with the taller cylindrical 
billets fabricated under Task 1. 
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+ SA(1) + DF (l)< 

to disperse 

I 

'1 
monolithic (Matrix) 
slip GN-10 Si3N4 

Characterization '7- 
+ DF (1) 

Inspection 
I I 

Note : 
SA(n): Sinter Aid (n), where n= 1,2,3 
DF(n): Deflocullant (n) where n= 1,2,3 

Figure  1. Process Plow Chart 
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TABLE VI1 

FIRST ITERATION COMPOSITE SLIP PROPERTIES 

Wt.% Sicw % Solids Viscosity PH Sp. Gravity 
(CPS) (g/cc 1 

10 74 363 10.38 2.01 
20 70.1 691 10.25 1.90 
30 6 4 . 6  1068 10.17 1.76 
40 59.2 2684 10.28 1.66 

o Second Iteration 

In this iteration, the issues of internal cracks and voids were 
addressed. In addition experiments were conducted to estimate 
process boundaries in the slip properties and the green composite 
plates. Also, the effect of  blending time was evaluated. A total 
of twelve batches of experimental composite castings were made, 

To determine the eEfect of  drying cycle on internal cracks, two 
plates o f  each batch ( 4  platesbatch) were dried using the basel-ine 
cycle (cycle #1) and the other two dried using an alternate drying 
cycle developed under the ATTAP program (cycle #2). 

The approach to reducing the internal voids was to reduce the 
slip viscosity by modifying the slip preparation procedure, in 
particular the deflocculant chemistry. It was also found that the 
baseline deflocculant did not produce a consistent slip viscosity. 
A series of experiments was conducted to identify an alternate 
deflocculant system to be used when the whisker is blended with the 
monolithic GN-10 slip. The initial experiment showed that the 
alternate deflocculant produced a lower viscosity as well as more 
reproducible slip. 

It is generally believed that a shorter blending time would 
minimize whisker damage. 
whether the baseline 30 minute blending time was necessary to 
achieve a good quality slip. 
tried and did not produce homogeneous slips. Thus, the baseline 30 
minutes, which produced homogeneous slip, is the optimum blending 
time ~ 

An experiment was conducted to evaluate 

Ten and 20 minute blending time were 

Green composite plates were inspected visually and then by real 
time microfocus X-ray. Again, no external defects were observed. 
The tendency to form internal cracks was reduced when drying cycle 
#2 was used. The amount of voids was reduced as the viscosity was 
reduced. 
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o Third Iteration 

The alternate deflocculant developed under the second iteration 
was used to fabricate two complete sets of composite plates (LO, 20, 
30 and 40 wt.8 Sic,) to establish slip property boundaries. 
viscosities of the slips ranged from 220-660 cps, compared with 3 6 3 -  
2684 cps in the first iteration and 534-1200 cps in the second 
iteration, €or all whisker loadings. The viscosity variation €or a 
given whisker loading w a s  much narrower than those observed in the 
second iteration. (The first iteration only had one batch per 
whisker loading.) The specific gravities and the pH values of the 
composite slips were all reproducible within experimental limits. 

The 

All composite plates were inspected by microfocus X-ray. Two 
drying cycles were used for each batch of composites to provide more 
data on drying cycle effect. Again, the amount of  porosity 
decreased when the slip viscosity was reduced, and the internal 
cracks were only observed in one plate out of eight inspected. 
cracked plate was dried using the baseline cycle (cycle 1). 

The 

o Fourth Iteration 

Although significant improvements were made under iteration #3 
in achieving higher reproducibility in composite slip properties and 
reduced internal defects in the green casting, it was felt that 
there is a potential for whisker damage during the standard 30 min. 
milling which was used to blend the whiskers with the matrix slip in 
the first three iterations. Under this iteration, a new blending 
technique was developed in which the composite slip was blended in a 
plastic bottle with five Si3N4 balls (5/8" dia.). 
amount of whiskers was added at a given time interval and the slip 
was rolled (tumbled) on a mill rack for a controlled length of time 
at a controlled RPM. 
contents of the composite slip were reduced by 5 wt.% from their 
counterparts in the third iteration. T b  slip properties and green 
casting densities were very reproducible as demonstrated in Table 
VIII. The viscosity range (100-270 cps) is much lower than that in 
the third iteration (220-660 cps). Lower viscosity is desired for  
further improving the quality of the castings. The achievement of 
good whisker dispersion was verified by SEM and optical 
metallography, The length distributions of whiskers in the 
composites were measured on samples taken from green castings using 
the technique described earlier. 
whiskers in the composites retained the starting length of whisker 
(average 19 pm). The data were shown in Table VI. In addition the 
quality of the castings were improved over those of the third 
iteration based on visual and X-ray inspections. 
procedure established under this iteration was considered optimum 
and the composite castings will to be used under Task 3A. 

A controlled 

To achieve -good whisker dispersion, the solids 

The results showed that the 

The processing 
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TABLE VI11 

FOURTH ITERATION 

COMPOSITE SLIP PROPERTY AND GREEN CASTING DENSITY 

10 1 10.04 1 2 0  8 . 7  1 .93  69.0 1.89 
2 10.04 100 8.6 1.90 69.0 1.85 

20 1 10.17 2 1 1  4.0  1.81 64.3 1.76 
2 10.22 220 8.9 1.80 6 4 . 3  1.69 

30 1 1 0 . 4 7  242 10 .4  1,68 5 8 . 7  1.51  
2 9.90 130 8.5  1 . 6 7  58.7 1 . 5 0  

40 1 10.47 270 11.9 1 . 5 6  5 2 . 7  1 . 1 7  
2 10 .20  130 9 . 9  1 . 5 7  5 2 . 2  1.24 

o a f t h  Iteration 

The processing procedure established under the fourth iteration 
was used to fabricate a new series of  composites in which the 
sintering aids level in the starting Si3N4 powder formulation, prior 
to blending with the whiskers, was increased proportionally to the 
whisker loading. The purpose of this sintering aids level 
adjustment was to maintain the concentration of sintering aids 
relative to the sum of Si.3N4 and SIC whiskers in the composite the 
same as that in the monolithic GN-10. The composites made so far in 
this program were starting with standard GN-10 Si3N4 formulation. 
After Sic whiskers (without sintering aids) were blended into this 
standard GN-10 powder, the effective concentrations of sintering 
aids in che matrix were correspondingly diluted. This was the 
approach used in Phase I of this program as well as almost all of 
the literature work. With sintering aids level adjustment, the 
sintering aids concentration in the matrix should be closer to, if 
not identical to, that of the baseline monolithic GN-10 independent 
of whisker loading. This series of composites is required for Task 
3A statistical matrix parametric densification study. Two batches 
of composites with each whisker loading (10, 20,  30, 40 wt.%) were 
fabricated for use under Task 3A. 
properties were similar to those under the fourth iteration. 

The slip behavior and casting 



TASK 3 PARAMETRIC DENSIFICATION STUDY 

Three subtasks (A, B, and C) shall be conducted to evaluate the 
effects of key densification parameters on microstructures/ 
properties of Si3N4/SiC(w) composites. An optimum process/whisker 
loading shall be selected for detailed property evaluation (subtask 
C) as well as specimen size and shape effect study (Task 4). Only 
Subtask A was conducted during this reporting period. 

A) Statistical Matrix 

A statistically designed HIP matrix experimental plan was 
submitted to ORNL and was subsequently approved for implementation. 
The plan consists of five HIP runs at 25 ksi, to be conducted at two 
stages. The first stage consists of four HIP runs. 
most pertinent results of these four runs (density, hardness, 
indentation toughness and optical microstructure), the HIP 
parameters for the fifth HIP run shall be selected. Each HIP run 
will contain eight different composite plates (approximately 2"x3" 
x1/2") plus one baseline GN-10 plate. The eight composite plates in 
each HIP run consist of 10, 20, 30, and 40 wt.8 SiCw plates 
fabricated under 4th iteration (Task 2), and 10, 20, 30 and 40 wt.8 
SiCw plates fabricated under 5th iteration (Task 2). As already 
explained, the difference between 4th and 5th iteration samples was 
in sintering aids level. In the 4th iteration, the weight ratio of 
(sintering aids)/(Si3N4) was a constant regardless of the SiCw 
loading, while in the 5th iteration the weight ratio of (sintering 
aids)/(Si3N4 + SiCw) was a constant. After densification, in the 
4th iteration samples, the effective concentration of sintering aids 
in the matrix phase will decrease with the increase in whisker 
loading. The approach used in 5th iteration was an attempt to 
maintain the sintering aids concentration in the matrix phase 
independent of the whisker loading. 

Based on the 

A two level L-4  design was selected for the first stage four 
HIP experiments; the parameters were: Tl°C/tl hr, T1°C/t2 hr, 
T2'C/tl hr, and T2OC/t2 hr. 
time (t2) combination (T2'C/t2 hr) has been the baseline HIP 
parameter at Allied-Signal for the monolithic matrix material (GN- 
10). A lower temperature, shorter hold time, and a combination of 
both (Tl/tl) were selected for the other three HIP runs. These less 
severe HIP conditions were primarily chosen in an attempt to achieve 
weaker bonding between the whisker and the matrix, yet still achieve 
high density composites (>95% full density). A weaker interfacial 
bonding is believed to produce longer whisker pullout's which in turn 
would result in higher fracture toughness. It is anticipated that 
the microstructure of the matrix densified under these four HIP 
conditions will also be different. These microstructural variations 
would also have a significant impact on the fracture toughness and 
strength of  the composites. Under this subtask, only small size 
specimens were fabricated. Therefore, only microhardness and 

The high temperature (T2) and long hold 



indentation toughness shall be used to obtain preliminary indication 
of the relationship between H I P  parameters and the mechanical 
properties of the composites, 

Densities of the as-HIP’ed plates are listed in Table IX and 
plotted in Figures 2 and 3 .  A s  a reference, percent of theoretical 
densities, based on rule-of-mixture, are also listed in Table IX. 
Because of the approximation used in the calculation, some of the 
composites exhibit densities greater than theoretical. It was 
encouraging to note that monolithic G N - 1 0  achieved full density 
under a l l  four HIP conditions, and also all the composite samples 
except four achieved densities greater than 3.2 g/cc. As expected, 
the 5th iteration samples achieved higher densities than the 4th 
iteration, especially those with 30 wt.8 or greater Sicw loading. 
Samples were cut from each plate and are in the process of detailed 
characterization which includes indentation toughness, hardness, 
Young’s modulus, optical metallograph (whisker distribution and 
orientation), STEM (matrix microstructure, whisker and 
whisker/ma t r ix interface ) . 

TASK 4 SPECIMEN S I Z E  AND SHAPE EFFECT 

N o t  initiated yet 

TASK 5 ALTERNATE WHISKERS 

The objective of this Task is to stay abreast of  the whiskers 
with improved properties which may become available during the 
course of this program. 

We have begun analysis of two sets of whiskers from Kobe Steel 
(Grades AT and A ’ T ) ,  two sets of whiskers from Tokai Carbon (TWS-100 
Modified and TWS-400), and one set of whiskers from Keramont (Grade 
9A). 

Initial STEM examination was performed on two sets of whiskers. 
An improvement in the morphology was observed in (Grade AT, dated 
March 1989) whiskers supplied by Kobe Steel. (compared with Kobe 
Steel whiskers analyzed earlier). Whisker diameters were more 
consistent and were on average a little less than 1 ym. The whisker 
lengths ranged froin 5 to 50 ym. The amount of transition metal 
particles has been reduced. The Keramont (Grade 9A #49-51, received 
September 1989) whiskers had a greater range of diameters and 
lengths. Much debris was present. 
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TABLE IX 

Wt% SiCw 

0 

10 
20 
30 
40 

10 
20 
30 
40 

+ 
* 

MEASURED HIP'ed DENSITIES (g/cc) 

AND PERCENT OF THEORETICAL (%)$ 

T1 C/tl h T1 C/t2 h T2 C/tl h T2 C/t2 h 

3.31(100) 3.30(99.7) 3.30(99.7) 3.30(99.7) 

4th Iteration (SiCw/GN-lO) 

3.29(99.7) 3.29(99.7) 3 . 3 0 (  100) - -  
3.17 (96.4) 3.27(99.4) 3.28 (99.7) 3.27(99.4 

3.01(92.3) 3.05(93.6) - -  3.24(99.4) 
3,17(96.6) 3.21(97.9) 3.26 (99.4) - -  

5th Iteration (SiCw/GN-1OA)* 

3.30 (100) 3.30( 100) 3.30(100) 3.31(100.3) 
3.30(100.3) 3.30(100.3) 3.29(100) 3.30(100.3) 
3.21(97.9) 3.29(100.3) 3.30(100.6) 3.30(100.6) 
3.26 (100) 3.29(100.9) - -  3.29 (100.9) 

BASED ON RULE-OF-MIXTURE 

PROCESSED USING THE SAME PROCEDURES AS IN 4TH ITERATION 
(OPTIMIZED GREEN PROCESS) EXCEPT THAT THE SINTERING AIDS 
LEVELS WERE ADJUSTED TO MAINTAIN A CONSTANT (SINTERING 
AIDS)(Si3N4 i- SiCw) RATIO 

TASK 6 NANOMETER DEPOSITION OF SINTERING AIDS 

The objective of this Task is to develop nanometer deposition 
of the sintering aids through solution chemistry to promote grain 
boundary homogeneity resulting in improved high temperature 
properties and enhanced sinterability of GN-10, the matrix material 
of this program. 
future GN-10 SigN4 based composite effort. 

The technology developed can be applied to a 
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GN-10 sintering aids will be deposited on silicon nitride 
powders using precipitation, spray drying, OK polymerization 
reactions. 
of compounds precipitated in the absence of  silicon nitride. Mixed 
cation precipitates o f  the sintering aid composition were prepared. 
Differential thermal analysis shows that the decomposition o€ the 
co-precipitate was di-fferent than the individual components 
suggesting that an intimate mixture was achieved. In addition, 
precipitates have also been formed using an alternate anion. 
Thermal analysis will be used to investigate decomposition of the 
precipitates and homogeneity. We will use these methods to deposit 
sintering aids on silicon nitride powders and screen for uniformity 
and yield. Sufficient quantities will be prepared for slip casting 
studies. 

Initial work involved precipitation and characterization 

TASK 7 IN-PROCESS CHARACTERIZATION AND PROCESS CONTROL DURING 
DRYING OF CAST CERAXIC PARTS 

The objective of this Task is to determine the efficacy of 
ultrasonic methods for the real-time, on-line process control the 
drying o f  green ceramics fabricated by aqueous slip casting, the 
shape forming method used throughout this pragram. The technique 
developed can be applied to s1i.p cast whisker reinforced Si3Nc, 
composites in a future effort. 

Experiments to monitor the baseline ultrasonic properties of  
aqueous slip cast plates are being designed, Four rectangular, 
green ceramic plates (2.X 3.X 0.5 inches) have been fabricated for 
preliminary experiments. Set-up of the humidity chambers, data 
acquisition protocol, and shrinkage measurement methods are in the 
planning stage . 

___I- STATUS I OF MILESTONES 

All milestones are on schedule 

PROBLEMS ENCOUNTERED 

None 
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Silicon Nitride-Metal Carbide Commsites 
S.  T. Berljan, M. L. Huckabee, J. G. Baldoni, J. T. Neil 
(GTE Laboratories, Inc.) 

ectiveIScQpe 

The objective of the proposed effort is to study the effect of sintering aids on 
microstructure and properties of Si3N 4-SiC(w) composites and utilize the results 
obtained to design and synthesize an advanced composite of improved properties. It is 
also an objective of this effort to refine forming and consolidation processes and 
develop technology for prototype part fabrication. 

Technical Hiahliahtg 

High temperature creep studies have indicated different rates of devitrification 
of the intergranular glass phase of silicon nitride-based ceramics depending on the 
quantity and species of sintering aids employed. Based on these data, the controlled 
surface flaw technique (CSF) for measuring fracture toughness, which utilizes 
annealing to remove residual strain affected by the indentation, was deemed 
inappropriate and alternatives were explored. 

Two (indented) bend bar techniques, the indentation strength (IS) [after G.R. 
Anstis, et ai., J. Am. Ceram. SOC., (9) p. 533 (1981)] and the modified indentation 
toughness (MI) [after R.R. Cook and B.R. Lawn, J. Am. Ceram. SOC., (11) C-200 
(1 983)] techniques were evaluated. Preliminary testing showed that indenter 
geometry had no effect on the (IS) KIC value obtained; therefore, 49N Knoop 
indentation was used, while a 49N Vicker indenter was employed for the (MI) test. 
Table 1 compares the results of these techniques to those obtained for the CSF test. The 
bend bars which were not post-indentation annealed, based on the assumption that the 
residual indentation stress in each was the same and that, while the absolute 
magnitudes of KIC by CSF would be low, the relative differences would be 
representative. While the absolute magnitude of the KIC values obtained was found to 
be technique-dependent, the relative differences between the monolithic and composite 
materials was not. Therefore, the (IS) method, based on its simplicity, was chosen. 

Table 1: Comparison of Fracture Toughness Obtained by Various Bend 
Strength Tech n i q u es 

AY6 AY6+30 v/o SiCw KlC 
Technique de 05 1888Al /Code 0 401 88P) Difference 

1) CSF (No Anneal) 4.9 t 0.2 6.0 k 0.2 2 2 Yo 
2) IS 6.3 k 0.1 7.8 +- 0.4 2 4 O/O 

3) MI 7.2 -t 0.4 8.7 k 0.6 2 1 % 

Pursuing further exploration of the effects of intergranular phase on composite 
properties, silicon nitride-based ceramics containing either Y2Q3 or MgO sintering 
aids, added on a volume equivalent basis, were densified by hot pressing or hot pressed 
and heat treated in a single cycle. Monolithic, SIC whisker-containing composite and 
composite matrix phase analog (AY6 or AM4 +- 30 v/o Si3N4) materials were 
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evaluated. Each of these materials has an intergranular phase of different composition, 
Le., adding SiCw or additional Si3N4 powder to preblended baseline powders decreases 
the amount of sintering aid admixture and increases the Si02 content (Table 2). In 
fact, these changes can effect a change in phase field by crossing a tie line in the X- 
A1203-Si02 (XsMgO or Y2O3) phase diagrams. The amount of glass phase also varies. 
Given the fact that the intergranular phase controls to a large extent the fracture path, 
the data illustrate the importance of controlling this microstructural feature for 
mechanical property optimization. 

All ceramic bodies were densified to greater than 98.5% of theoretical density. 
Phase analysis (XRD) showed no indication of devitrification, but the amount of the 
phases of interest is probably below the detection limit of this technique. 

Table 2: Typical Sintering 
Ceramics 

A1203 

AY6 1.50 
AY6 + 30 vfo SiCw 1.05 
AY6 + 30 vfo SigN4 1.05 
AM4 1.53 
AM4 + 30 v/o SiCw 1.14 
AM4 + 30 vfo Si3N4 1.1 4 

Aid Contents of Silicon Nitride-Based 

fvQ0 Y203 Si02 Si02/A1203 + MgO or Y2O3 

6.00 2.60 0.35 
4.25 2.82 0.53 
4.25 2.66 0.50 

4.36 2.60 0.44 
3.07 2.85 0.68 
3.07 2.69 0.64 

Room temperature mechanical property evaluation (Table 3) has indicated that 
the heat treatment cycle has an adverse effect on the room temperature properties of 
AY6. In this instance, the AY6-SiCw composite had a -10% higher fracture toughness 
and equivalent strength compared to monolithic AY6, while it was appreciably (45%) 
tougher than the matrix phase analog. Considering the MgO-fluxed bodies, the 
monolithic AM4 exhibited low strength despite having a fracture toughness equivalent 
to AY6. In Klc testing, a number of indented bend bars of the AM4 monolith failed to 
break at the Knoop indentation, indicating that the natural flaws are large (> -100 
pm) for this material, which accounts for its relatively low strength. Additions of 
SiCw or additional Si3N4 had little effect on fracture toughness, but these materials (E 
and F in Table 2) did have appreciably higher moduli of rupture than the baseline. 
Heat treating AM4 was observed to increase both fracture toughness (-15%) and 
strength (33%), while this procedure had little effect on the AM4-SiCw composite. 
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Table 3: Room Temperature Mechanical Properties of Silicon Nitride 
Ceramics (298.5% Theoretical Density) 

K IC( M Pa. rn 1 12) [IS Method] M 0 R( M Pa) [average of samples] 
Mater id  - HP .HP/HT 

A) AY6 7.4 2k 0.1/981 k 44 5.8 -t- 0.1/847 I 71 
B) AY6 + 30 v/o SiCw 8.0 k 0.1/994 +_ 73 7.8 -41.3/977 rt 68 
C) AY6 + 30 v/o Si3N4 5.5 k 0,2/845 _+ 127 5.9 k 0.8/755 k 188 
D) AM4 7.1 /590 k 44 8.3 k 0.3/789 +_ 208 
E) AM4 + 30 v/o SiCw 7.6 k 0.3/882 f 47 6.8 k 1.0/803 k 148 
F) AM4 + 30 v/o Si3N4 7.3 _+ 0.2/901 -t- 102 5.1 f 0.1/744 k 86 

AY6: 6.0 w/o Y2O3 + 1.5 w/o AI203 + Bat. Si3N4 
AM4: 4.4 w/o MgO + 1.5 w/o A1203 + Bal. Si3N4 
HP: Hot pressed at 18OO0C/34.4 MPd400 min. in N2 
HP/HT: HP + heat treated at 120OoC/240 min. in N2 

It was also determined that the heat treatment tended to reduce the Young's 
moduli (E) of these materials (Table 4). Surface energy, calculated from values of KIC 
and E, was also observed to be affected by composition and/or densification route. 

Table 4: Calculated Surface Energy (Fracture Energy) of Silicon 
Nitride-Based Ceramics Characterized in Tables 2 and 3 

HP HP/HT 
KIC E+ Y* KIC E+ Y* 

Material (MPa.m1I2) (GPa) ( l o 3  erg/crn2) (MPa.m1I2) (GPa) (IO3 erg/crn2) 

AY6 7.4 334.2 81.9 5.8 

AY6+30 V/O 8.0 357.6 89.5 8.3 
SiCw 

AY6+30 V/O 5.5 321.1 47.1 5.9 
Si3N4 

AM4 7.1 330.0 76.4 8.3 

AM4+30 v/o 7.6 356.9 80.9 6.8 
SiCw 

AM4+30 v/o 7.3 324.5 82.1 5.1 
Si3N4 

*y = K21~/2E = surface energy 
+E = Young's modulus (pulse-echo overlap technique) 

320.4 

347.9 

309.2 

327.3 

345.2 

300.8 

52.5 

99.0 

56.3 

105.2 

67.0 

43.2 
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Elevated temperature, 1 4OO0C, modulus of rupture testing (four point loading) 
has shown that heat treating the yttria-containing Si3N4 ceramics can lead to increased 
strength and elastic limit (point of first deviation from linearity in the force-time 
MOR data). Table 5 compares the strength (ratio of 1400°C MOR to the room 
temperature value) and the elastic limit of the two series of SisN4-based materials. 
The strength of the heat-treated AY6 monolith was 25% higher than that of hot- 
pressed AY6, while bath the composite AY6 + SiCw and the composite matrix phase 
analog (AY6 + 30 v/o Si3N4) showed a 50% increase in strength compared to 
materials that were only hot pressed. In all cases, the cycle which included the heat 
treatment produced materials with increased elastic limits, by as much as 40% for the 
AY6 + SiCw composite. The heat treatment cycle had virtually no effect on the 1400" 
strength of the MgO-containing bodies. Since XRD could not verify that devitrification 
had indeed been affected via heat treatment, arrangements have been made for extensive 
TEM analysis of these ceramics at ORNL-HTML. 

Table 5: Strength (MOR [1400"C]/MOR [25"C]) at 1400°C and 
Elastic Limit (E.L.) of Silicon Nitride Ceramics 

H P *  H P / H T * *  
MOR (140O0C1 E.L. MOR (1400°C) E.L. 

MOR (25°C) ( M P a )  MOR (25°C) ( M P a )  

A) AY6*** 0.37 238 f 9 0.46  282 ?- 28 
B) AY6 + 30 v/o SiCw 0.35 218 k 18 0.52 305 -t- 6 
C) AY6 + 30 v/o Si3N4 0.40 342 k 15 0.59 369 f 17 

E) AM4 + 30 v/o SiCw 0.29 113 k 3 0.32 106 k 5 
F) AM4 + 30 v/o SigNq 0.39 111 k 24 0.42 115 t- 10 

D) AM4**** 0.51 101 k 6 0.38 100 _+ 3 

*HP: Hot Pressed at 18OO0C/34.4 MPal400 min. in N2 
**HP/HT: HP + heat treated at 120OoC/240 min. in N2 
***AY6: 6.0 w/o Y2O3 + 1.5 w/o AI203 + Bal. Si3N4 
****AM4: 4.4 w/o MgO + 1.5 w/o AI203 -I- Bal. Si3N4 

Compressive creep testing has continued. Since one sample is normally used 
for as many as nine creep conditions (consecutively increasing stress or 
temperature), it was deemed important to establish the effect of the early creep 
conditions of stress and temperature on the creep dynamics observed under subsequent 
conditions. Four experiments were conducted to investigate this effect. In the first two 
experiments, two samples were annealed for four hours each at the temperature of 
creep prior to loading the sample. Following the anneal, one sample was loaded to 150 
MPa, the other to 350 MPa. The steady-state creep rates of these experiments were 
then compared with the creep rates of a sample which had undergone a pre-creep 
anneal of 4 hours and a typical creep loading sequence (i.e., 50 to 350 MPa in 50 MPa 
increments). In the remaining two experiments, two more samples were annealed at 
the temperature of creep prior to loading. However, in these experiments, the anneal 
time was equivalent to the time the sample would be at temperature prior to that stress 
condition in a typical isothermal creep run involving only changes in stress. For the 
sample crept at 150 MPa, the anneal time was 34 hours and for the sample crept at 
350 MPa, the anneal time was 56 hours. Table 6 shows a compilation of the steady- 
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state creep rates of these four experiments and a comparison to the steady-state creep 
rate of the sample in a normal stress exponent creep experiment. 

Table 6: Steady-State Creep Rates for Various Anneal Times as 
Compared to Creep Rates with Prior Loading Histories 

T Stress Anneal ES s Ess S?D 
( K )  ( M P a )  Time (hrs.)* ( s - 1 )  ( s - 1 " )  

1 6 2 0  1 5 0  4 7.1 6E-8 6.1 7E-8 
1 6 2 0  350 4 2.1 9E-7 1.48E-7 
1620  1 5 0  3 4  6.79E-8 6.1 7E-8 
1 6 2 0  3 5 0  5 6  1.40E-7 1.48E-7 

*Standard steady-state creep rates represent creep rates with prior loading history 
(Le., stress range of 50-350 MPa). 

An analysis of the data shows that the values for strain rate at each of the four 
conditions of the samples strained under one condition and that of the single sample 
stressed under each of these individual conditions but also under several prior 
conditions are within the normal scatter of creep data for this multi-phase material. 
This is considering two samples of this same material subjected to the same pre-creep 
conditions of temperature, even if small amounts of strain (el%) occur in orie but not 
the other, the strain rates at the next higher level of stress will be virtually the same 
in both materials. However, as discussed in the next section, the ternperature-time 
history of the silicon nitride base material has been determined to affect the time- 
dependent response to stress. 

The creep kinetics of AYG-Si3N4 reinforced with 30 vlo Sic whiskers were 
evaluated with relation to annealing. In addition to experiments preceded by 4 and 50 
hour anneals, studies have been conducted in which the samples were annealed for 75 
and 100 hours prior to loading. Figure 1 shows the results of these four experiments. 
Since the curves for the samples annealed for 75 and 100 hours are approximately the 
same for most data points, the microstructure is believed to be set between 50 and 75 
hours of annealing. 

Analytical electron microscopy of an annealed (4 hours at 1620K) and a fully 
crept (50 to 350 MPa at 1620K) sample has revealed that a significant portion of the 
glass phase in the microstructure is continuous with one or more crystalline phases at 
triple junctions. Energy Dispersive Spectrometry of these pockets has shown the 
following average compositions: 
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Annealed Sample (At%) 

N -21.5% 
0 -45.0% 
AI .a% 
Si 15.4% 
Y 17.3% 

Crept Sample (At%) 

N -13.7% 
0 -55.4% 
AI 0.3% 
Si 16.2% 
Y 14.3% 

These spectra were taken from pockets between Si3N4 grain pairs and between 
Si3N4 grains and whiskers. 

In order to determine if microstructural evolution is the cause of the dramatic 
change in stress dependence initially observed at approximately 225 MPa (see Figure 
l), one sample was crept (at 1620K) to the conditions before the break in the stress- 
dependence curve. This microstructure, as well as those from an as-received sample, 
and samples annealed and crept at 1620K, were closely examined to determine the 
evolution of the microstructure during creep. High resolution TEM has shown that an 
amorphous layer was present within the grain boundaries (Si3N4/Si3N4 and 
Si3Nq/whisker) and on the outer edges of triple-point pockets in samples crept under 
conditions which correspond to those prior to the change in slope of the creep rate- 
stress curve. After the break, this film was not observed at either location! 
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63 IO0 1'38 252 
w-T- ' 1--T7--- 
4 hr anneal 

'50 hr anneal 
75 hr anneal 
100 hr anneal 

TEMPERATUAE = 162UK 
t 

X 

4. 

1.6 1.8 2.0 2.2 2.4 2.6 
Log Stress 

Figure 1: Effect of anneal time on steady-state creep rates and stress 
exponent of 30 vol % SIC whisker-reinforced SigNql 
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Data has shown that the break in the stress dependence occurs almost 
exclusively at approximately 1% strain. An experiment was conducted in which 1% 
strain was induced in the material at low stress. The experiment did show the break to 
occur at a stress less than 225 MPa. This relationship between strain and the break 
may suggest that the film of amorphous phase is not crystallized but squeezed out of the 
microstructure to produce a stiffer microstructure through the formation of a p- 
Si3N4 grain skeleton as has been proposed for WC-Go cermets. This would result in 
and explain the observed increase in stress dependence. 

The effect of anneal time on creep kinetics was further investigated. Anneals of 
4, 50, 75 and 100 hours, at 1620°K were conducted preceding the loading sequence at 
the same temperature. The results of these four experiments are shown in Figure 2a. 
It can be seen that the location of the break does not change with anneal time, since 
annealing does not produce strain that would push out intergranular glass. However, 
steady-state creep rates decrease with increasing anneal time, suggesting that the 
microstructure is not in internal equilibrium after the four anneal times used. 

Also during this reporting period the conversion of one creep system to operate 
in an air atmosphere was initiated and completed. One creep experiment has been 
completed. At 1620°K in the stress range of 50 - 350 MPa the material exhibited a 
bilinear behavior similar to that of the material crept in nitrogen. Figure 2b shows a 
comparison of steady-state creep rate versus log stress for this material crept in air 
and in nitrogen with all other parameters being the same. At all stress conditions, the 
sample crept in air exhibits higher creep rates. This phenomenon could be related to a 
loss of N2 from the intergranular glass phase, present due to densification in a 
nitrogen-rich atmosphere, which would tend to lower the viscosity or effect a change 
in the kinetics of devitrification. 



Figure 2 Compressive Creep Testing Results for AYG-Si3N4 + 30 vlo 
SiCw Composite: a) Effect of Annealing on the Steady State 
Creep Rate at 162QK; b) Effect of an Air Atmosphere on the 
Steady State Creep Rate at 1620K 

1 . 6  1.8 2.0 2.2 2.4 2.6 

Lop S l r tss  

( b )  
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Results of tensile (NIST) and compressive (NCSU) creep testing have indicated 
no reduction in creep rate due to whisker reinforcement. This is contrary to 
previously reported results for creep tests in bending where the composite exhibited 
considerably lower steady state creep rates. Preliminary four-point bending results 
(Table 7) of specimens cut from the same billets of material from which the tensile 
and compressive samples were machined are in agreement with the uniaxial testing 
results. The initial results showing enhanced creep resistance for the composite were 
obtained with materials prepared with GTE SN502 Si3N4 powder, while the ceramics 
used for the round robin testing were made with Ube E10 Si3N4 powder. The surface 
area of the Ube powder is appreciably larger than that of the SN502 powder in both the 
as-received and milled condition, 10.5 m2/gm/l 4.0 m2/gm and 4.0 m2/gm/7.5 
m2/gm, respectively. In spite of the smaller particle size, monolithic AY6 prepared 
with the Ube powder has been observed to require a higher densification temperature 
to obtain complete a to j3 Si3N4 conversion (XRD) when hot pressed under the same 
pressure/time parameters which produce AY6 prepared with SN502 containing no 
detectable a-phase. The application of higher densification temperatures, possibly 
coupled with the different powder, results in monolithic Si3N4 microstructures which 
are appreciably different from those produced to date for Si3N4 hot-pressed bodies 
fabricated with SN502 powder. Fractography of bend bars broken at room 
temperature (Figure 3) indicates a microstructure for monolithic AY6 (Ube powder) 
which is very similar in appearance to that obtained for AY6 (SN502) i 30 v/o Sic 
whisker composites. A higher density of acicular P-Si3N4 grain pullout cavities and 
depressions by fracture around grains are observed for the Ube powder source 
monolith compared to the counterpart prepared with SN502 powder. This 
microstructural difference also resulted in increased room temperature mechanical 
properties with the fracture toughness and modulus of rupture of the Ube material 
being higher by 15% and 30%, respectively. The microstructures of these composites 
a re being evaluated. 

Table 7: Steady State Creep Rates (12OO0C/206.7 MPa Imposed Stress) 
of Si3N4-Based Ceramics in Four-Point Bending 

Si3N4 
Powder 

Four Point Creep Steady State 
Mat e ri a! Strain Rate at 1 20O0C/2O6 M Pa (1 O ~ S A ~  

AY6 #1 SN502 

AY6 #2 SN502 

1 6 . 8  
-+ 19.1 f 6.1 

20.2 (ave. of 2) 

AY6 #3 Ube E10 3.3 (ave. of 2) 

AY6 + 30 v/o SiCw SN502 2.2 k 0.3 

AY6 + 30 v/o SiCw Ube E10 4.7 * 0.9 



103 

I 

Figure 3: Fracture Surfaces of Monolithic AY6 Si3N4 Ceramics 
Broken at Room Temperature a) Prepared with SN502 
Powder and b) Prepared with Ube E10 Powder 
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Additional modulus of rupture testing empbying AY6-%N4 has been conducted 
with a fixture whose spans and toad point size correspond to MU.-Std-1942 (MR) 
configuration B (quarter point loading with outer span = and load point 
diameter = 4.5 mm) and compared to MOR values obtained standard GTEL 
fixture (outer span = 22.9 mm, Inner span = 10.2 mm, load pint  ,diameter = 6.1 
mm). Room temperature MOR was measured at a crosshead speed of 4.95 mm/min 
corresponding to calculated strain rates of 5.7 x 10-3 min-1 and 7.4 x min-1 for 
the MIL-Std and GTEL fixtures, respeotively. 

The results (Table 8) indicate that the average strength is reduced by 13% when the 
larger MlL-Std-B size bend bar is tested, Although the caku&icl Weibull moduli 
appear to be significantly different, these valves are statjstfcally similar, since there 
is an estimated BO% error for a 90% confidence level in this cdculatbn with a 20- 
point data set. If an average Weibull modulus of 14 is assumed tb be representative of 
both data sets, from the Webull scaling law: 

where 

a1 = MOR of GTEL Std. = 1001 MPa 
a2 = MOR of MIL Std. = expected value 
v 1 - effective volume of GTEL Std. 
vp = effective volume of MIL-Std. 
m = Weibull modulus 

Then the expected MOR of this AYG-Si3pa4 is CQ = 853 MPa, which is in good agreement 
with the measured vdue. 

Table 8: Comparison of MlLlStd-6 and GTEL Four Pofnt Modulus of 
Rupture 

2-Parameter 
Sample MOR* Welbul l  Effective 

F i x tu re  Size (mm) (MPa) Mod ulu 8 Volume (mm3) 

MIL-Std-B 3.4x4.0x45.0 870k89 
GTEL-Std. 1.3x2.5x25.0 1001 f 7 2  

*Average of 20 samples 

11.7 
16.5 

10.2 
1.1 

Additional studies involving the AY6 + 30 v/o SiCw composite material were 
directed at mechanical property evaluation of injection-molded material HlPed at 
different temperatures and times (constant pressure, 207 MPa). Variations of time 
and temperature for the cycles evaluated are illustrated in Figure 4 and are additive to 
the values used for cycle 1. For cycles 1 and 2, the measured densities for the bars 

' 
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ranged between 98.2 and 98.5% of the calculated values, while the values for cycles 3 
and 4 ranged between 97.6 and 99.0%. 

- 0  
9 2  v 

Figure 4: Variations of Temperature and Time for the HIP Cycles 
Investigated 

Mechanical property values (Table 9) for the four cycles investigated show 
that cycle 1 (lowest temperature and shortest time) had a lower fracture toughness 
and MOR. Increasing the temperature and time over cycle 1 increased the fracture 
toughness and MOR. For cycles 2, 3 and 4, the data also suggest that increasing the 
temperature and time of the HIP cycle can increase the MOR. In particular, at 
1400°C, cycle 4 samples show a four-fold increase of MOR. 

Table 9: Room and Elevated Temperature Measurements for Injection- 
Molded AY6 + 30 v/o SiCw composite HlPed at Different 
Temperatures and Times (Constant Pressure = 207 MPa, 
Temperature and Time Variations for the Cycles Shown in 
Figure 4 

Mechanical Properties 
HIP Fracture Toughness* Modulus of Rupture 

Cycle M Pa-M I/*) 25°C 1200°C 1400°C 
KI c ( M P a )  

1 5.1+_0.5(5)** 1053+87( 7) 465_+86(3) 1 1  0_+2(3) 
2 6.5*0.2(5) 1209+73(7) 61 6+105(3) 386+58(3) 
3 64.*0.4(5) 1 1  55+_62(5) 670&75(3) 365+49(3) 
4 62.f0.2( 5) 1120+102(5) 638+51(3) 460+_21(3) 

*IS technique 
**Number of parentheses represents number of samples tested. 
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The HIP cycle also effects the yield stress (elastic limit) observed during the 
1400°C MOR test for the four cycles. No plastic deformation was observed up to 
12OO0C for any cycle investigated. For the test at 14OO0C, examination of the data 
shows yield of the samples occurs when the average stress reaches 62 MPa for cycle 1, 
230 MPa for cycle 2, 267 MPa for cycle 3, and 317 MPa for cycle 4. These 
differences are most likely due to the different character of the intergranular glass 
phase produced during the different HIP cycles. Differences in glass properties are 
also evident in the force time curves for high temperature (1400°C) four-point bend 
test as illustrated in figure 4 for cycle 1 and 5. The higher yield stress and MOR value 
at 1400°C observed for cycle 4 suggests that the higher temperature and longer time 
HIP cycle results in the formation of a more viscous, homogeneous glass phase which 
would lead to the improved mechanical properties observed. 

1400% Tod 
28 t 4 pt. Bend 

Time (mid) 

Figure 5: Force-Time Plots for 1400°C MOR Test in Four-Point 
Loading, Two different HIP Cycles 

Further analysis of these specimens has also shown considerable differences in 
fracture mode between material prepared at the lower temperature, shorter time 
(cycle 1) and those fabricated at the higher temperature for longer times (cycle 4). 
Composites HlPed at low temperature fracture intergranularly and have several times 
greater pullout lengths of acicular grains indicating a relatively low strength of 
intergranular bond. Despite the shorter pullout lengths, the composites HlPed at 
higher temperature exhibit higher fracture toughness. 
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Testing of creep response at 1200°C and constant load 207 MPa shows (Figure 
6) that composites densified at low temperature (cycle 1) exhibit poor resistance to 
creep and slow crack growth, leading to fracture in 1.5 to 3 hours, while improved 
creep/subcritical crack growth resistance is observed for the material HlPed at higher 
temperature for longer time. 

These results again point to the importance of the intergranular phase 
(together with grain sizehhape) in determining room and elevated temperature 
properties of silicon nitride ceramics.Limited observations to date suggest, for 
example, that the kinetics of glass phase homogenization is considerably more sluggish 
than what was generally assumed. It follows then that in order to be fully specified a 
composite has to be defined in terms of its major constituents (grain 
size/shape/distribution), composition, and processing history as well as quantity and 
species of minor components forming the intergranular phase. 

1.5 

T 
4 

t- 
cr) 

II 

pe 1.6 

i8 
0.5 

0.0 
0 

30 Ksi 

100 200 300 

TIME (Hrs.) 

Figure 6: Comparison of Injection-Molded AY6 + 30 v/o SIC Whiskers 
HlPed at Low Temperature Short Time (Cycle 1) and High 
Temperature Longer Time (Cycle 4) Subjected to Creep at 
1 2 0 0 ° C  

Another aspect of the current work includes optimization of forming by 
injection molding. Based on analyses of whisker orientation in injection-molded parts, 
a new gating configuration was developed for the fabrication of CATE axial turbine 
blades from whisker-containing composite material. The gate modification work 
concentrates on minimizing distortion in the airfoil section, which typically is not 
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machined after densification. Work on injection molding, which was delayed due to 
laboratory and equipment upgrade to more safely handle the compounding of the 
composite material containing Sic whiskers, has been resumed. Material has now been 
prepared and compounded and is being injection-molded in preparation for binder 
burnout and HIPing. 

Status of Milestones 

Overall execution of program is on schedule. 

Co m mu n ica t i ons/Vis it s/Trave I 

None. 

Pro blerns Encountered 

None. 

Publications 

None. 
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Development of Tourhened Si& CornDosites b y  Glass Encapsulated Hot Isostatic Pressure 
N. D. arbin ,  G. J. Sundberg, K. N. Siebein, V. K. Pujari, G. A. Rossi and J. S. Hansen 
(Norton Company) 

OBSECTIVE/SCOPE 

This two year program is to develop fully dense 
Si,N, matrix Sic whisker composites which show 
enhanced properties over monolithic S i p ,  materials, 
Materials will be densified using high pressure glass 
encapsulation HfPing. The primary goal is to develop a 
composite with a fracture toughness > 10 MPam and 
capable of operating up to 140OOC. 

Studies will be conducted to tailor the whisker/matrix 
interface and determine the optimum whisker morphology f o r  
fracture toughness improvements. The effect of forming on 
whisker orientation, fracture toughness, and shape 
distortion will alsa be addressed. 

TECHNICAL PROGRESS 

1.0 EVALUATION PROCEDURES 

Procedures f o r  analytical evaluations and mechanical 
property determinations have previously been described in 
detail.(l) Flexural strength is determined using the U.S. 
Army recommended procedures f o r  a cross-section of 3 mm x 
4 mm.(2) Fracture toughness is determined by either an 
indentation method (3), a controlled flaw method ( 4 ) ,  or 
by a chevron notch method (5) depending on material 
availability. 

chevron notch method was performed using a two step 
technique. At first a slow crass head speed of ,005 nmfmin 
was used to precrack the specimen and a faster cross head 
speed, 0.5 mm/min, f a r  fracture. This two step procedure 
was used to induce subcritical precracking followed by 
stable crack growth and fracture (6)(Figure 1). Figure I 
exhibits a truncated stable crack growth region 
characteristic of the precrack length. The results 
obtained using the previous single cross head speed 

Fracture toughness testing of' composites using the 
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I 
I 

I I:. I 

Disp 1 a cern en t 

FIGURE 1 Load displacement curve for a t w o  step 
chevron notch fracture toughness test. ( 6 )  
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technique and the current two crosshead speed technique 
were similar for a Si3N4 monolith (NT154 (Si3N4 + 
4 w/o Y,O,)) . A greater number of valid toughness 
tests were performed with the two step technique than the 
single cross head speed technique. 

Toughness may vary with the measurement technique 
used.(7) Consequently, the toughness data will be reported 
with the toughness of a readily available material, NC132, 
determined by the same measurement technique. 

for determining the surface composition of individual Sic 
whiskers by Scanning Auger Microanalysis ( S A M ) .  This 
method was used to evaluate additional whisker materials. 

As previously detailed (8) a technique was developed 

2.0 INTERFACES 

BORON NITRIDE - A BN coating was applied to Sic 
whiskers by an outside vendor using a polymer pyrolysis 
process. Analysis by TEM showed the coating to be 
relatively uniform, continuous, and present on all the 
whiskers examined. In most areas the coating thickness 
ranged from approximately 30 - 35 nm. Figure 2 is a bright 
field micrograph of a typical BN coated whisker. There 
were some large areas of coating on the whiskers with 
thickness up to 350 nm. The BN coating was amorphous as 
determined by selected area diffraction. The average 
composition of the coating as determined by Auger analysis 
was: - 2 atomic percent (a/o) Si, 28 a/o C, 7 a/o 0, 31 
a/o B, and 33 a/o N. The ratio N:B = 1.06. The high carbon 
content is either residual from the polymer or due to 
absorption from exposure to the atmosphere. 

A batch of BN coated SiC(w) applied by CVD at Norton 
Company with a thinner coating than earlier material was 
evaluated.(7) The coating was relatively uniform and 
continuous. All of the whiskers examined were coated. The 
coating morphology was platelike with the BN platelets 
oriented perpendicular to the Sic whiskers surface. The BN 
platelets were between 1.0-5.0 nm in diameter and -50 nm 
long. The overall coating thickness ranged from 40 to 50 
nm. Figure 3 is a brightfield micrograph of a whisker with 
the CVD BN coating. Selected area diffraction (SAD) was 
performed on an agglomerate of the coating, which was 
indexed as microcrystalline BN. The average composition of 
the coating as determined by Auger was: 29 a/o C, 6 a/o 0, 
34 a/o B, 32 a/o N. The N:B ratio is 0.94. The carbon 
content may be a result of the graphite heating element 
used in the CVD apparatus. 

METAL/ALLOY - Metallic interfaces between SiC(w) and 
Si,N, matrix are under evaluation to further define 
the interface properties necessary for improved fracture 
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FIGURE 2 Bright field micrograph of a Sic whisker with 
a BN coating applied by a polper pyrolysis 
method. 

F 

P 

I 
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toughness. Although many of the selected metals or alloys 
may not be practical for high temperature application, 
insight can be provided into the effect of the interface 
on fracture toughness. 

be divided into four categories. 

1. layered structures (eg. Gas, Si2Te3, WSe,) 
2. ductile layers (eg. gold, silver) 
3. brittle layers (eg. silicon, germanium, tungsten) 
4. reactions to produce an in-situ carbon layer (eg. 

The use of metals and alloys as interface coatings may 

chromium, nickel) 

Initial interest focussed upon finding materials other 
than BN and Carbon which had similar layered structures. 
These materials generally have weak interplanar forces 
which promote debonding and sliding when placed at an 
interface. There are some obvious silicates such as talc 
and mica which in principle fulfill this requirement but 
high temperature instability and anticipated reactivity 
with Si,N, eliminate them from consideration. Many 
other layered structured materials exist that fall into 
the general classes listed in Table 1.(9) Unfortunately, 
many of these materials become unstable above -5OOOC. 

contain tellurium and selenium which are toxic. Toxicity 
severely limits the practical use of such interfaces for 
improved materials. No practical materials with layered 
structures which would be appropriate for the interface 
between Si,N, and Sic have been found. 

categories 2, 3, and 4 above were applied to either Sic 
grain or whiskers by either PVD, CVD or electrolytic 
methods. After coating, the Sic was mixed with Si,N, 
having 4 w/o Y,O, sintering aid and HIPed. The effective- 
ness of the coating was determined by insertion of 
indentation cracks into polished sections and observing 
crack interactions with the microstructure. The results of 
the coatings to date are summarized in Table 2. Several 
coatings did show evidence of enhanced debonding and/or 
blunting at the interface. 

Those which show better high temperature stability 

The metallic coatings in Table 2, which fall into the 

3.0 MODELING OF RESIDUAL STRESSES 

As previously noted (5), residual stresses in 
Si,N,/SiC(w) composites are sensitive to the coeffi- 
cient of thermal expansion (CTE) of the intergranular 
phases. It has been observed in TEM that inte,rgranular 
phases can form large single crystals which encompass 
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TABLE 1 

LAYERED STRUCTURE MATERIALS 

o Bivalent Metal Hydroxides 
Mg (OH) 2, Mn (OH) 2 

o Transition Metal Dichalcogenides 
MCh, (M = Ti, Zr, Nb, Mo, W; Ch = Se, Te, S) 

o I11 - VI Compounds 
Gas, GaSe, GaTe, InSe 

o IV - VI Compounds 
PbO, Si2Te,, SnS,, SnO 

o Carbon, Boron Nitride 



TABLE 2 

ComDosites with Metal Interfaces 

Metal Compo s it e 
Coating Sic Code Observations 

N i ( B )  grain (2256#58)  Coating diffused away from 
the interface during HIPing. 
Reaction with Sic produced 
N i 5 S i 2 .  

Cr 

Si 

W 

AU 

Silver 

powder (2229D#53) 

whisker ( 2 2 3 1A#53 ) 

grain (2228#53 1 

grain 

grain 

(2258#58)  

(2262#64)  

Coating diffused away from 
the interface during HIPing. 
Cr reacted with Sic to 
produce CrSiC. 

Coating diffused away from 
the interface during HIPing. 

Coating remained at inter- 
face, evidence of crack 
blunting. 

Coating remained at 
interface some evidence of 
enhanced debonding. 

Coating present at 
interface, debonding 
evident. 
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multiple grain boundaries and surround Si3N4 grains in 
a monolith.(lO) As a result it is necessary to know the 
CTE's of the intergranular phases as a function of 
crystallographic orientation. This is necessary because 
the Si,N, grains or Sic whiskers may be in contact 
with each of the crystallographic orientations of the 
intergranular phase. 

The expansion data for two phases which occur in 
Si3N4 when Y203 is used as the sintering aid, delta 
Y2Si207 and yttrium apatite Y, (SiO,) 3N were not available 
in the literature. The values were determined by a joint 
effort between Norton Company and the HTML facility at 
O a k  Ridge National Laboratory (Table 3) (11-19). The 
specifics for this determination will be reported else- 
where. (13) In brief, the two phases were synthesized 
then evaluated for thermal expansion by determining 
lattice parameters from room temperature to 12OO0C. The 
lattice expansions for delta Y,Si,O, were highly aniso- 
tropic. This anisotropy means the tensile stress at the 
interface where Y,Si,O, is sandwiched between Sic and Si,N, 
can range from - 400 MPa to - 1500 MPa depending on 
crystal orientation. The expansion of the apatite phase 
is only slightly anisotropic as is typical for silicate 
apatites (20) and in very good agreement with the 
reported bulk data.(l4) 

various Si3N4 intergranular phases. As can be seen there 
is a very large range of expansions available which 
greatly effect the residual stress in the composite 
system. The CTE of intergranular phases have been used to 
explain differences in the fracture toughness of Si,N, 
monoliths. (16) 

Table 3 lists the thermal expansion coefficient of 

4 . 0  MATERIAL PROPERTY PROGRESS 

TOUGHNESS - The toughness of a composite prepared with 
BN coated SiC(w) (2250C#68) is 4.8 MPam by the control 
flaw method. This value does not show any improvement over 
monolithic material. The test bars were not fully dense. 
There is evidence of whisker pullout on the fracture 
surfaces but the effect of the coated whiskers may be 
masked by the porosity in the specimen. Additional BN 
coated SiC(w) are being prepared for further analysis in 
S i3N4. 

Fracture toughness results from room temperature to 
1370OC are presented in Table 4. The table incorporates 
the fracture toughness measurements made previously on 
Si3N4 monoliths NT154 (Si3N, + 4 w/o Y,O,) and NC132 
(Si,N, + 1 w/o MgO) and various composites using the 
one cross head speed technique and new results using the 
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TABLE 3 

Mean Ex~ansion coefficient f o r  

P o t e n t i a l  P h a s e s  i n  S i , N 4 / S i C ~ , l ~ o m p o s i t e s  

T e m p e r a t u r e  
E x p a n s i o n  x R a n g e  Direction P h a s e  R e f e r e n c e  
- .. ~ 

-17.5 
- 2 . 0  

0.6 
1.26 
2.9 
3 . 2 3  

> 3 . 5  
3 . 6 1  
3 . 7 0  
3.72 
3 . 8 9  
3 . 9 9  
4.06 

4.4-4.5 
4.47 
4.55 
5.8 
6.5 
6.6 

<7.0 
7.6 
7.8 
8 . 2  

8 . 3  
>8.5 
8.6 
10.2 
10.7 
11.4 

>4.1 

0 - 110 ooc 
2 5 - 3.1 0 OOC 

RT-2 OO°C 
0- 100ooc 

RT- 12 0 OOC 
0 -1ooooe 

N/A 
0-10 0 o'c 
0-10 OOOC 
0- 10 oooc 
0- 10 0 o'c 
0 -100 o'c 

2 0-looooc 

20-1000°c 
0- 10 0 ooc 

2 0- 100 ooc 

20-1000°c 

0-1 l0O0C 
2 0-1 0 0 ooc 

N/A 
RT- 1 o o OOC 

N/A 
N/A 

2 5-1 100°C 

N/Ao 
RT-600 C 

RT-6 0 O°C 

RT-1200°C 
RT-1200'C 
RT-2OO0C 

-- 
a 
C 

c 
b 

a 33 

C 

-.." 
I...- 

Q1 II 
a 

Bulk 

Bulk 
c 

C 

a 
Bulk 

a -- 

P-LiAlS io, 
P - L i A l S i p ,  

S i 2 0 N ,  
6Y,S ip, 

Y-Si-Al-Q-N glass 
as i3N4 
@S i3N4 
PS i3N4 
S i2ON2 

Sic (4H) 
Mg-Si-AL-Q-N g l a s s  
Sic cubic ( 3 C )  
Sic ( 4 H )  
5 il icon 
Y zS i303N4 
P - L i A 1 S i 2 0 6  

Y-S i -A1-0 -N glass 

P - L i A 1  S io4 

Y2S io, 

PS y4 

S i2QN2 

y8s i4°14N4 

Y S ( S i 0 4 )  p 

ys ( S i 0 4 1  3N 

y5 (Si041 3N 
Ca-Na-Si-Q-N glass 

~ Y , S  i207 
6Y2S i2Q7 
Y2SiQs  

y3A1S0L2 

16 
16 
12  
11 
1 3  
11 
17 
11 
11 
11 
11 
11 
15 
17 
15 
15  
1 

14 
16 
14 
18 
13 
16 
14 
13 
17 
19 
13 
13 
1 2  



TABLE 4 

.5 
Toughness Results (MPa (m)  ) 

Control 1 ed CHEVRON NOTCH 
F1 aw 

CODE M A T R I X  ( A )  S i C ( w )  Room Temp. RT 1000 C 1200 C 1370 C METHOD (B) 
~ 

(1) NC132 Si 3N4 --- 4.5 4.3(3) --- 3.9(3) 

NT154 S i  3N4 --- 5.5 4.7(3) 4.1(3) 3.7(2) 4 .1(3)  (1) 
(2) 

--- 

--- --- NT154 S i  3N4 --- 5.5 4.6(3) --- 
P 
P 7x014 SRBSN 30  v /o  Tateho 5.2 4.6(3) --- 3.9(3) 4.1(3) (1) ca 

2154C#43 SRBSN 30  v/o Tateho 5.3 4.8(3) --- 3.5(2) 4.5(2) (2) 

2197#50* Si3N4 30 v/o AMI 6.5 5.8(3) 5.2(2) 5.6(3) 4.7(3) (1) 

2247#57* Si3N4 30 v /o  ACMC 5.7 4.9(3) --- 6.0(2) 4.9(2) (2) 
~~ ~ 

o 
o Specimen cross section i s  3 mm x 4 mm. 
o 

( A )  SRBSN = composites prepared by blending S i C ( w )  w i t h  s i l i c o n ,  and sintering a i d ,  

A l l  samples except NC-132 have 4 w/o Y203 i n  matrix,  NC-132 has 1 w/o MgO. 

Number o f  specimens tested i n  parentheses next t o  fracture toughness. 

n i t r i d i n g ,  then HIPing t o  f u l l  density. 
Si3N4 = b l e n d i n g  Si3N4 powder w i t h  Sintering a i d  and  whiskers prior t o  HIP ing .  

(B )  1 = one step method, 2 = two step method. 

* Composites w i t h  carbon coated whiskers 
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two step technique. The specimen with treated American 
Matrix Sic whiskers (2197#50) had the highest room 
temperature fracture toughness. The two composite samples 
with Tateho whiskers in an SRBSN matrix had fracture 
toughnesses of, approximately 4.75, which was lower than 
the composite with the treated AMI whiskers. The fracture 
toughness of the composite with ACMC whiskers in a Si,N, 
matrix was similar to the SRBSN matrix room temperature 
materials. The treated AMI whiskers seem to improve the 
room temperature toughness of the composites. 

In general, the high temperature fracture toughness 
decreased with increasing temperature. One material, 
2247#57, exhibited very high fracture toughness at 
120OOC. The cause a€ the high 12OO0C fracture toughness 
is under investigation. At 120OoC the fracture toughness 
of the C-coated AMI whisker composite and the ACMC whisker 
composites were 5.6 and 6.0 MPa, respectively, 
compared with 3.7 for the monolith. 

OXIDATION - Oxidation screening tests of two composite 
samples were performed at 140OOC and 1 0 0 0 ° C  in air f o r  
10 hours (Table 5). The influence of Carbon and BN at the 
€iber/matrix interface on the oxidation resistance was 
studied. One material contained carbon coated Sic whiskers 
(2261#61), and another sample contained BN coated S I C  
whiskers ( 2 2 5 0 # 6 8 ) .  The weight change and surface 
appearance were monitored after heat treatment. The room 
temperature flexure strength of the composite with carbon 
coated SiC(w) was measured before and after oxidation. 
Phase analysis was performed using x-ray diffraction on 
the specimen oxidized at 14OOOC. 

result of the treatments. The composite with carbon coated 
SiC(w) appeared unaffected by the 1000°C treatment, the 
weight gains were very small averaging .002 grams with no 
significant change of flexure strength (Table 6). A few 
small white crystals were present on the surface of the 
test bars after oxidation. After the 1400OC treatment 
the surface had a discontinuous oxide layer that appeared 
predominantly amorphous upon which small crystals were 
present. The room temperature strength reduction from 92.1 
k s i  to 66.9 k s i  after the oxidation treatment at 14OO0C 
was accompanied by a small weight gain of 0.0006 grams. 
The 1400OC oxidized surface of the composite contained: 
beta silicon nitride (JCPDS 33-1160), alpha silicon 
nitride (JCPDS 9-250), Sic (JCPDS 29-1129), and alpha 
cristobalite (JCPDS 11-695).(21) The crystalline oxidation 
product was alpha cristobalite. The oxidation results w e r e  
encouraging because the composite contained carbon coated 
whiskers and did not catastrophically oxidize at liOo°C 

In general, catastrophic oxidation did not occur as a 
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or 14OO0C due to the presence of carbon. Catastrophic 
oxidation of Si,N, with carbon has previously been 
reported. (22) 

An oxide layer formed on the specimen with BN coated 
SiC(w) during both the 1000°C and the 140OoC treatment 
with an attendant loss of weight. The weight losses were 
low; .0005 grams after 1000°C treatment and .0006 grams 
after the 140OOC treatment. The light grey oxide layer 
that formed at 1000°C was not uniform and outlined dark 
grey macro grains. A discontinuous oxide layer with an 
amorphous appearance covered with yellow and white spots 
formed. at 14OOOC. 

5.0 SUMMARY 

Uniform, continuous BN coatings between 35 and 50 nm 
of thickness and B:N ratio -1.0 have been applied to Sic 
whiskers by polymer pyrolysis and CVD methods. The BN 
coatings by polymer pyrolysis were amorphous and the CVD 
coatings were polycrystalline of platelike morphology. 
Appreciable carbon, 28 to 29 a/o, was present in the 
coating, the origin of which is under investigation. 

two phases which occur in Si,N, with Y,O, as a sintering 
aid, delta Y,Si,O, and yttrium apatite Y, (SiO,) 3N, that 
were not available in the literature. The maximum possible 
tensile stress from thermal expansion mismatch at the 
SiC/Y,Si,O,/Si,N, interface was calculated and found to 
be appreciable at 1500 MPa. 

Carbon coated Sic whisker reinforced Si,N, did not 
experience catastrophic oxidation during air heating at 
1000°C and 140OoC for 10 hrs. Mean flexure strength 
reduced from 92.1 ksi to 66.9 ksi after the 140OOC - 
10 hr oxidation treatment. 

The thermal expansion coefficient was determined for 

STATUS OF MILESTONES 

All milestones are on schedule. 

PUBLICATIONS/PRESENTATIONS 

C. R. Hubbard and 0. €3. Cavin, Oak Ridge National 
Laboratory, and D. J. Devlin and N. D. Corbin, Norton 
Company, "Anisotropic Thermal Expansion of Y,Si20, and 
Y,(SiO,) ,N by High Temperature X-ray Diffraction, 
Presented at 38th Denver X-ray Conference, Denver, CO, 
August 4 ,  1989. 
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Fabrication of Si3N4ISiC Cornu os1 *res bv Transient Liauid Phme Siplte r i a  

S. D. Nunn and T. Y. Tien (The University of Michigan) 

Obiective/Scqg 

The goal of this project is to obtain dense silicon nitride composites containing silicon 

carbide whiskers by transient liquid phase sintering. The systems SiAlON, SiAlON- 

Garnet (Y3A15012) and SiAlBN-Cordierite (Mg2A14Si501g) were selected for this 

study. Mixtures of the starting materials form a sufficient amount of liquid to aid 

densification at the sintering temperatures, After sintering, the liquid phase at the ga in  

boundaries can be crystallized by heat treatment. 

Technical Progress 

Crystallographic orientation in hot pressed ceramics conkaining non-eq-uiaxed particles 

has been reported for monolithic Si3N4,' Sic whisker reinforced Al2O3> and Sic 

whisker reinforced Si3N4.3 In all cases, it was reported that the strength and toughness 

values were higher when cracks in the test specimen were propagated perpendicular to 

the long axis of the oriented particles. In the present study, parallel orientation: of both 

the whiskers and the matrix has been observed in pressureless sintered S i c  whisker 

reinforced Si3N4 composites. 

1.1 WI~~SKEK ORENTATTON 

The observation of whisker orientation in Si3N4/SiCw composites when the green 

bodies were formed by pressure filtration of a slurry was described in an earlier 

rep01-t.~ A schematic diagram of the pressure filtration apparatus is shown in Fig. 1. 

Because of their high aspect ratio, the S i c  whiskers tend to be deposited with the long 

axis lying in the plane of the ceramic cake. The orientation was detected by analysis of 

x-ray diffraction patterns taken with different sample orientations. The whisker 

orientation was observed in both the green and in the sintered ceramics. It was found 
that the p-Sic <111> direction (length) was perpendicular to the pressure filtration 

direction, but that the whiskers were otherwise randomly oriented. 
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1.2 MATRJX ORIENTATION 

More recent analysis of sintered composites has shown that the P-Si3N4 matrix which 

forms during sintering also exhibits crystallographic texture. Again, peak height 

variation in the x-ray diffraction patterns for different sample orientations was used to 

analyze the texture as shown in Fig. 2. The principal P-Si3N4 peaks (SNhkl) and p- 
S i c  peaks (Phkl) are identified in the figure. The orientation of the Si3N4 grains and 

the S i c  whiskers can be deduced by observing the shifts in the relative peak heights 

and comparing these to the known growth morphology of the two phases which is 

shown schematically in Fig. 3. 

When the x-ray beam was incident on the face of the sample (top pattern in Fig. 2) the 

SNhko and the p220 peaks showed high relative intensities indicating that the 

corresponding planes were oriented favorably with respect to the x-ray beam, i.e., 

approximately parallel to the surface being analyzed. When the x-ray beam was 

incident on the edge of the sample the p 1 1 1 ,  SN002, arid SNlol peaks showed 

enhanced intensity indicating that the corresponding planes were nearly parallel to the 

analyzed surface. The SNlol peak intensity is affected by the orientation because of the 

fractional c/a ratio (0.38) of the hexagonal P-Si3N4 crystal structure which results in a 

shallow interplanar angle (23.8") between (101) and ( 0 2 )  planes. 

Analysis of the peak height shifts indicates that the long axis of both the Sic  whiskers 

and the Si3N4 grains lies in the plane of the sintered sample perpendicular to the 

original pressure filtration direction. 

The fracture toughness of a sintered composite showing crystallographic texture was 

measured using the indentation method.5 The indents were made on the edge of the 

sample and aligned so that one axis of each indentation was parallel to the plane of 

crystallographic orientation and one axis was perpendicular to the orientation. Two sets 

of fracture toughness values were then calculated, one for the cracks parallel to the 

orientation and one for the cracks which were perpendicular to the orientation. The 

results are summarized in Table 1. The effect of the crystallographic texture in the 

sample is clearly evident in the measurements. The fracture toughness was from 37 to 

70% higher when the cracks were perpendicular to the plane of orientation. This is in 



agreement with properties reported for hot pressed ceramics which show 

crystallographic texture.1-3 

The models proposed for describing the mechanisms involved in the toughening of a 

ceramic matrix by whisker reinforcement all emphasize the importance of crack 

bridging and whisker pull-out in increasing the fracture en erg^.^^^ The crack bridging 

phenomenon and pull-out are both dependent upon the properties of the whisker/matrix 

interface, particularly in terms of the bond strength and the stress state. The ability to 

predict and control the interfacial properties would enhance the ability to engineer the 

microstructure of these composites. 

One possible method of varying the stress state at the whisker/matrix interface is by 

incorporating an interfacial phase with a thermal expansion coefficient which either 

matches (low stress) or is significantly different from (high stress) that of the matrix 

and reinforcing phases. A high tensile stress at the interface would reduce the bond 

strength between the whiskers and the matrix and should result in enhanced bridging 

and pull-out, thus increasing fracture toughness, 

2.1 EFFECTIVE SINTERTNG A I D S  

The liquid phase sintering aid additions which are used to improve densification of the 

composites are believed to form a continuous intergranular phase. The sintering aids 

initially chosen for evaluation in this study, yttrium aluminum garnet and cordierite, 

were selected for a number of reasons: 

1. The additives are effective sintering aids for monolithic Si3N4. 

2. ‘The additives are readily crystallized in monolithic Si3N4. 

3. The additives have significantly different thermal expansion coefficients. 

The thermal expansion coefficient of Si3N4 is 3.0 x 10-6/”C, while that of S i c  is 4.5 x 

10-6/”C. Cordierite has a thermal expansion coefficient of about 2.5 x 10-6/”C, slightly 

less than that of Si3N4, while YAG has a much larger thermal expansion coefficient, 

8.0 x 10-6/”C. The difference in thermal expansion coefficient between the two 

sintering aids should allow evaluation of the possibility of microengineering the 
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matrix/whisker interface by modifying the stress state. Composites with a cordierite 

intergranular phase should have a low-stress or stress-free interface after cooling from 

the crystallization temperature, while the YAG-containing composites should develop 

significant tensile stresses at the interface upon cooling. This variation in stress state 

should result in differences in the measured fracture toughness, between composites 

made with the two different sintering aids and between the a s - f i d  (glassy interface) 

and the annealed (crystalline interface) composites. 

Both YAG and cordierite have been shown to be effective sintering aids in producing 

dense S i c  whisker reinforced Si3N4 composites,* and crystallization of the YAG 

phase in the composites by annealing at 1400°C has been straight forward. However, 

attempts to crystallize the cordierite phase by annealing in the temperature range of 1200 

to 1400°C have been unsuccessful. Instead, annealing the samples with the cordierite 

sintering aid produces a magnesium-aluminum-silicon oxynitride phase refered to as, 

N-phase, by Drew et al.9 N-phase was described by them as a nitrogen petalite having 

an orthorhombic crystal structure and a proposed composition of Mg2AlSi04N. This 

same phase (as determined by comparison of x-ray diffraction patterns) had also been 

reported by Nunn et al.10 who described its compatibility with other phases in the Si, 

AI, Mg/O, N system. They were unable to determine the precise composition of the 

compound and refered to it as X*. 

The x-ray diffraction patterns shown in Fig. 4 compare the phases which were detected 

in composites containing 20% S i c  whiskers after they were sintered at 1850°C and 

annealed at 1350-1400°C. The sample containing YAG as the sintering aid (Fig. 4a) 

contains P-Si3N4, p-Sic, and garnet. However, the sample containing cordierite as the 

sintering aid (Fig. 4c) shows P-Si3N4, p-Sic, and N-phase; no cordierite was 

detected. Since the N-phase compound seemed to be readily crystallizable, an effort 

was undertaken to determine its composition and to measure its properties to assess 

whether the phase would be appropriate for use as a sintering aid in this' study. 

The N-phase composition was isolated and was found to lie on the join between silicon 

oxynitride, Si2N20, and magnesium aluminum spinel, MgA1204. The compound has a 

2 1  molar ratio of Si2N20 : MgA1204, and a composition of MgA12Si406N4. The 

location of this compound in the Si, Al, Mg/O, N system is shown in the phase 

diagram in Fig. 5. The compound is located on the 50 eq.% oxyged50 eq.% nitrogen 
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plane. It is interesting to note that the composition can also be expressed as 

MgO.Al203.Si02.Si3N4. 

The x-ray diffraction patterns in Fig. 6 show that compositions along the 

Si2NzQ/MgAl204 join on either side of the N-phase composition €om two phases 

when sintered. The 3:l molar composition forms Si2N20 plus N-phase; the 3:2 

cotnpositon €oms MgA1204 plus N-phase. The 2: 1 co sition is single-phase. The 

x-ray diffraction pattern of N-phase is shown in Fig. 7. The diffraction pattern was 

indexed based on an orthorhombic unit cell and the results are given in Table 2. The 

compound is believed to contain two formula units per unit cell and have a theorerical 

density of 2.93 g/cm3. The measured density of a sintered sample having the N-phase 

composition was 2.85 g/cm3. 

The thermal expansion coefficient of N-phase, MgAl2si4(&$4, was measured over the 

temperature range of 25 to 1200°C by high temperature x-ray diffractometry and was 

found to be approximately 2.6 x lO-Gf'C. TRis is nearly the same as the thermal 

expansion of cordierite (2.5 x 10-6rC). Since both YAG and N-phase have been 

crystallized in the sintered composites by annealing at 135 -14QQ"C for 20 hours, they 

will be used to compare the effect of variations in thermal expansion coefficient on the 

strength and fracture toughness of the composite materials. 

Status of Milestones 

On schedule. 

Communica tions/Visi t snravel. 

S. D. Nunn and T. Y, Tien, "Liquid Phase Sintering of S i c  Whisker Reinforced Si3N4 
Composites," Presented at the Annual Meeting of the American Ceramic Society, 
Indianapolis, IN, April, 1989. 

S. D. Nunn and T. Y. Tien, "Development of Crystallographic Texture in Sic Whisker 
Reinforced Si3N4 Composites," Presented at the Annual Meeting of the American 
Ceramic Society, Indianapolis, IN, April, 1989. 

S. D. Nunn attended the 1989 Gordon Conference on Novel Processing of Ceramic 
Materials in New London, NH from August 12-17, 1989 and presented a poster on 
"Liquid Phase Sintering of S i c  Whisker Reinforced Si3N4 Composites." 
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Problems Encountered 

None. 

Publications 

None. 
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Table 1, lndentation fracture toughness of oriented samples. 

25 I 4 I 4.65 4.43 I 7.91 4 . 4 2  

Table 2. The indexed diffraction pattern of N-phase assuming an orthorhombic* unit cell. 

c 
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I 

320 
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040 
322 
037 
227 
1 0  IO 
140 
142 
324 
044 
317 
1 2 10 
240 
41 1 

1.4176 
1.4121 
1.3941 
1.3898 
1.3670 
1.3629 
1.3577 
1.3417 
1.3181 
1.3155 
1.2967 
1.2433 
I .2207 
1.2140 
1.2011 

h k l  d(calc) d(obsv) In1 
208 1.4360 1.4361 4 
I 2a 1.4277 1.4282 9 

23 
10 
1 
3 
14 
2 
6 
3 
4 
9 
4 
9 
5 
3 
1 

1.4172 
1.4117 
1.3948 
1.3897 
1.3666 
1.3623 
1.35'79 
1.3413 
1.3185 
1.3151 
1.2969 
1.2434 
1.2211 
1.2139 
1.2011 

The calculated unit cell dimensions were arbitrarily assigned as follows: A = 4.9387. b = 5.5764, and c = 14.1213. 
The lattice pnr;lmetas and d-spacings are given in Angma units. 

Slurry 

Gas Pressure 

Pressure Vessel 

Deposited Cake 
Filter 

Solvent 

Figure 1. Schematic diagram of the apparatus used for forming the ceramic green 
body by pressure filtration. 
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Figure 2. X-ray diffraction patterns of a Si3N4 mamx composite containing 20% 
Sic whiskers taken at two different sample orientations; one with the incident x-ray 
beam parallel to the pressure filtration direction (face) and one with the beam 
perpendicular to the pressure filtration direction (edge). The principal P-Si3N4 peaks 
are labeled SNm and the principal P-SiC peaks are labeled pm. 
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a) Growth direction of cubic P-SiC whiskers: 

< I l l >  
........I_ 

(111) Perpendicular to Growth Direction 
(2%) Parallel to Growth Direction 

b) Growth direction of hexagonal P-SI~NJ grains: 

<OQ1> 

(002) Perpendicular to Growth Direction 
(hkO) Parallel to Growth Direction 

Figure 3, Anisotropic growth morphology of a) P-SiC and b) p-Si3N4 showing the 
growth direction and the families of planes which lie either perpendicular to or 
parallel to the growth direction. 
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Figure 4. X-ray diffraction paaem of composites containing 20% Sicw which were 
sintered at 1850'C for one hour and annealed at 1350-1400°C for 20 hours. Thtee 
sintering aids were used: a) YAG, b) N-phase, and c) cordierite. The principal phase 
is P-Si3N4. The peaks due to YAG (0) and N-phase (0) are indicated; cordierite was 
not detected. The P-SiCZo peak is seen at 60' 28. 
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Figure 5. The quasiquaternary reciprocal salt representation of the Si, Al, MgO, N 
system showing the location of the N-phase compositon. 
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Figure 6. X-ray diffraction patterns of three compounds having Si2N2O:MgAl204 
molar ratios of 3: 1 (top pattern), 2: 1 (middle pattern). and 3:2 (lower pattern). The 
principal phase in all of the patterns is N-phase. Peaks due to the secondary phases 
Si2N20 (0) and MgAl2O4 (0) are indicared. 
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Figure 7. The single phase diffraction pattern of N-phase, MgAl$iqC)$rlq. 
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1.2.3 Oxide Matrix 

D,soersion-TeLhghened Ceramic C w  i 
T. N. Tiegs, W. H. Elliott, and P.A. Menchhofer (Oak Ridge National Laboratory) 

This work involves development and characterization of Sic whisker-reinforced ceramic 
composites for improved mechanical performance. To date, mast of the work has dealt with 
alumina as the matrix because it was deemed a promising material for initial study. However, an 
effort in SIC whisker-reinforced silicon nitride and sialon is in progress. In addition, studies of 
whisker growth processes were initiated to improve the mechanical properties of SIC whiskers by 
reducing their flaw sizes. 

W o a r e s  

Hot-aressedsiliconnlt . ride and sialon-Sic wh isker compos ites. Specimens of silicon 
nitride and sialon, both with and without SIC whiskers, have been fabricated and tested at room 
and elevated temperatures for flexural strength. A summary of the flexural strength results on 
silicon nitride and sialon matrix composites is shown in Fig. 1. As shown, the flexural strengths are 
relatively stable up to approximately 1000°C. However, above 1000°C the strengths decrease for 
both the silicon nitride and the sialon materials. It is interesting to note that the flexural strengths 
for the monolithic materials (at 1200°C for the sialon and 1400OC for the silicon nitride) are greater 
than the composites. We believe this is due to the addition of Si02 that is associated with the SIC 
whiskers and the detrimental effect it has in changing the composition of the intergranular glass 
phase. 

The effect of different whisker types from various manufacturers on the flexural strength is 
shown in Fig. 2. Again, the flexural strengths are relatively stable up to lOOO"C, with slight 
decreases at higher temperatures, depending on the whisker type. The decrease is most 
dramatic for the American Matrix whisker composite and, like the composites shown in Fig. 1, it is 
related to the Si02 content of these whiskers. The other whisker types examined all have less 
associated Si02, and therefore the compositions of the intergranular glass phases are more 
refractory at elevated temperatures. Degradation of high-temperature creep and fatigue would 
also be affected in a similar manner due to Si02 additions from the whiskers. Consequently, 
removal of surface Si02 prior to composite fabrication is believed necessary to obtain optimum 
high-temperature properties in silicon nitride matrix composites. 

The effect of Sic whisker content on high-temperature flexural strength of silicon nitride 
composites is shown in Fig. 3. The room-temperature strengths are comparable for the 10,20, 
and 30 vol % composite materials. However, at 1000°C the 30 vol % composite shows a marked 
decrease in strength, while the 10 and 20 vol o/o materials are relatively stable. At 1200"C, the 
10 vol % composite exhibits the highest strength, which is relatively unchanged from the room- 
temperature value. Silica additions to the intergranular glass phase are again thought to be 
responsible for the observed decrease in high-temperature flexural strength with increasing 
whisker content. 

and is summarized in Fig. 4. As illustrated, the flexural strength of the Sialon A 
(Si2.5Al3.503.5Nq.5) composite was drastically lower than the material containing less AI, 
Sialon AA (Si4.5AI1.5O1.5N6.5). However, Sialon A showed less of an effect of strength with 
temperature. 

The quantity of the sintering aid also affects the high-temperature strength of the sialon 
matrix composites as shown in Fig. 5. At low levels of sintering aids (-0.5 Yo YAG), the composite 
densification is inhibited, and the result is a lower overall strength. However at 1200°C, the 
strength is nearly the same as the composites containing 2 O h  YAG sintering aid. The composite 
containing 8 ?& YAG had lower overall strength from room temperature up to 1200°C. The effect 
of changing the type of sintering aid on the high-temperature strength of sialon composites is 
shown in Fig. 6. While the sintering aid contents are not optimal, the results do illustrate the fact 
that the intergranular phase composition can be tailored to achieve improved high-temperature 
strength in sialon composites. 

The effect of sialon matrix composition on the high-temperature strength was examined 
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$iC Wh im . As reported previously, flaws in SIC whiskers, such as internal inclusions 
and surface roughness, lead to strength degradation and, consequeret'iy, reduc 
in increasing the fraaure toughness in ceramic matrix composites. As part of th 
whisker growth studies have been started. The initial system consisted 01 aolloidal Si02 
carbon black. Parameters to be investigated include catalyst type, atmosphere control, reactant 
geometry, and heating rates. lnitial results show that 526 whisker growth is a two-stage process, 
where axial growth is very rapid followed by a slower lateral growth and an increase in diameter. 

include Fe, Fe2O3, Ni, Co, and GaO. Examination of the whisker growth by SEM revealed 
differences in morphology with catalyst type. These differences were most dramatic in the Si@ 
whiskers catalyzed by Fe and CaO as shown in fig. 7. TEM observations on these whiskers 
showed that only the CaOcatalyzed whiskers had any internal inclusions that are similar to those 
found in commeraal materials. 

A series of whisker synthesis runs have been made using varjous catalysts. The catalysts 

Milestone 1231 08 (complete study of mechanical properties of whisker sialon and silicon 
nitride composites) was completed on schedule. 

T. N. Tiegs and D. M. Dillard, "Effect of Aspect Ratio and Liquid Phases on Sintering of 
Alumina-Sic Whisker Composites," submitte to Journal of the American Ceramic Sucieiy. 

A draft repor-! entitled, ~ ' S ~ r e n ~ ~ h - L i m i ~ ~ ~  Flaws in Sic Whiskers" by T. N. Tilegs, 
L. F. Allard, P. F. Becher, and M. K. Ferber is currently bein 
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Fig. 1. High-temperature flexural strength of sialon (Si4.5AI1.501.5N6.5-2% 3Y203- 
5A12a) and silicon nitride (Si3N4-6% Y2O3-2% Al2O3) materials with and without SIC 
whiskers. Whiskers are from American Matrix. 
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Fig. 2. High-temperature flexural strength of silicon nitride (Si3N4-6% Y2O3-Z% Al2O3) 
materials with various types of Sic whiskers. Whisker content was 20 vol % for all composites. 
ACMC is Advanced Composites Materials Corporation. 
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20 vol % American Matrix Sic whiskers. 
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Fig. 7. Morphology of Sic whiskers grown 
using catalysts of (a) Fe and @) CaO. 
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Processinu of lmrJroved Transformation-Touuhened Ceramics 
E. Lilley and G. A. Rossi (Norton Co., Advanced Ceramics) 

OBJECTIVE / SCOPE 

The objective of Phase IIA is to optimize the properties of two 
classes of transformation toughened ceramics, which were already 
studied in Phase I of this contract. These ceramics are Y-TZP 
(Y20 stabilized Tetragonal Zirconia Polycrystals) and 
Ce-Zh (CeOZ-Zr02 toughened A1203) . 
For the Y-TZP materials, one of the main efforts will be to 
study the low temperature degradation and understand how it is 
affected by microstructure and composition. 
Ce-ZTA ceramics, the main goal is to optimize the high 
temperature mechanical properties by minimizing the flaw size 
and controlling the microstructures. 

In the case of the 

TECHNICAL PROGRESS 

1. Y-TZP 

1.1 Mechanical ProDerties DeveloDment 

Toughness measurements have been made on a variety of our 
Y-TZP materials of different composition and grain size. 
Two techniques have been used. First the double torsion 
technique which had been used previously to measure KIC as 
a function of temperature up to 7 0 0 ' C .  Secondly the micro 
indentation method with improvements by OKwon [l] of this 
laboratory. He has minimized the effect: of slow crack 
growth and then used the Niihara et a1 equation for 
Palmquist cracks [2). Variations of composition between 4.7 
and 5.5w% yttria and grain sizes between 0.5 and 1.0 micron 
showed no observstble systematic changes in KIC. 
indentation method gave K 
MPa mf . 
little change in KTC with yttria between 3 and 5m% but 
there was a large increase at compositions below 3m%. 
Likewise, they found no effect of grain size between 0.2 and 
0.7 micron on KI . Their results and ours are both 
contrary to the Eheories of transformation toughening. 

The micro 
values ranging from 7.4 to 8.8 

The work of Masag2 and Shinjo [ 31 at Toray showed 

In contrast to the toughness.studies, we did find a strong 
correlation hetween the percentage monoclinic phase formed 
on the fracture surface of broken MOR bars and (i) yttria 
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concentration, and (ii) grain size. These results are shown 
in Figure 1 and 2. The data point at 4w% yttria is 
approximate since it was taken from a sample heated 5 hours 
at 1500°C which is expected to cause partitioning and so we 
have assumed that the resulting tetragonal phase has a 
composition of 4w%. In Figure 1 MG008, MG024 and MG026 each 
have a grain size of 1.0 micron whereas the overaged bar has 
about 2 microns grain size. It is interesting to see that 
at the higher yttria levels and smaller grain sizes there is 
a diminishing percentage of monoclinic formed on the 
fracture surface and yet the KIC values are still 7-8 MPa 
m3 as measured by micro indentation and double torsion. 

We conclude that the measured toughness values are not 
simply a function of normal (irreversible) transformation 
toughening but that another mechanism must be operating too. 

1.2 Low TemDerature Dearadation 

Work has continued on measuring the low temperature 
degradation at 250°C in slightly humid nitrogen of various 
Y-TZP's made from arc melted, rapidly solidified crude. The 
depth of the monoclinic transformed surface layer was 
measured by optical microscopy on fracture surface of MOR 
bars after exposure for times up to 2500 hours. Recent 
results are included in Figure 3. The 5.5w% MG026 HIPped 
bars performed quite well but the best result is for the 
same powder classified to give a sintered grain size of -0.5 
micron (MG026/CLS/S). No transformation occurs in this 
material in 1000 hours. Exposures are being continued to 
2000 hours. 

In our current studies we have mainly relied upon fracturing 
bend bars to create a cross section which reveals the trans- 
formation zone in bars which have been exposed to moisture 
at different temperatures. Figure 4 is a low magnification 
SEM photograph of a bar of MG008/S previously held at 120°C/ 
water for 1000 hours. The degraded zone (-80% monoclinic) 
is about 130 microns thick. The interface between the 
lighter transformed rim and the darker untransformed 
interior is shown in Figures 5 and 6 at different 
magnifications. The transformed region caused by the 
exposure to water has subsequently suffered in inter- 
crystalline fracture whereas the untransformed interior has 
a predominantly transcrystalline fracture. It is evident 
that low temperature degradation has caused microcracking at 
the grain boundaries which leads to intergranular fracture 
when the MOR bar is broken. 

A crack can be seen in Figure 6 running along the boundary 
between the transformed and untransformed regions. 
Compressive stresses build up within the transformed zone 
due to a volume expansion as the tetragonal phase transforms 
to monoclinic. However, it is likely that this crack 
occurred only after the breaking of the MOR bar since we do 
not see evidence of other extensive cracks which could have 
formed at this interface as it proceeded inwards. 
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Another way of examining the degraded surface layer is to 
probe it with a diamond indentor. 
different loads applied to a Vickers indentor. The 
calculated hardness and toughness (KIC) values are shown 
in Table 1 for two different specimens. The first was our 
standard MG008/sintered exposed to slightly moist nitrogen 
at 250°C and the second was the same material immersed in 
water at 120°C for 500 hours. 

This was done with 

Table 1 

Test Load 
Amlied 

(ksm) 

25O0C/10O0 hrs 5 
10 
20 
50 

120"C/Water 
500 hrs 5 

10 
20 

Unexposed 

13 14 
13 13 
13 10 
13 8 

8 7 
9 8 
8 7 

13.5. 8.5 

DePth of Trans- 
formed Zone 

(Micron) 

12 0 

0 

The accuracy of the measurements of both the diamond 
impressions and of the crack lengths is not good because 
these are microcracked materials and suffer from 
irregularities. It was also necessary to use the modulus of 
dense zirconia of 220 GPa which is clearly too high. 
Consequently, the derived values of hardness and toughness 
are very approximate. 

The two types of exposure, one in vapor the other immersed 
in water produce different types of degraded layers even 
when they are about the same thickness. The hardness 
results show that the immersed sample must have cracked much 
more than the 250°C vapor sample. In fact, with a load of 
50 kg, the transformed layer of the immersion sample chipped 
off around the indent impression making it impossible to 
measure. The 250°C vapor sample also exhibits a reduction 
in hardness compared with the unexposed material, but this 
change is relatively small. 

The vapor exposed material appears to have a high toughness 
when low loads are used when compared to the K value of 
8.5 MPa for the unexposed zirconia. Microcrac&g of the 
transformed layer, which is under residual compressive 
stress, inhibits the propagation of the indent crack. 
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These indentation results highlight t h e  difference in degrada- 
tion between the two types of exposure which leads to little 
change in modulus of rupture for the 250°C vapor exposure but 
to a marked decrease for the water immersion exposure. 

2 .  Ce-ZTA Ceramics 

2.1 Strenstb Enhancement bv Improved Processing 

It was previously shown ( 4 )  that the ceramics with the composi- 
tion Z18.5CE62A ( 3 8  w/o Zr02 with 18.5 w/o Ce02, and 62 w/o 
A120 ) fabricated using a powder obtained by milling of a 
rapialy solidified (R/S)  crude, exhibited a uniform microstruc- 
ture and a higher strength compared to ceramics of a similar 
composition (Z16CE60A) made by dry pressing of a mechanically 
mixed powder (R/S 16 w / o  CeOZ-Zr02 and AKP-30 Sumitomo 
A12031 

During this reporting period efforts were concentrated on 
further improvement of the wet powder processing, in order to 
maximize strength by reducing the number and size of the 
internal flaws and to meet the 1000°C strength goal of 500 MPa. 

Particular care was exercised in trying to avoid foreign 
contamination during planetary milling with water of the crude 
previously calcined at 2 0 5 0 ' C .  The  aqueous slurry was filtered 
through a 5 um filter and then used for pressure casting of 
billets, avoiding any exposure to the environment. Such 
precautions resulted in improved strength, a shown by Table 2 
and bath strength goals of 700 MPa at room temperature and 500 
MPa at 1000°C were met. All billets were pressureless sintered 
at 160OoC/1 hr. Table 2 shows the progress made by switching 
from die pressing to pressure filtration and the improvement 
brought about by a clean processing procedure in the pressure 
casted materials. 

Table 2 

903 7 14 4 0 2  10 28 F'/PC 

951 7 32 515 6 8 F/ PC 

Note: MOR values are in MPa; # = number of t e s t  bars: SD% = per- 
cent standard deviation; DP = die pressing; CIP = cold isostatic 
pressing; F = filtered suspension; UNF = unfiltered suspension; 
PC = pressure casted. 
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Fractographic analysis on the broken MOR bars has shown that in 
the ceramics made by filtering/pressure casting virtually all 
fracture origins are surface defects caused by machining. In 
most cases, such defects were localized in the bar chamfers, as 
shown by Figures 7 and 8 .  It appears therefore that careful 
wet processing has virtually eliminated the volume flaws 
(agglomerates, voids, inclusions, foreign particles) introduced 
in the dry pressing operations and shown in the previous 
semiannual report. 

2.2 Transfomabil i tv/Microstructure  RelationshiP 

The objective of this study was to understand the microstruc- 
ture/property relationship in the Z18.5CE62A ceramics. 
pressed/ CIPed billets using the powder obtained by milling the 
crude calcined at 1050°C were sintered at 1600’C for 1, 3 and 6 
hrs., in order to develop three different microstructures with 
progressively larger grain size. Samples from each material 
were analyzed by XRD for phase content and quantitative micro- 
structural analysis (grain size distribution) was performed 
using SEM and an automatic image analyzer. Low temperature 
(Liquid N2) dilatometry was also performed to study the 
transformability as a function of grain size and determine the 
Ms and Mf temperatures. 

The results of this research, done at ORNL by G. A. Rossi in 
collaboration with Dr. P. F. Becher, have been analyzed and 
interpreted and the results are reported below. 

Figures 9, 10 and 11 show the three microstructures and Figures 
12, 13 and 14 the grain size distribution hystograms for Zr02 
and A120 . 
dilatomezry results. 

Die 

Figures 15, 16 and 17 show the LN2 

Table 3 summarizes the results. 

Table 3 

Effect of Microstructure on t/m Transformation of 
Ce02-Zr02 in Ce-ZTA Composites 

MATERIAL % m-Zr02 %m-Zr02 A.G.S. A.G.S. C.G.S. C.G.S KIC 
G G+A Zr02 A1203 G G+A ..................................................................... 

1600/1 30 4 1.19 1.33 1.3 2.0 13.6* 
6.7+ 
8.6” 

1600/3 47 17 1.55 1.56 1.3 2.0 10.7* 
6.3+ 

1600/6 58 29 1.69 1.93 1.3 2.0 10.9* 
6.4+ 

Note: G = ground surface: A = annealed at 1000°C: A.G.S = average 
grain size (um): C.G.S. = critical grain size for transformation (um): 
* = MCF (multiple control flaw) + = microindentation (Charles and 
Evans): = microindentation (Palmqvist model). 
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The following conclusions can be drawn after this study: 

1. 

2 .  

3 .  

4 .  

5. 

6 .  

The fraction of t-Ce02-ZrOZ grains transformed upon grind- 
ing increases with the grain size, as expected. Likewise, the 
fraction of m-Zr02 grains, spontaneously transformed on 
coaling after annealing the  machined sample at 1000°C, in- 
creases with grain size. 

The growth rates of the Zr02 and A1 O3 grains at 1600°C 
appear to be similar, as shown by t6e size ratio vs. soak time 
at 1600°C. 

The ceramic fired at 16OO0C/1 hr. shows a greater transforma- 
tion toughening contribution, compared to those fired f o r  3 and 
6 hrs., as shown by the larger expansion corresponding to the 
two temperatures Mb (burst) and Ms (start). 

The critical grain size for spontaneous transformation in the 
three materials is about 2 um, whereas for transformations 
under grinding stress it is about 1.3 um. These values were 
obtained using the percent m-Zr02 from columns 2 and 3 of 
Table 3 ,  calculated from XRD data, and the cumulative grain 
size distribution curves fo r  the Ce02-Zr0 grains. For 
example, for the 1600/1 material, which &ows 30% m-Zr02 on 
the ground surface, assuming that 30% of the t-CeOZ-Zr02 
grains have transformed, the cumulative curve indicates that 
30% of the grains are larger than 1.3 urn. 

By comparing the low temperature dilatometry curves of these 
Ce-ZTA composites with those obtained by Becher et al. (5) on 
Ce-TZP ceramics with similar Ce02 content, it appears that, 
for similar grain sizes, the t-Ce02-Zr02 grains are more 
easily transformable in Ce-ZTA than the Ce-TZP. A possible 
explanation is the residual stress caused by the difference in 
elastic moduli and thermal expansion between Zr02 and 

A clear relationship between 'transformability and fracture 
toughness was not found, except when KIC was measured with 
the MCF method. 

AI-203. 

The study of grain size effect on transformation was also carried 
out for the Z16CE60A ceramic made with mechanically mixed powders 
(R/S 16 w / o  CeOZ-Zr02 and AKP-30 A1203) sintered/HIPed at 
1500°C. This material, whose microstructure is shown for the sake 
of comparison in Figure 18, had shown virtually no m-Zr02 on both 
ground and polished/annealed surfaces, as opposed to 30% and 4 %  
m-Zr02, respectively, f o r  ground and polished surfaces of the 
Z18.5CE62A ceramic fired at 16OO8C/1 hr. This difference in trans- 
formability is likely due to the smaller grain size of the Z16CE60A 
sample, as shown by the two microstructures of Figures 9 and 18. 
In fact, annealing at 1550°C for different times samples of the 
Z16CE60A ceramic resulted in increased spontaneous transfornation 
t o  m-Zr02, due to grain growth, as shown in the Table 4 .  



148 

Table 4 

Note: Original sample (first column) was nneafed at 1OOO'C. The 
samples annealed at 1550°C were about 1 cm' squares cut from a 
double torsion sample (50x25~1 mm) used for KIC measurement. 

2.3 Effect of Grain Size on Low Temperature Dearadation (LTD). 
Resistance of 218.5CE62A Composites 

Since the study of the LTD resistance of Y-TZP ceramics is an 
important part of Phase IIA of this contract, some experiments 
were performed to evaluate the LTD resistance in autoclave of 
the Z18.5CE62A composites as a function of grain size. This 
w a s  done for comparison purposes, even though it was not 
specifically requested by the Statement of Work. 

Broken pieces of MOR bars of the Z18.5CE62A ceramics sintered 
at 1600°C for 1, 3 and 6 hrs. were subjected to two autoclave 
treatments as described in the following Table 5 and the 
percent m-ZrO was measured by XRD before and after the 
autoclave tesz. 

Table 5 

Grain Size Effect on LTD Resistance in a 
Ce-TZP/A1203 Composite 

Autoclave Test in Water at 15OoC/.5 MPA/24 hrs. 

Autoclave Test in Water at 25Q°C/4 MPa/24 hrs. 

1600/1 30 

1600/6 58 
1600/3 47 7 4  

100 

Uncracked* 

All cracked 
( 8  

Note: * = No cracks visible using optical microscopy 
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Considering the severity of these tests, which cau5e extensive 
degradation and destruction of Y-TZP's, it can be concluded 
that the LTD resistance of these Ce-ZTA composites is very good 
as long as the ceramics are not overaged. 

STATUS OF MILESTONES 

All milestones are on schedule. Billets of Z18.5CE62A sintered to 
theoretical density at 1500°C w e r e  mailed to Dr, B. F. Becher on 
9/15/89 as final deliverables for Phase IIA of the contract. The 
last milestone is the delivery of the final report on 10/31/89 and 
is on schedule. 

PUBLICATIONS 

Two papers on the fabrication and properties of Ce-TZP/A1203 
composites were presented at the Las Vegas Conference on Ceramics 
f o r  Engines (authors G. A .  Rossi and P. J. PelPetker) and at t h e  
7th SIMCER in Bologna, Italy (author G. A. Rossi), at the end of 
1988. Both papers have appeared in the Proceedings of the two 
conferences. 
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F i g u r e  1 

EFFECT OF YTTRIA CONCENTRATION 

ON THE MONOCLINIC X (XRD) 

AT THE FRACTURE SURFACE 

- .  
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‘P 

Figure 4: 
12OoC. 

Fracture surface of MOR bar previously held for 1000 hrs. in water at 
The rim of the bar has suffered low temperature degradation. 
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Figure 5: 
transformed (lower) and untransformed regions. 

Same as Figure 4 but higher magnification showing the boundary between 

Figure 6: Same as Figure 4 but higher magnification. Notice the crack along the 
boundary between transformed and untransformed regions. 
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I 

Figure 7: 
origin. 

Machining induced chamfer aamage as fracture 

+ A  

I 

Figure 8: Same as Figure 1, higher magnification. 
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5- 

28 5 . 8 k X  2 I 4 
Figure 9: Microstructure (SEM) of Z18.5CE62A ceramic sintered at 16OO0C/1 hr. 

A - 
Microstructure (SEM) of Z18.5CE62A ceramic fired at 16OO0C/3 hrs. Figure 10: 



Figure 11: Microstructure (SEM) of Z18.5CE62A ceramic fired at 16OO0C/6 hrs. 
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Figure 12: 
ceramic fired at 16OO0C/1 hr. 

Grain size distribution for Zr02 and A1203 phases in the Z18.5CE62A 
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Figure 13: 
ceramic fired at 1600°C/3 hrs. 

Grain size distribution for ZrO2 and AI203 phases in the Z18.5CE62A 

tl F L  r I 

Figure 14: Grain size distribution for ZrQ2 and A1203 phases in the Z18.5CE62A 
ceramic fired at 16OO0C/6  hrs. 
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Figure 15: Liquid N2 dilatometry curve for Z18.5CE62A ceramic fired at 16OO0C/1 hr. 
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Figure 16: Liquid N2 dilatometry curve for 218.5CE62A ceramic fired at 1600°C/3 hrs. 
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Figure 17: Liquid N2 dilatometry curve for Z18.5CE62A ceramic fired at 1600°C/6 hrs. 

Figure 18: 
CeOp-Zr02 and A1203 powders, sinteredIHIPed at 1500°C. 

Microstructure (SEX) of Z16CE6UA ceramic made with mechanically mixed 
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Processinn and Characterization of Tmnsfmation Tounhened Ceramics with Stren_pth Retention 
to Elevated Ternmatures 

R. A. Cutler, C. B. Brinkpeter, S. L Bruener and D. W. Prouse (Ceramatec, Inc.), A. V. Virkar 
and D. K. Shetty (Univ. of Utah) 

Obiective/ScoDe 

Previous work[l] has shown that it is possible to increase 
the strength of A1203;Zr02 ceramics by incorporating 
transformation-induced residual stresses in sintered specimens 
consisting of three layers. The outer layers contained A1203 
and unstabilized ZrO?, while the central layer contained A1 03 

temperature, some of the zirconia in the outer layers 
transformed to the monoclinic form while zirconia in the 
central layer was retained in the tetragonal polymorph. The 
transformation of zirconia in the outer layers led to the 
establishment of surface compressive stresses and balancing 
tensile stresses in the bulk. In theory, the residual stress 
will not decrease with temperature until the monoclinic to 
tetragonal transformation temperature is reached since 
monoclinic and tetragonal Zr02 polymorphs have nearly the same 
coefficients of thermal expansion. 
During the first two years of ORNL funding it was 

demonstrated that 1) three layer composites could be made with 
retention of compressive surface stresses to temperatures of 
750°C[2,3]; 2) residual stresses could be detected by strength 
testing[2,3], strain gauge measurements[4], characterization 
of monoclinic content by x-ray diffraukion[2], or 
indentation/strength measurements[ 51 ; 3) the three layer 
composites have excellent damage resistance[S]; and 4) 
significant (300-400 MPa) residual compressive stress which is 
not transformation-induced can be introduced by grinding 
monolithic A1203-15 vol. % ZrO2(3.0 mol. % Y2O3).' 
The objectives of the present two year subcontract are 1) to 

increase the use temperature of three-layer oomposites by 
substituting HfO2 for ZrO2, 2) develop aqueous and nonaqueous 
slip casting techniques for three layer composites in order to 
obtain better layer unifomfty and to maximize residual 
compressive stress by optimizing the outer layer thickness, 3) 
superimpose temperature stresses on transformation-induced 
stresses in three layer composites, and 4) demonstrate 
improved thermal shock resistance and damage resistance in 
optimized composites. 

and partially stabilized ZrO2. When cooled from the sinter i ng 

Technical Proctress 

Slip Casting 

The difficulty in drying slip cast A1203-15 vol. % Zr02 
three-layer plates without cracking was overcome by settering 
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the plates on ceramic (Zr02(3 mol. % Y2O3)) ball bearings. 
The ceramic ball bearings allowed the plates to move freely 
during binder burnout and sintering, thus reducing the 
friction between the plate and the setter. Monolithic plates 
of the outer (A1203-15 vol. % ZrO2) or inner composition 
(A1203-15 vol. % Zr02(3 mol. % Y203)) could be sintered on 
setter plates without cracking, indicating that differential 
shrinkage between layers contributed to fracture initiation in 
the three-layer plates. 
Three-layer bars with outer layer thicknesses of 300 pm and 

125 pm, having room temperature strength as shown in Table 1, 
were tested at 1000°C. The three bars with an outer layer 
thickness of 300 pm had a mean strength of 561 MPa and a 
standard deviation of 92 MPa (the highest strength bar failed 
at 667 MPa and the lowest strength bar failed at 499 MPa). 
One of the three bars failed from the chamfer while the other 
two failed from the tensile surface. The three bars with an 
outer layer thickness of 125 pm had a mean strength of 584 MPa 
and a standard deviation of 10 MPa. The mean of all six bars 
was 577 MPa with a standard deviation of 48 MPa. 
Testing of the outer layer monolithic specimens at 1000°C 

showed that the slip cast materials had a mean strength of 584 
MPa with a standard deviation of 41 MPa (six bars). The 
strength retention for the monolithic outer material was much 
improved as compared to the three-layer bars and the 
monolithic inner layer bars (see Table 1). The strength 
differential between three-layer composites and monolithic 
outer layer bars at room temperature gives an indication of 
the residual stress achieved, since failure generally occurred 
from the tensile surface. The. strength differential of 321 
MPa at room temperature was non-existent at 1000°C, in accord 
with expectation, since the monoclinic ZrO2 had transformed to 
tetragonal. High temperature x-ray diffraction has been used 
to monitor the m-->t transformation which occurs during 
heating, which is responsible for the decreasing residual 
stress(2J. The attainment of strength of approximately 575 
MPa at 1000°C is significant since the best previous strength 
of three-layer composites at 1000°C was 320 MPa (see Figure 
1). The improved uniformity of the outside layer, surface 
grinding, and improved dispersion of Zr02[6] are believed to 
be the principal reasons for the greatly improved high 
temperature strength. 
Superposition of temperature stress (due to difference in 

thermal expansion mismatch) on transformation-induced stress 
(due to volume expansion differences between monoclinic and 
tetragonal ZrO2) was demonstrated by using A1203-40 vol. % 
Zr02 as the inner layer material in three-layer composites 
where the outer layer was A1203-15 vol. % Zr02. Sintered bars 
made by powder pressing had densities of about 97% of 
theoretical (typical HIPed bars have densities greater than 
99% of theoretical). The strength differential between three- 
layer bars with transformation-induced stress was 191 MPa and 
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Table 1 
Strength Retention for Slip Cast A1203-15 v/o ZrO2 

Composition Strength (MPa) % Room Temperature 
25'C looooc Strensth at IOOO'C 

Outera 733278 584241 

Innerb 975586 553562 

79 

56.7 

Three-layerc 1054576 577+48 54.7 

a. A1203-15 vol. % Z r O 2 .  
b. A1203-15 vol. % Zr02(3 mol. % Y2O3). 
c. Three-layer composite with outer layers 125-300pm in 
thickness (total thickness of x5 mm). 
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Figure 1. Strength improvement at 1000°C for monolithic and 
three-layer A1203-15 vol. % Zr02 composites. The 
outer monolithic. bars were made with unstabilized 
Zr02 while the inner layer bars were made with 
Zr02(3 mol. % Y2O3). The outer layers of the 
three-layer composite are approximately 1/12 the 
total thickness. Strengths are similar at 1000°C 
for all three materials since this is above the m- 
-> t Zr02 transformation temperature. 
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the differential with temperature-induced stress and 
transformation-induced stress was 444 MPa. As expected, it is 
therefore possible to superimpose temperature-induced stress 
on transformation-induced stress. 
Superposition of temperature stress (due to difference in 

thermal expansion mismatch) on transformation-induced stress 
(due to volume expansion differences between monoclimic and 
tetragonal Z r O Z )  was previously demonstrated using A1203-40 
vol. % 2x02 as the inner layer material in three-layer 
composites where the outer layer was A1203-15 vol. % Zr02[6]. 
These bars were made by pressing powders uniaxially and 
isostatically prior to sintering. The temperature-induced 
stress enhance the strength of three-layer composites at low 
temperatures. 
Slip cast three-layer composites w e r e  made with an inner 

material composed of Z r 0 2 ( 3  mol. % Y 2 0 3 ) - 4 0  vol. % A1203 and 
the outer material described above. The slip cast plates w e r e  
sintered and cladless HIPed to greater than 99% of theoretical 
density. 

The expected compressive residual stress in the outer layer 
of the bars is the combination of transformation-induced and 
temperature-induced stresses. The transformation-induced 
compressive stress, ot, in the outer layer, assuming a square 
wave stress distribution, is given[l] as 

where E is Young's modulus, d is thickness, A e 0  is the 
unconstrained strain in the outer layer from the 
transformation of Zr02, v is Poisson's ratio, and the 
subscripts 1 and 2 refer to the outer and inner layers, 
respectively. The temperature induced stress, DT, in the 
outer layer, also assuming a square wave distribution, is 
given as 

at=--(E1E2d2%3)/C (1-VI (Eldl+E2d2) 1 (1) 

whereaT is the temperature difference over which stress exist 
and CY is the coefficient of linear thermal expansion. By 
superposition, the expected residual stress in t he  outer layer 
is 

01-i (E1E2d2) (A~o+*Wa2'"1) 1 I / [  (1-v) (Eldl'EZd2) I ( 3 )  

Taking E1 as 340 GPa[4], E as 275 GPa, eo as 1.5~10-~[2], 
T as lOOO"C, a2-a1 as IxZO-~/"C, v as 0.25, dl as 500 pm and 
d2 as 5 mm, the expected compressive residual stress in the 
outer layer is slightly over 1 GPa. The corresponding 
residual tensile stress in the inner layer is approximately 
200 MPa. 
Slip cast three-layer bars, with the predicted 

transformation-induced and temperature-induced stresses given 
above, were fractured in four-point. bending at room 
temperature. Seven bars where failure initiated from the 
outer layer had a mean strength of 1,244 MPa with a standard 
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deviation of 103 MPa. The highest strength bar broke at 1,417 
MPa and the lowest strength bar at 1,111 MPa. Two bars which 
failed just inside the interface had strengths of 1,118 and 
1,053 MPa and one bar failed from within the inner layer at a 
stress of 858 MPa. Corresponding outer layer bars tested at 
the same time had a mean strength of 549 MPa and a standard 
deviation of 57 MPa (The lower strength of these outer layer 
bars compared to the same composition with data displayed in 
Table 1 is believed to be due to differences in degassing the 
slips leading to voids). The difference in strength between 
the three-layer bars which failed from the outer layer (1,244 
MPa) and the outer layer bars (549 MPa) is an indication of 
the compressive residual stress in the outer layer of three- 
layer bars. This value of 695 MPa is 70% of the predicted 
value. More importantly, it shows that high strengths can be 
achieved in layered ceramic composites using a combination of 
transformation and temperature-induced stresses. 
The dependence of strength on test temperature for these 

bars is shown in Figure 2 for three-layer and monolithic outer 
layer bars tested in four-point bending, A s  expected, the 
th1.F; layer bars with temperature-induced stress superimposed 

----I-'-- I - - - - ~ - l  - -- - , - ~ . ~ ~ . - ~ . . ~ ~  ...... -~ 
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Figure 2. Strength as a function of temperature for 
monolithic and three-layer composite with 
temperature-induced stress superimposed on 
transformation-induced stress in outer layers. 
Monolithic and outer layers of three-layer bars 
are A1203-15 vol. % 21-02 while inner layer of is 
Zr02(3 mol. % Y203)-40 vol. % Al2O3. 
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on transformation-induced stress have a rapid degradation in 
strength with temperature. The low strength at 1000°C for the 
three-layer bars, relative to the values in Table 1, is due to 
the poor strength of the monolithic outer layer material. 
Slip casting of three-layer plates and the resulting 

strength testing of bars cut from those plates has resulted in 
improved strength at room temperature (see Figure 3 )  and 
IOOO"C (see Figure 1). Figure 4 shows a strength comparison 
between monolithic and three-layer A1203-15 vol. % Z r 0 2  made 
by dry pressing and slip casting. The l0-20% strength 
improvement is due to improved uniformity in t h e  thickness of 
the slip cast outer Payers, as shown in Figure 5 .  The three- 
layer composite in Figure 5 has a higher volume fraction of 

integrity of the smooth interface obtained by slip casting is 
seen by aligning indentation cracks with the interface. There 
is no tendency for the cracks to run along the interface. 
The residual stresses present in the three-layer composite 

are clearly evident by indenting cross-sections. Assuming a 
simplistic analysis f o r  indentation behavior, the indentation 
crack length, c,, in the absence of residual stress is given 

Zr02 in the inner layer to outline the interface. The 

2/ 3 by 
C~=[O.~~~(E/H)~'~(P/K~~) 3 ( 4 )  

where E is Young's Modulus, H is hardness, P is the Vicker's 
indentation load, and I K I ~  is the fracture toughness. In t h e  
presence of residual stress, O R ,  the half-penny crack a f t e r  
indentation is shorter in the outer layers which are under 
uniform compressive stress or longer in the inner layer which 
is under a lesser tensile stress. The crack length i n  the 
presence of residual stress, c, may be calculated by 

where CY=ABR[ ( P / K I ~ ~ )  (E/H)1/2)1/3 and A is a nsndimensional 
constant[5]. Previous work showed the shorter crack lengths 
which occur in the outer layers of three-layer composites by 
comparing indentation cracks on the outer surfaces of 
monolithic and three-layer A1203-15 vol .  % Zr02 composites[5]. 
Indenting cross-sections shows the effect of strong residual 
stresses more dramatically (see Fi ure 6). Assuming typical 

GPa) , hardness (17 GPa) , compressive stress (-500 MPa) i n  the 
outer layers and balancing tensile stress (100 MPa) in the 
inner layer (1/12-5/6-1/12 bars) ,  cg=115 pm, and c=73.7 prn i n  
the outer layers and c=140.8 pm in the inner layer. By 
aligning cracks parallel and perpendicular to the su r face  (and 
interface), it is possible to see shorter cracks in the outer 
layers perpendicular to the interface/surface (i,e., in the 
direction where the residual compressive stress is closing the 
crack tip) and longer cracks in the-inner layer perpendicular 
to the interface/surface (i.e., in the direction where t h e  
residual tensile stress is opening the crack t i p ) .  These 

values[5] of toughness ( 4 . 3  MPa*rn 4 /2), Young's modulus (340 
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Figure 3. Strength improvements at room temperature obtained 
on monolithic and three-layer A 1 2 0 3 - 1 5  vol. % Z r 0 2  
composites made during ORNL funding. 
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Figure 4. Room temperature .PlexuraP strength comparison of 
A1203-15 vol. % ZrOZ fabricated by dry pressing 
and slip casting. 
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-1 

Figure 5. SEM micrographs of cross-sections of (a) dry 
pressed and (b) slip cast three-layer (outer 
layers of A1203-15 vol. % Zr02 and inner layer of 
~r02(3 mol. % ~203)-40 vol. % Al203) composites 
(400X) . Note smooth interface in slip cast 
composites and remnants of spray dried 
agglomerates in dry pressed outer layer. 
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Figure 6. Optical micrographs of cross-sections of three- 
layer composites with indents oriented with cracks 
p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  
fnterface/surface. (a,b) Same composition as 
three-layer composites shown in Fig. 5. (a) 150X, 
tbl 300X. Note change in crack lengths between 
inner and outer layers. 
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Figure 6 (cont). (c,d). Cracks in three-layer A1203-15 vol. % 
ZrO2 after removing surface of indentation 
cracks to make cracks more visible. (c) lOOX, 
(6) 200 X. Crack lengths are strongly 
influenced by residual compression (outer 
layers) and residual tension (inner layer). 
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cracks are shorter (outer layers) and longer (inner layer) 
than the cracks in the absence of residual stresses, as 
predicted by the simple analysis above. 

It is interesting to note, however, the resulting anisotropy 
in crack length created by the indentation process, as shown 
in Figure 6. The cracks parallel to the surface/interface are 
longer than predicted in the outer layers and shorter than 
predicted in the inner layer. Previous work using strain 
gauges to measure residual stress has shown a nearly biaxial 
state of compression in the outer layers[4]. simple 
indentation theory does not explain the observed anisotropy in 
crack lengths. 
The above observations with indentation cracks further 

explain why strength is high when failure occurs within the 
outer region and may be low when defects initiate failure 
within the inner layer. These results give another method for 
identifying materials with substantial residual stresses and 
also provide a means for identifying interfaces in three-layer 
materials without phase contrasts (see Fig. 6(c,d)). 

Slip casting molds were designed and fabricated for making 
encapsulated rods and bars in order to perform thermal shock 
testing which is scheduled for completion during the next 
reporting period. 

Status of Milestones 
On schedule 

Publications 
None 
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1.2 .4  Silicate Matrix 

5 ( V P l )  
J.J. Brown (VPI and SU) and F.A. Hummel (Consultant) 

Qbiective/sco pe 

The major objective of this research is to investigate selected oxide 
systems for the development of a low expansion, high thermal shock resistant 
ceramic. Specifically, it is the goal of this study to develop an isotropic, ultralow 
expansion ceramic which can be used above 1200°C and which is relatively 
inexpensive. 

Technical proaress 

This research program includes the synthesis, property characterization, 
and fabrication of candidate low thermal expansion ceramics from two systems 
based upon aluminum phosphate and zircon. In the aluminum phosphate 
system, the goal is to stabilize low thermal expansion, high temperature, high 
crystal symmetry phases via solid solution formation. In zircon, the crystal 
anisotropy and thermal expansion are reduced via solid solution formation. 
Based upon earlier data of the investigators, compositional ranges are evaluated 
by fabricating experimental specimens and determining phase content plus 
microstructure, thermal expansion, solidus temperature, and density. Those 
compositions which exhibit acceptable sintering, phase composition, and 
expansion characteristics are studied in more detail, including flexure strength, 
creep, thermal conductivity, and crystal structure. Finally, those ceramic 
compositions exhibiting the best combination of properties are evaluated as to 
their fabrication behavior in the form of specimens having masses up to about 
0.5 kg. 

Zircon (NZP) System 

Two major systems of the NZP family, RbZr,(PO,),-CsZr,(PO,), and 
CaZr,(P0,)6-MgZr,(P04)6, had previously been identified to possess 
compositions with excellent thermal shock resistance and nearly zero thermal 
expansion up to 1200 O C. During the reporting period, research was conducted 
to gain information on the phase equilibria relationships of the two systems, 
obtain single phase samples of desired solid solutions, and confirm the thermal 
expansion characteristics of stoichiometrically-varied NZP compositions. 

Samples were synthesized by solid state reactions based on compositions 
(Rb, - ,,Csx)Zr,(PO,), and (Ca,-x,Mgx) Zr,(PO,),. Reactant materials were 
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Rb2C0,, Cs,CO,, CaCO,, MgCO,, ZrO,, and NH,H,PO,. Previous starting 
materials were found to be highly hygroscopic and have been replaced by the 
more stable carbonates and phosphates. Samples were homogenized in 
acetone by mixing with a glass mortar and pestle. Final products were allowed 
to dry, then calcined in fused silica or platinum crucibles between 150°C and 
550°C for 8 to 24 h. Samples were then reground and heat treated in alumina 
crucibles at temperatures and times shown in Tables 1 and 2 for (Rb,-x,Csx) 
Zr,(PO,), and (Ca, x,Mgx)Zr,(P0,)6, respectively. The resultant heat treated 
materials were ground into powders and characterized by standard x-ray 
diffraction (XRD) procedures. A Phillips x-ray diffractorneter using CuK, radiation 
was used to scan samples at a speed of 0.02" B/s. 

As shown in Tables 1 and 2, multiple phases occurred for some samples 
based on temperature and length of heat treatment. Secondary phases, which 
were common to both systems included ZrP,O, and Zr,P,O,. Generally, 
ZrP,O, was found to occur at lower temperatures, often being replaced by 
Zr,P,O, at higher temperatures or for longer durations of heating. In most 
cases ZrP,O, amounts were decreased or eliminated with longer heat 
treatments. Zr,P209 was much more persistent and, in most cases, could not 
be eliminated with continued heat treatments. Relative amounts of Zr,P,O, 
based on x-ray intensity data appear to increase with further heating. The 
formation of this phase is possibly related to a loss of P,O,. 

Heat treatments which yielded the best single phase or near single phase 
solid solution compositions were used to prepare samples for dilatometric 
analysis. After x-ray characterization, powders were mixed with an organic 
binder and several drops of distilled H,O. Bars were formed with a die and 
pushrod compressed under 17 MPa (2500 psi) from a hyclraulic press, The 
resulting bars were then calcined between 200°C to 550°C and sintered at a 
variety of temperatures for 12 h. Temperatures which yielded the best single 
phase bars were used to make samples for dilatometric analysis. Both systems 
required the addition of 1 wt% ZnO to obtain dense, well sintered bodies. 
Different sintering aids and heat treatments should be investigated to optimize 
density and minimize microcracking. ZnO is believed to aid densification by 
the formation of a liquid phase at high temperatures. 

Sintered bars were cut to a standard size, and thermal expansion data 
were taken with a Netzsch dual pustirod differential dilatometer. A software 
package was used to correct the relative expansion and compute a coefficient 
of thermal expansion (CTE). The results of compositions based on the systems 
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(Rb, - ,,Csx)Zr,(P0J3 and (Ca, - x,Mgx)Zr4(P04), are shown in Tables 3 and 
4, respectively. In both systems some compositions yielded nonlinear, slightly 
“U“ shaped expansion curves. These curves exhibited both a negative and 
positive region of thermal expansion based on temperature. This phenomenon 
warrants further attention. Such anisotropic characteristics of NZP-type 
compounds are believed to be related to the rotation of ZrO, octohedra and 
PO, tetrahedra which occur in chains forming the material’s structural 
framework.’ Interstitial cations also affect thermal expansion due to their site 
selection and size. Cation selection for these materials was based on desired 
thermal expansion characteristics. Presently, more thermal expansion data are 
being collected to establish more accurate average thermal expansion values. 
Final results will be examined to determine the relationship between composition 
and thermal expansion. 

In order to better understand the phase equilibria of the two systems, plots 
of lattice parameters vs composition were constructed. A compositional series 
from each system was prepared by a heat treatment which yielded the best 
single phase samples. These samples were then ground into a fine powder 
and mixed with a known internal standard (pure AI,O, powder). With the use 
of XRD, precise 28 values were recorded for each composition. Corrections for 
diffractometer error were made with the use of the internal standard. The d 
spacings were calculated from the 28 values and CuK, radiation. The 
corresponding Miller indices were obtained from the relative ASTM standard file 
cards. With the use of a computer program, a regression analysis was 
performed on the data to obtain the a and c parameters for each composition. 
These data are presented in Tables 5 and 6 and plotted vs composition in 
Figure 1 for (Rbl-x,Csx)Zr,(P04), and in Figure 2 for (Ca, x,Mgx)Zr,(P04),. 
The plots in Figure 1 indicate complete solid solution between the Rb and Cs 
end members. With an increase in Rb concentration, the a parameter increases 
while the c parameter decreases. This information is consistent with Lenain’s 
model for the NZP structure. As the size of the alkali ion decreases, the c 
parameter decreases and the a increases.’ 

A region of limited solid solution for the (Ca,-x,Mgx)Zr4(P0,), system is 
indicated by the plats in Figure 2. This region occurs with compositions high 
in Ca. Further investigation into the boundaries of this region are needed. The 
a and e parameters again agree with Lenain’s model. For compositions 
containing more Mg, adjoining the solid solution region is an area where the 
slope of the curve is approximately zero suggesting a two-phase region. One 
phase is CaZr,(PO,), solid solution (identified by XRD), while the other phase 
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is most likely MgZr,(PO,),. In low concentrations MgZr,(PO,), is difficult to 
detect by x-ray techniques because it is masked by abundant, more intense 
CaZr,(PO,), (solid solution) peaks. MgZr,(PO,), may maintain a monoclinic 
structure, possibly similar to the LiZr,(PQ,), monoclinic phase. This is probably 
related to the small size of the Mg cation. It appears that the hexagonal lattice 
of CaZr,(PO,), can receive only a limited amount of Mg cations. This matter 
deserves further investigation including an analysis to determine what sites are 
being occupied by Mg and Ca and how these positions affect the lattice 
framework. 

High temperature phase stability of each system was determined by 
heating samples at elevated temperatures for several days. X-ray powder 
patterns of the resultant materials were then examined for signs 04 phase 
decomposition. For the (Rb,-x,Csx)Zr,(P0,)3 system, a compositional series 
was heated at 1300°C for 11 4 h. All of the samples showed signs of 
decomposition with the formation of a new, unidentified phase. The 
RbZr,(PO,), end of the series showed only slight signs of decomposition. As 
the amount of cesium in the sample was increased, decomposition of the 
original phase became greater. The CsZr,(PQ,), end of the series showed 
advanced signs of decomposition with a major reduction of the original single 
phase and the formation of an unknown secondary phase. Another 
compositional series was heat treated at 1200" C for 72 h, and then heated at 
1250" C for 94 h. All but one of the samples remained a single phase, without 
significant signs of decomposition. These results suggest that the upper limit 
of stability for the Rb-Cs system lies at some temperature between 1250°C 
and 1300" C. 

For the system (Ca, x,Mgx)Zr,(PO,),, samples were heat treated at 
temperatures and times shown in Table 2. At temperatures 1450" C, 14OO" C, 
and 1350°C for 48 h, compositions high in Mg decomposed to Zr,P,O,. 
Based on relative peak intensities from XRD data, more Zr,P,O, formed in 
samples heated at higher temperatures. Single phase MgZr,(PO,) ' 

decomposed almost entirely into Zr,P,O, after 48 h at 1450°C. Further stability 
tests are being conducted along with weight loss analyses of compositions 
heated between 1300" C and 1 450 " C. Tentative data place the upper limit of 
stability for MgZr,(PO,), at 1300°C to 1350°C. CaZr,(PO,), and its solid 
solution with Mg showed no signs of decomposition after any of the heat 
treatments. Tentative data indicate that the upper temperature limit of stability 
for CaZr,(PO,), and its solid solution with Mg is above 1450°C. 
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Table 1. Composition, beat t r e a t m e n t ,  and p h a s e  a n a l y s i s  
o f  the RbZr2(P04)3-CsZr2(P04)3 system 

H e a t  Treatment 
Composition T e m p .  (OC)/Time(h) Phases Present 

(continued) 

110013 

1OOOl3 

1000/3 

100012 

l000/2 

1000l2 

1000/ 3 

100013 

10001 3 

10001 3 

1 1 0 0 1 2 4  

1100/48 

1100172 

1200124 

1200148 

1200/ 72 

1250124 

1250148 

1250172 

130Ol24 

1300148 

1350124 

1350148 

* 
RbZP .ZrP2O7 

RbZP, ZrP207 

RbZP, ZrP207 

RbZP, ZrP207 

RbZP, ZrP207 

Rb ZP 

Rb ZP, ZrP207 

RbZP 

RbZP, ZrP207 

Rb ZP 

Eb ZP 

RbZP , Zr2P209 
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1 0 0 0 1 3  

10001 3 

10001 3 

l000/2 

l000/2 

1 0 0 0 1 2  

100013 

1000/ 3 

10001 3 

1000/ 3 

100013 

100013 

10001 3 

1000l2 

1 0 0 0 l 2  

1 0 0 0 l 2  

1000/ 3 

1000/3 

1000/3 

100013 

1100124 

1100148 

1100172 

1200124 

i20014a 

1200172 

1250124 

1250148 

1250172 

1300124 

1300148 

1350124 

1350148 

1100124 

1 1 0 0 / 4 8  

1100l72 

1 2 0 0 f  2 4  

1200148 

1200172 

12SOf 24 

12 5 0 1  4 8 

1 2 5 0 1 7 2  

13001 24 

1300148 

.13 5 0 1  2 4 

1350148 

RbZF(ss) ,ZrP207 

BbZP ( s I , ZrP20, 

RbZP(rs),ZrP207 

BbZP ( s s 1 , Z r P 2 0 ,  

RbZP( s 8 )  ZrP20, 

RbZP(ss1 ,ZrP207 

BbZP( s s )  ,ZrP20, 

BbZP( s s 1 , ZrP20, 

RbZP ( s s 1 , ZrP207 
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10001 3 

1 0 0 0 1  3 

1 0 0 O f  3 

100012 

1 0 0 0 1  3 

10001 3 

10001 3 

1 0 0 O f  3 

10001 3 

1 0 0 O f  3 

1 0 0 O f  3 

100012 

100012 

100012 

100013 

1000/3 

1 0 0 0 1  3 

1 0 0 O f  3 

1100/24 

1100/4 8 

1100172 

1200124 

1200148 

1200172 

1250124 

1300124 

1300f48 

1350124 

1350148 

1100124 

1100/48 

1100172 

1200124 

1200148 

1200172 

1250124 

125014% 

1250172 

1300/24 

1300148 

1350124 

1350f 48 
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100013 

100013 

100013 

100012 

100012 

100012 

10001 3 

10001 3 

100013 

1 0 0 0 1  3 

100013 

1 0 o o i  3 

1000/3 

100012 

1 0 0 0 1 2  

100012 

100013 

1000/3 

1 o o o i 3  

1000/3 

1100/24 

1100148 

1100112 

1200124 

12001 4 8 

1200i72 

1250124 

1250148 

1 2 5 O f  12 

1300124 

1300148 

1350124 

1350148 

1100124 

1100172 

1200/24 

1200148 

1 2 0 0 1 7 2  

1250124 

1250148 

12501 72 

1300i24 

1 3 0 0 1 4 8  

1350124 

1 3 5 0 f 4 8  
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100013 

100013 

10001 3 

100012 

100012 

100012 

100013 

100013 

1 0 0 0 / 3  

100013 

100013 

100013 

10001 3 

100012 

100012 

100012 

100013 

10001 3 

100013 

100013 

1100124 

11001 72 

1200124 

12001 4 8 

1200172 

1250124 

1250148 

1250172 

1300124 

13001 48 

1350124 

1350148 

1100124 

11 O O / - 7 2  

1200124 

12001 4 8  

1200172 

1250124 

1250148 

l250/ 7 2  

1300124 

1 3 0 0 1  48 

1350124 

1350148 

RbZP(ss),ZrP207 

RbZP(ss),ZrP2O7,unknom 

RbZP(ss1 ,ZrP207 

(Rb0,3>CS0.7)ZP 

RbZP( s s 1 , ZrP207 

RbZP(ss),ZrP207 

RbZP( s 5 )  , ZrP207 

RbZP(ss) ,ZrP207 

RbZP ( s s 1 , ZrP207 

(Rb0,3,Cs0,7)ZP 

BbZP( s s 1 ,  ZrP207 ,Zr2P2O7 

RbZP( s s 1 , Zr2P20g 

RbZP(ss) ,ZrPZ07 

RbZP(ss) ,ZrP207 ,unknown 

RbZP(ss) ,ZrP207 

RbZP ( s s 1 , ZrP207 

RbZP(ss1 ,ZrP207 

RbZP(ss1 ,ZrP20, 

RbZP(ss),ZrP207 

RbZP(ss) ,ZrP207 

( Rho. s C S  o .  8) Zf 

RbZP(ss) , Z r 2 P 2 0 9  

RbZP(ss),ZrP2O7,Zr2P~Og 

BbZP(ss1 ,Zr2P209 
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10001 3 

1 0 0 0 1  3 

1 0 0 0 1  3 

l000/2 

100013 

100013 

1 O Q O /  3 

100013 

10001 3 

1000/3 

1 0 0 0 1  3 

10001 2 

100013 

lOOO/ 3 

10001 3 

100Q/3 

1100124 

1100172 

1200124 

12001 4 8 

1200/12 

1250124 

1 3 0 0 1  24 

1390148 

1350124 

1350/48 

1100124 

1100172 

1200124 

12001 48 

12001 72 

12501 24 

1300124 

1300148 

1350124 

13501 4 8 

Rb ZP ( s s 1 , ZxP207 

RbZP( I s) ,ZrP20, ,unknown 

Bb ZP ( s s ) a Z rPZ O7 

PbZP(ss),ZrP207 

EbZP( os) ,ZrP207 

Cs ZP , ZrPZ O7 

CsZP,ZrP 0 Runknown 2 7  
CsZP,ZrP207 

CsZP ,unknown 

C s ZP , nnk nown 

CsZP, ZIP 0, ,unknown 
2 1  

CsZP 

C s Z P  , Zr2P209 ,unknown 

c s  ZP # Z X F Z U 7  

CsZP,Zr2P2Bg ,unknown 
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Table 2. Composition, heat treatment, and phase analyses 
of the CaZr4(P0,)6-MgZr4(P04)6 system 

ComDosition Temp "C)/Time !M 
CaZr4("4) 6 1220124 

1220148 
1 24011 2 
1240124 
128011 2 

1 30011 2 
1300124 
1300148 
135Ol12 
1350124 
1 350148 
1400148 
1450/48 
1220124 
1 220148 
1 24011 2 
1240124 
128011 2 
1280124 
1 3001 1 2 
1300124 
1300/48 
1350124 
1350148 
1 400148 

1 280124 

1 450/4a 

88 MgO. 2)2r4(p04)6 1220124 

124011 2 
1240124 
128011 2 
1280124 
1 30011 2 
1300124 
1300148 
1350124 
1350148 
1400148 
1450148 

1 22014a 



124011 2 
1240124 
128011 2 

1 30011 2 
1 300124 
1300148 
1350124 
1350148 
1400148 
1 450148 

1280124 

1240112 
1 240124 
128011 2 
1280/24 
1 300112 
1 300124 
1300148 

135011 2 
1350124 
1350/48 

1450148 
1400148 

CaZr 4(P04) (s.s.), MgZr ,(PO,), (s.s.), ZrP20, 
CaZr,(PO,)S(s.s.), Zr,P,Og 
CaZr,(PO,),(s.s.), ZrP,O, 

Car, (PO,),(s.s.), Zr2020g 
CaZr, (PO,),(s.s.), MgZr,(P0,)6 (s.s.),Zr,P,O, 

CaZr4(P0,)6(s.s.), MgZr,(PO,),(s.s.), 
C a r ,  (PO4), (s.s.), MgZr,(PO,), (s.s.), Zr2P209 
CaZr, (PO,) &s.s.) I MgZr, (PO,) (s.s.), Zr,P,Og 

CaZr,(P04)6(s.s.), Zr,P,O, 

CaZr,(PO,),(s.s.), MgZr,(PO,),(s.s.), ZrP,O, 
CaZr4(P04)6(s.sa), Zr2P20, 
CaZr, (PO,), (ss.), Zr2P,0, 
Car,( PO,), (ss.), Pr,P20, 
CaZr,(PO,),(s.s.), Pr2P20g 

5' MgO-,)Zr4(P04)6 1 220124 CaZr, (PO,) , (s.s.) , MgZr, (PO,) (s.s.), ZrP207, Zr, P,o, 
1220148 CaZr (PO,) , (s.s.) , Zr , P,O, 
124011 2 CaZr, (PO,), (s.s.), MgZr, (PO,),(s.s.), ZrP,O,, Zr2P,0g 
1 240/24 CaZr, (PO,) (s.s.), Zr, P20g 
1280/12 CaZr, (PO,) (s.s.), Zr,P,Q, 
1 280124 Car, (PO,) (s.s.) , MgZr, (P04)6 (s.s.), ZrP,O, I Zr, P20g 
13OO/12 CaZr,(PO,),(s.s.), MgZr,(PO,),(s.s.). ZrP,O,, Zr2P20g 
1 300124 CaZr, (PO4), (s.~.), MgZr,(PO,), (s.s.), Zr,P,Og 
1300148 CaZr, (PO,), (s.s.), Zr2P20g 
1 35011 2 CaZr, (PO,), (s.s.), MgZr,(PO,), (s.s.), Zr2P20g 
1350124 Car, (P0J6 (s.s.), MgZr, (PO,), (s.s.), Zr2P20, 
1350148 CaZr,(PO,),(s.s.). Zr2P,B, 
1400148 CaZr,(PO,), (s.s.), Zr2P20, 
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311 MgO .7)zr4(p04)6 1 220124 Car,(Po,) 6 (S.S.) I MgZr, (pod) 6 (s-s.)~ B 2 p 2 0 9  
1220148 CaZr,(PO,),(s.s.), MgZr,(PO,),(s.s.), Zr,P,O, 
1280124 CaZr,(PO,),(s.s.), MgZr,(PO,),(s.s.), Zr,P,O, 
1 280148 Car ,  (PO,) (s.s.) I MgZr,(P04) (s.s.) Zr2P,0g 

1 350148 CaZr,(~O,),(s.s.)~ Zr2P209 
1400i48 CaZr,(PO,),(s.s.), Zr,P20g 

1350124 C&r,(PO,), (S.S.) , MgZr,(PO,), (s-s.)~ Zr2p209 

1450148 CaZr4(Po4) 6 (S.S.), Zr,P,Og 

(Ca0.2p Mg,.,)Zr,(P0,)6 1220/24 CaZr,(PO,),(s.s.), MgZr,(PO,),(s.s.), ZrP,O,, Zr,P,O, 
1 220/48 CaZr,(PO,),(s.s.), MgZr,(PO,),(s.s.), Zr2P,Q, 
1280124 CaZr,(PO,),(s.s.), MgZr,(PO,),(s.s.), Zr2P,0,, ZrP,O, 
1 220148 Car, (P 04)6(s.s.), MgZr,(PO,), (s-s.), Zr,P,O, 
1 350/24 CaZr,(PO,),, MgZr,(PO,), (s.s.) Zr2P20, 
1350148 CaZr,(PO,),(s.s.), Zr,P,O, 
1 400148 CaZr,(PO,),(s.s.), Zr2P,09 
1450/48 cdLr4(po4)6(s's'), zr,p,Og 

(Cao. 1s Mg0.g)Zr4(P04)6 1220124 CaZr,(PO,),(s.s.), MgZr4(P0,)6(s.s.)l ZrP2o7, zr,P,Og 
1 220148 Car, (Po,) (s.s.), MgZr, (PO,) (s.s.), ZrP,O, Zr, P,O, 
12801'24 Car,( PO,), (s.~.), MgZr, (PO,), (s.s.) , ZrP,O, 

1350124 CaZr, (PO,) (s.s.), MgZr, (PO,) (s.s.) I Zr,P ,O, 
1350148 CaZr,(PO,) ,(ss.), MgZr,(PO,),(s.s.), Zr,P,Og 
1400i48 CaZr,(PO,) (s.s.), Zr,P,09 
1 450148 Car, (PO,), (s.s.), Zr,P20, 

1 280148 C@r,(PO,),$.S), MgZr,(PO,)6(s.s.)1 Zr,P,O, 

M@r4(P04) 6 1 220124 MgZr, (PO,), (s.s.), Zr,P,Og, ZrP,O, 
1220148 MgZr,(PO,),(s.S.), ~,p,o9, ZrP207 
1280124 MgZr, (Po,) 6 (S.S.), 2,P2o9 I .  2p207 
1 280j48 MgZr, (Po,) 6 (S.~.)I Zr, p2 0 9  

MgZr, (Po,) 6 (s-s-), Zr,P,Og 

MgZr, (Po,) 6 (S.S.), Zr,  p, 0 9  

1 350124 

1 400148 MgZr,(PO,),(s.s.), Zr2P,09 

MgZr, (PO,) , (s.s.), Zr, P,Ogl Zr P, 0, 
1350148 

1 450148 
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Composition 

Table 3. Computed thermal expansion data for 
compositions based on (Rbl-x,Cs2)Zr2 (PO,), 

Average 
Bulk CTE Avg CTE Avg CTE 
(30-1 000 O C) 30-500 O C 500-1000°C 

1250 C/24h heat treatment 

-1.3~10-7 -1 .1x10-6 

1 .XlO’* 8 . ~  (3-7 

1250 O C/72h heat treatment 

-55x1 0‘7 -1 2x1 r6 85x1 0-7 

-65x1 0-7 -1 2x1 o-6 

5.6~1 Om7 -1 .xl o-6 9.x1 

25x1  0‘6 

1 300 a C/48h heat treatment 

1.4~10-7 -1.3~1 0-6 7.1 x i  0” 

-4.~10-7 -1.1x10-6 

1 .x10-* -1.5~1 0’6 1.1x10-6 

4.6~1 0”7 -4.~10-7 1 .xl r6 
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Composition 

Table 4. Computed thermal expanstion data for 
compositions based on (Cal-x,Mgx)Zr4(P04)6 

Average 
Bulk CTE Avg. CTE Avg CTE 
(30- 1 000 O C) 30-700 O C 700-1 000 O C 

1280 "6/24h heat treatment 

-1.1 6x1 0"6 

-7.9~10" 

-1.29~1 0"6 

-9.6~1 Om7 

I .ox1 o - ~  
2.6~1 0-7 

1.36~1 0-6 

1.69~1 0-6 

2.06~1 0-6 

2.3~1 0'6 

2.5~1 0'6 

-2.13~1 0-6 1.06~1 0-6 

-8.3~1 0'7 1.6~1 0-6 

-1.98~1 0-6 1.09x1 o-6 
- 7 2 1  0-7 4.1 5x1 0'7 

-5.0~1 0"7 1.1x10-6 

-7.7~1 0-7 9.9~1 W7 

1.36~1 Om6 

1.69~1 0-6 

2.06x1 o-6 
2.3xIO-' 

25x1 OW6 
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Table 5. Calculated lattice parameters for the 
(Rb,-x,Csx)Zr2(P04)3 compositions 

8.6466 21.477 

Table 6. Calculated lattice parameters for the 
(Ca,-x,Mgx)Zr4(P0,)6 compositions 

22.61 8 63Mg,. 4)zr4(p04)6 8.789 
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24.3 ! I I I 1 
0.0 0.2 0.4 0.6 0.8 1 .o 

RbZr2(P04)3 (mole %) 

8.56 ! I I I i 
0.2 0.4 0.6 0.8 1 .o 0.0 

RbZr2( PO4) (mol@ %) 

F igure  1. L a t t i c e  parameters f o r  t h e  (Rbx,Csl-x)Zr2(P04)3 
composi t ions ( t e n t a t i v e ) .  
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h 

O S .  

0 

22.70 

22.68 

22.66 

22.64 

22.62 

22.60 
0.0 

1 1 1 1 

0:  i 0.2 0[3 0.4 
~ g Z r ~ ( P 0 ~ ) ~  (mole %) 

0.5 

8.795 
8.794 
8.793 

8.791 
8.790 
8.789 

8.787 
8.786 

8.792 

- 8.788 "rs 

8.785 
8.784 
8.783 

fu 

8.782 
8.781 

0.0 

Figure 2. 

0.1 0.2 0.3 0.4 
MgZr4(P04)6 (mole %) 

8.5 

L a t t i c e  parameters f o r  the (Cax,Mg,-x)Zr4( 
compositions ( ten ta t ive) .  
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AIPO,-P-LiAISiO, System 

Up to this time, research has concentrated on screening compositions in 
several crystal structure groups to identify high melting phases with low thermal 
expansion. Property characterization other than thermal expansion and phase 
identification has been on "as-prepared" samples. Various compositions of the 
chemically modified p-eucryptite (AIPO,-p-LiAISiO,) were synthesized for the 
development of an isotropic, ultra-low expansion, and high thermal shock 
resistant ceramic. Sample composition, procesing, phase analysis, and thermal 
expansion details have been reported previously. From the results, the following 
conclusions were drawn: 

1. The limit of solid solubility of AIPO, in p-LiAISiO, is 54 mol%. 

2. A decrease in SiO, content will reduce the negative thermal expansion. 

3. Substitution of Mg++ for Li+ lowers the negative thermal expansion; 
however, only 20 mol% of Li+ can be replaced by Mg++. 

Thermal shock resistance and relative retained strength (normalized) were 

0 and LiO. 4 lMgO. 035A'P0. 52si0. 48'4. The 
composition selection was based on the following: (1) Li,. 46AIP0. 54Sio. 4604 
contains the maximum AIPO, content, (2) sample Lie. ,AIPo. ,Sio. 465  0 3 .  93 has 
the lowest negative thermal expansion thus far achieved, and (3) sample 
Li,. ,Mgo. 035AlP0. 52Sio. has partial substitution of Mg++ for Li', and 
very low thermal expansion. Results of thermal shock resistance and relative 
retained strength determinations are summarized in Table 7 and relative retained 
MOR values are shown in Figure 3, plotted as a function of the number of 
thermal shock cycles, Among the selected cornpositions, composition 
Li,. , ,Mgo. 035AIP0. 52Sio. 48Q4 was found to have nearly zero thermal 
expansion and low anisotropy and to be stable to above 1200°C. 

determined for the  composi t ions Li,. 46 A'PO. 5 4 s i o .  4 6  0 4 '  

LiO. 5Aif0. sSiO. 4 6 5  0.393' 

Generally, sample porosities in excess of 10% preclude the collection of 
any significant mechanical properties data. It is felt that the prime objective of 
the continuation of this research should be to develop the chemically-modified 
p-eucryptite-AIPO, compositions through processing, composition optimization, 
Characterization, and parts fabrication to the point where they are attractive for 
testing in actual heat engines. 
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Because the P-eucryptite compositions are glass-forming and suitable for 
controlled recrystallization, this is likely to be the easiest and most economical 
process for densification. This task involves the addition of a suitable niucleation 
agent such as ZrO, or TiO,, forming glass, and optimizing the recrystallization 
heat treatment to yield maximum strength and/or toughness. Therefore, glass- 
ceramic forming techniques have been initiated for the composition 

Li0.41.MgD. 035AIP0.52Si0. 4a04* 

Preliminary batch compositions included the addition af 4 wt% ZrO, as a 
nucleation agent. A glass resulted form heat treating the raw materials 
[AI(OH),*nH,O, NH,H,PO,, Li,CO,,MgSO,, silicic acid, and ZrO,] at 1625°C 
for 24 h (heating rate of 70"C/min). Glass fragments obtained from this 
procedure are crystaline following a single heat treatment of 850°C for 48 h. 
XRD analyses of the recrystallized glass-ceramics showed the crystalline phases 
to be P-eucryptite solid solution with a trace amount of AIPO,. 

It has recently been reported that all previous p-eucryptite compositions 
formed by solid state reaction contained about 10% AI,O, as a second phase, 
along with trace amounts of AIPO,. It is likely that the undesirable phases 
resulted from heat treating an incompletely reacted solid solution phase. During 
heat treatment, AIPO, decomposed into AI,O, and P,O,. It, therefore, appears 
that to obtain the desired glass-ceramic phase composition, the raw materials 
must be fully reacted prior to glass-formation to form the AIP0,-free p-eucryptite 
solid solution phase. 

Since it is very important to maintain the desired composition until it 
reaches the glass-forming temperature in order to form the desired glass and 
glass-ceramics, the following tasks will be requried for further study: 

1. Establish the heat treatment of the batch composition in order to get 
the desired p-eucryptite solid solution phase. 

2. Establish the cooling rate of molten glass in order to get a satisfactory 
glass sample. 

3. Establish the recrystallization temperature of the glass. 

4. Prepare samples for thermal expansion, corrosion, and mechanical 
properties studies. 
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Table 7. Results of thermal shock experiments 

Thermal Expansion Relative 
(30-1 000' C) retained 

Composition a ( ~ i ~ - 7 1 0 ~ )  ST,,,(' C) strength* 
("w 

Li0.46A1p0.54 Si 0.46 0 4 -5.8 

Li0.41Mg0.035A1p0.52si0.4804 -2.3 

1150 

1175 

39.3 

46 

-0.96 1175 63.4 
5iAIP0. 5si0.46503.93 

*(MOR of specimen after 10 thermal shock cycle/MOR of specimen as originally 
formed) x 100%. 

24 

20 

16 

12 

8 

Number o f  thermal shock cycles 

Figure 3. Relative retained strength of thermally shocked 
specimens. 
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Status of Milestones 

Status of milestones is presented in Table 8 and Figure 4. 

publications 

None this period. 
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1. J. Alamo and R. Roy, "Crystal Chemistry of the NaZr,(PO,),, NZP or CTP, 
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Table 8. Key to major milestones 

VPI1.1 

VPI1.2 

VP12.1 

VP13.1 

VP14.1 

VP14.2 

VP14.3 

VP14.4 

VP15.1 

VP15.2 

VP15.3 

VP15.4 

VP16.0 

Process selection for phosphate- and silicate-based systems 
(Oct. 31 , 1986) 

Process selection for mullite- and zircon-based systems 
(Oct. 31, 1986) 

Complete literature review (Oct. 31 , 1986) 

Complete upgrade of characterization facility 
(Dec. 31, 1986) 

Complete initial screening of phosphate-based systems 
(Dec. 31, 1987) 

Complete initial screening of silicate-based systems 
(Dec. 31 , 1987) 

Complete initial screening of zircon-based systems 
(Dec. 31, 1987) 

Complete initial screening of mullite-based systems 
(Dec. 31 , 1987) 

Complete second-stage property and characterization 
evaluation of phosphate-based systems (Sept. 30, 1 988) 

Complete second-stage property and characterization 
evaluation of silicate-based systems (Oct. 31, 1988) 

Complete second-stage property and characterization 
evaluation of mullite-based systems (Nov. 30, 1988) 

Complete second-stage property and characterization 
evaluation of zircon-based systems (Dec. 31, 1988) 

Complete scale-up specimen fabrication of most promising 
low-expansion ceramics (Feb. 28, 1989) 
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1.3 THERMAL AND WEAR COATINGS 

3.3.1 B, B a s e  Coatinas 

Develomnent of Adherent Ceramic Coatings to Reduce Contact Stress Damage of Ceramics 
H. E. Rebenne, C. D'Angelo, J. H. Selverian (GTE Laboratories) 

Objective/Scope 

The objective of this program is to develop oxidation-resistant, high toughness, adherent 
coatings for silicon based ceramics. These coatings will be deposited on reaction bonded 
Si3N4 (RBSN), sintered SIC (SSC), and HIP'ed Si3N4 (HSN) and used in an advanced gas 
turbine engine. A chemical vapor deposition (CVD) process will be used to deposit the 
coatings. These coatings will be designed to provide the best mix of mechanical, thermal 
and chemical properties. 

Technical Highlights 

Contact stress tests of coated RBSN, SSC, and HSN at room temperature, 1000°C, and 
1200°C were completed. These tests were performed by Garrett Turbine Engine 
Company using a modified lnstron apparatus. The test included imparting a sliding point 
contact at the test temperature and measuring post-contact flexure strength at room 
temperature. The maximum sliding friction coefficient was also calculated. Results 
showed no improvement in the contact damage resistance of any of the substrates. 
However, the samples were oxidized at 1200°C for 100 hours in air prior to contact 
stress testing, and it is known that the coating cracks and spalls at these conditions. 
Hence, no firm conclusions will be drawn from these tests. 

Contact Stress Testing 

The contact stress testing from Phase I of the program was completed by Garrett Turbine 
Engine Company. Twenty coated bar and pin pairs of each substrate - RBSN, SSC, and 
HSN - were tested for contact stress using sliding point contact. The bar dimensions 
were 2" x 1/4" x 1/8". The test procedure was described elsewhere (1). Each sample 
had a -5 pm-thick AIN intermediate layer and a 1 pm-thick outer layer of A1203fZr02 
composite. The coated MOR bars were oxidized in static air at 1200°C for 100 hours 
before application of the stress. After oxidation, the coatings exhibited good adherence to 
the RBSN and SSC substrates and poor adherence to the HSN substrates. Room 
temperature flexure strength (using 4-point bending) was measured after application 
of the stress. The maximum sliding friction coefficient was also calculated. 

Tables 1 - 3 show the strength loss and maximum friction coefficient measured for each 
set of conditions, The "As-coated strengths" were taken from samples that were oxidized 
at 1200°C for 500 hours and tested at 25°C and from unoxidized samples tested at 
lO0OoC and 1200°C. These measurements were made at GTE Laboratories on a separate 
set of samples. All samples contact stress tested showed a strength loss of 30 - 50%. 
The increase in strength of the HSN samples tested at 1200°C (see Table 2) is not 
understood. The values of maximum friction coefficient reported are not necessarily the 
static "breakaway" friction coefficient measured during the test. In some cases, the 
apparent friction increased during the test, possibly due to embedment of the contact pin 
in the coating or to asperity effects resulting from coating damage. In some tests, the 
apparent friction coefficient rose to a value greater than the "breakaway" friction 
coefficient. 
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It was previously reported (2) that the A1203+ZrO2 coatings flaked off the substrates 
and that the samples were fully oxidized after 100 hours of oxidation at 1200°C. Based 
on the previous oxidation data and the multiple factors involved in the contact stress 
testing (oxidation, contact stress, and variable friction), no firm conclusions will be 
drawn from this contact stress data. 

We are currently evaluating the feasibility of measuring friction coefficients and 
resistance to contact damage using conventional ball-an-disk and pin-on-disk wear 
tests. 

Table 1: Summary of contact testing and post-contact MOR strength testing far 
CVD coafed RBSN. 

II II 

I1 II I! 

I 1  I1 II 

5 0  0.35 188 Yes - 5  
0.43 130 Yes - 34 
0.37 124 Yes - 37 

II $1 

II II *I 

II 11 II 

6 0  0.50 116 Yes - 41 

0.45 131 Yes "' 34 
0 .48  119 Yes - 40 

1000 25 1.36 245 150 Yes - 39 
1.65 137 Y e s  - 44 I1 !I II 

II tI 

I t  II #I 

5 0  0.82 164 Yes - 33 
0.63 115 Yes - 53 

2 5  1.02 2 2 4  9 0  Yes - 60 
II I1  It 1.03 105  Yes - 53 

1200 

II II 

I1  II I t  
0.94 92 Yes - 59 

9 5  Yes - 58 
50 

0.81 

Microstructural Evaluation of Composite layer 

The microstructure of the A1203+Zr02 composite layer is being studied by TEM and 
analytical electron microscopy. During this reporting period, a sample of AI203+ZrO2 
coating on a TIC whisker-reinforced AI203 substrate was analyzed. This substrate was 
used because previous attempts at preparing a thin foil specimen of coated silicon 
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nitride-based materials were unsuccessful. The failure was attributed to uneven 
milling rates of the coating and substrate during ion beam milling. 

Table 2: Summary of contact testing and post-contact MOR strength testing for 
CVD mated HSN. 

0.81 5 2 0  2 6 7  Yes - 49 
II II II 5 6 4  no + 8  0 -43 
I1 II II - 37 0.69 330 Yes 

50 2 5  

I1 11 0.71 3 1 8  Yes - 39 
3 2 2  Yes - 38 0.72 

0.65 

H II - 3 6  0.54 334  Yes 
0.71 
0.67 3 1 6  Yes - 39 

II II I1 

II 11 II 

6 0  

3 6 8  Yes - 29 

II 11 II 

II II 11 

310 Yes - 40 
75 

- 43 
n II II _--- Yes - - - -  0.60 5 5 7  3 1 6  

0.68 - - - -  5 0  1000  

0.36 393 466  no +19 
11 II 11 453  no +15 0.48 

50 1200  

U 11 +35 0.43 531  no 
11 II 5 4 5  no +39 0.42 II 

7 5  

Tested improperly 

The coating was 3 pm thick and contained approximately 3 w/o Zr. It was found that the 
majority of the coating was essentially pure AI203 with the Zr concentrated at the 
interface between the coating and the substrate. The Zr was present as 30 nanometer 
particles containing impurities that were identified as silicon, tungsten, and probably 
oxygen. These impurities are probably introduced during deposition of the coating as a 
result of residue inside the CVD equipment from coating of other substrate materials. It 
has not yet been determined that the Zr is present as ZrO2. An amorphous Si-rich phase 
was also present at the interface. This glass probably formed from the binder material 
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in the substrate. The grain size of the AI203 in the coating ranged from 40 to 200 
nanometers with the majority being 50 nanometers. The phase of AI203 is still being 
determined. 

These results are consistent with earlier studies done using electron microprobe. In 
particular, the ZrO2 was found to be concentrated at the interface. This is due to the 
method of generating the Al- and Zr-containing source materials. A modification of the 
CVD process will therefore be necessary in order to obtain a homogeneous coating. The 
required modifications to the CVD reactor are currently being designed. 

Table 3: Summary of contact testing and post-contact MOR strength testing for 
CVD coated SSC. 

Test Applied Maximum As-coated Retained Contact Change in 
Temp Load Friction Strength Strength Damage Strength 
("C) ( Ibs)  (MPa) (MPa) (W 

0.23 328 2 4 8  Yes -24 
0.48 
0.50 2 0 9  Yes -38 

II I 1  I1 

11 II n 
180 Yes -45 

2 5  4 0  

II I1 

II II n 

II II I1 

0.35 195  Yes -4 1 
178  Yes -4 6 0.49 

0.30 192  Yes -4 1 

5 0  

11 II 

11 II II 

II II n 

0 .55 202 Yes -38 
0.76 1 8 3  Y e s  -44 
0.51 162  Yes -5 1 

6 0  

0.59 2 5 8  172  Yes -33 
173 Yes -33 II I1 II 

4 0  
0.89 

1 0 0 0  

11 II 

II I1 II 
0 .45  1 6 5  Yes -36 

1 5 2  Yes -41 
6 0  

0.49 

4 0  0 . 8 5  320 1 4 1  Yes -58 
I1 I 1  I1 0 .89 115  Yes -84 

1200  

I1 II 

)I I1 I4 
169  Y e s  -47 
1 5 5  Yes -52 

6 0  0.84 
0.91 
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Oxidation Resistance of the Coating 

During Phase I, the oxidation resistance of the coating in static air was studied. The 
coating was found to be oxidation resistant for up to 500 hours at 1000°C, but not at 
12OOOC. The cause of failure is being studied in Phase I I .  
Thus far, tests indicate that the failure is due to oxygen penetration through the 
A1203+Zr02 composite layer to the AIN layer and oxidation of the AIN. Several pathways 
for oxygen penetration through the composite layer exist, including porosity, cracking, 
and diffusion. Some samples were examined for porosity in the composite layer using an 
electron microprobe analyzer. and no pores were detected. However, the detection limit 
was 1 pm diameter. Additional samples coated with the composite layer only on optically 
transparent substrates (single crystal sapphire) were examined in a light microscope, 
and no porosity was detected. Cracks were also searched for using scanning electron 
microscopy, but none were found. Additional samples are currently being examined for 
cracking. The possibility of oxygen diffusion, either grain boundary or lattice type, was 
theoretically evaluated. This was done by calculating the oxygen concentration in an 
AI203 coating as a function of temperature, time, and distance. The approach used was 
taken from Fisher (3). Three types of diffusion were included in the calculation: 1) 
diffusion from the surface down the grain boundary, 2) diffusion normal to the grain 
boundary into the grain, and 3) diffusion from the surface through the grain (bulk 
diffusion). Fisher's treatment was used for the first two types of diffusion, and the 
constant surface concentration solution to Fick's second law was used for the third type. 
For purposes of the calculation, the coating was treated as pure Al2O3. This is 
considered to be realistic for the coatings that were oxidation tested since the TEM 
analysis indicated that all of the Zr02 was concentrated at the interface (see above). 

A computer program was written and oxygen concentration profiles calculated at 
temperatures of llOO°C, 12OO0C, 130OoC, 1400"C, and 1500°C for times up to 
2,048,000 hours and diffusion distances of 0.5 pm, 1.0 pm, and 1.5 pm. The following 
parameters were used: grain boundary width y 5x10-8 cm, bulk diffusivity for oxygen 
in AI203 at 1500°C - 3 . 5 ~ 1 0 ' ~ ~  cm2/s, grain boundary diffusivity of oxygen in AI203 
at 1500°C = 5 . 0 ~ 1 0 - ~ ~  cm2/s, activation energy for oxygen lattice diffusion in AI203 = 
152,000 cal/mole K. preexponential factor for oxygen lattice diffusion in A1203 = 
1.9~103 cm2/s, activation energy for oxygen grain boundary diffusion'in AI203 - 
57,600 cal/mole K, preexponential factor for oxygen lattice diffusion in AI203 = 
6.3~10'8 cm2/s. The activation energies and preexponential factors were taken from 
Oishi and Kingery (4). The calculations indicated that, at 1200"C, the oxygen 
concentration 0.5 pm below the surface of the coating is c154 atomic per cent at 500 
hours. At 1200°C and 1.0 pm below the surface, the oxygen concentration is zero after 
500 hours and only 1 ~ 1 0 - ~  atomic per cent after 8000 hours. For a depth of 1.5 jun at 
1200"C, the oxygen concentration is only 2x10-4 atomic per cent after 8000 hours. 
The oxygen concentration only becomes significant for a depth of 1.5 pm and a 
temperature of 1500°C after 8000 hours. This combination of time and temperature is 
well beyond the anticipated service range of these coatings. Hence, these results suggest 
that the coating should not fail due to oxygen diffusion through the composite layer. 

Oxidation tests of the full coating configuration on all three substrates are currently 
underway to provide kinetic data for the oxidation behavior. In addition, a set of samples 
with a modified coating configuration is being coated in preparation for oxidation testing. 
This modification incorporates a pure AI203 layer between the composite and AIN to 
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provide an oxygen barrier. 
resistance of the coating. 

It is anticipated that this will improve the oxidation 

Status of Milestones 

First two milestones, due in December, 1989, are on schedule. 

C omm u n ica t i on s/Vis i ts/Travel 

04/24-27/89 - H. E. Rebenne attended the annual meeting of the American Ceramic 
Society in Indianapolis and presented a talk entitled "High Temperature Oxidation of 
Ceramic Coatings on SigN4- and SiC-Based Substrates." The coauthors were 6. D'Angelo, 
H. J. Kim, and 0. W. Oblas. 

09/08/89 - H. J. Kim and H. E. Rebenne visited Oak Ridge National Laboratory to 
present a review of the program. 

Problems Encountered 

None. 

Pu bli cat tons 

None. 
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Wear resistant Coatings 
C. -D. Weiss (Caterpillar, Inc.) 

Obiective/scope 

The goal of this technical program is to develop wear- 
resistant coatings for piston ring and cylinder liner 
components for low heat-loss diesel engines. 

substrates utilizing plasma spraying, vapor deposition 
(CVD/PVD), and enameling processes. First, the adherence 
of each coating to the metallic substrate will be 
optimized. 
adherence of these coatings include development of unique 
substrate preparation methods before application of the 
coating, grading coating compositions to match thermal 
expansion, compositional changes, laser or electron beam 
fusing and/or optimizing coating thickness. Once the 
adherence of each coating system is optimized, each coating 
will be screened for friction and wear at 350oC under 
lubricated conditions. Coatings which show promise after 
this initial screening will be further optimized to meet 
the friction and wear requirements. Then the optimized 
coating systems will be fully characterized for oxidation 

resistance, as well as friction and wear. 

Wear resistant coatings will be applied to metallic 

Methods which can be utilized for improving the 

* -  
\ I resistance, adherence, uniformity, and thermal shock 

Selection of the most promising coatings and coating 
processes will be made after the characterization task. 
Criteria for selection will include not only performance 
(i*e., wear adhesion, friction coefficient, thermal shock 
resistance and thermal stability) but manufacturability/ 
cost factors, as well. Utilizing both criteria a coating 
system having acceptable cost/benefit relationships will 
be selected. 

Technical procrress 

Pin-on-disk friction and wear testing of the plasma 
sprayed and chemically vapor deposited coatings (Tables 1 
and 2) has identified the following coatings as candidates 
for further friction and wear testing using the Hohman A-6 
friction and wear machine: 

Plasma sprayed high carbon iron-molybdenum, 
Plasma sprayed Cr203-Si02, 
Plasma sprayed PS212, 
Chemical vapor deposited chrome nitride, 
Mid-temperature chemical vapor deposited T i ( C , N ) .  
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High Co , Mo, 

Table 1. F r i c t i o n  and  Wear Results - Plasma Sprayed Coatings 
35O0C/Lubrieated 

440C 0.09 - 0.24 Low M€?d 
ZrOz 0.13 - 0.22 Med Med 

Table 2 .  F r i c t i o n  and  Wear Results - CVD Coatings 
3500C/Lubr i ca t ed  

I 440C I 0.10-0.11 I Med I Low 
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Additional pin-on-disk friction and wear testing of 
PVD zirconia coated mild steel and chemically vapor 
deposited W/WC K-13 tool steel specimens were completed 
with disappointing results. 

The PVD zirconia on mild steel specimens were 
evaluated in a lubricated, pin-on-disk test, at 350°C, 
running against zirconia, alumina and 440C stainless steel 
counterfaces. The PVD zirconia coating recorded low 
friction and wear values running against the 440C 
counterface. Running against the alumina and zirconia 
counterfaces, the PVD zirconia coating also recorded low 
friction values. However, for both these counterfaces, the 
wear rate of the PVD zirconia coating initially was very 
low but increased rapidly as the test progressed. For this 
reason, both counterfaces wore through the PVD zirconia 
coating in a relatively short time. 

a very rough surface finish (greater than 4 0  microinches) 
after the chemical vapor deposited coating was applied to 
the H-13 tool steel specimens. One possible reason for the 
rough surface finish was it was difficult to get a good 
bond between the H-13 tool steel and the W/WC coating and 
the specimens had to be recoated a number of times before 
acceptable coating adherence could be achieved. The rough 
surface finish caused the W/WC coating to record 
coefficient of friction values above 0.2 when run against 
either the zirconia or 440C stainless counterfaces. In 
addition, both counterfaces exhibited very high wear 
coefficients when run against the W/WC coating. 

The chemically vapor deposited W/WC coating exhibited 

Both Solar Turbine's VPC coating and the University of 
Illinois' cobalt based enamel compositions recorded 
coefficient of friction values greater than 0.2 when 
evaluated against either a metallic or ceramic counterfaces 
during lubricated pin-on-disk testing, at 3500C. Addition 
of the hard, wear resistant particles (Table 3 )  to either 
composition did not reduce the coefficient of friction of 
the coating. As a result, all the VPC and/or enamel 
compositions, irrespective of the volume percent of hard- 
particle loading, exhibited unacceptable wear during pin- 
on-disk screening. 
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Table 3 .  Wear Resistant Enamel Compositions Evaluated 

Base Enamel Compositions 

Solar VPC 
A.1, Andrew's G o  Based Enamel 

Hard Particle Additions 

50 volume percent SiaNg 
50 volume percent Sic 
10, 20, 50, 70, and 80  volume percent Cr203 
10, 20, 50, and 70 volume percent Z r O 2  
50 and 70 volume percent A1203 
20 volume percent Cr203 plus 20 volume percent BN 

Four slurry sprayed enamels which had both wear 
resistant hard particles as well as solid lubricants added 
to the enamel composition w e r e  evaluated against both 
ceramic and metallic counterfaces in a lubricated pin-on- 
disk friction and wear test, at 350°C. This enamel 
composition recorded friction values below 0.1 and 
reasonably low enamel wear rates. 

The Hohman A-6 testing was initiated with the 
development of a suitable procedure for operation at 350°C 
with a speed of 206 M/rnin and a load of 9.08 Kg. A room 
temperature calibration t e s t  was developed f o r  the purpose 
of checking the machine operation. 
friction data were obtained at 3500C using a plasma 
sprayed chrome carbide in a nickel-molybdenum matrix 
running against cast iron. 

Baseline wear and 

Hohman A-6 testing is continuing to evaluate the 
following material pairs: 

High carbon iron-molybdenum plasma sprayed rub 
shoes against a chromia-silica plasma sprayed disk, 

Chrornia-silica plasma sprayed rub shoes against a 
chromia-silica plasma sprayed disk, 

Chromia-silica plasma sprayed rub shoes against a 
chemically vapor deposited chrome nitride disk, 

Chemically vapor deposited Ti ( C , N )  ruts shoes 
aga ins t  a chromia-silica plasma sprayed disk, 

PS212 plasma sprayed ,rub shoes against a chromia- 
silica plasma sprayed disk. 
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All the plasma sprayed specimens which had been 
machined using a 200 grit wheel recorded high friction 
coefficients, which did not decrease with increasing test 
time. These high friction values caused the plasma sprayed 
specimens all to record unacceptable wear rates. 
Examination of the surfaces of the plasma sprayed specimens 
revealed that the high coefficient of friction values 
occurred because all the plasma sprayed specimens had an 
extremely rough surface finish. For this reason, the 
plasma sprayed specimens all were machined a second time to 
obtain the desired surface finish. 

Status of milestones 

MS1 Manufacture of 400 adherence test specimens- complete 
MS2 Manufacture friction and wear test specimens- complete 
MS3 Identify a minimum of 12 adherent coating systems- 

MS4 Identify 12 coating systems for friction and wear 

MS6 Manufacture simulated engine component specimens- 

complete 

optimization-complete 

comp 1 et e 

Publications 

C.D. Weiss, "Wear Resistant Ceramic coatings for Diesel 
Engine Components", was presented at the International 
Conference on Metallurgical Coatings, 1989, April 19, 
1989 in San Diego. 
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Oevelnp men1 of Wear 
M.G.S. Naylor 
Cummins Engine Company, Inc. 

e Componem 

. .  
we 

The objective of this program is to develop advanced wear resistant coatings for in-cylinder 
components for future, low heat rejection diesel engines. Coatings and substrates (for piston 
rings and cylinder liners) are to be developed to meet the followng requirements: 

1. low wear (as measured in laborato rig tests at ambient temperature and 350OC). 

2. low friction coefficients when tested under boundary lubricated conditions (target 0.1) 
and unlubricated conditions (target 0.2) at ambient temperature and 359OC. 

3. good thermal shock resistance. 

4. high adherence and compatibility with substrate materials up to 650OC 

5. high uniformity and reproducibility 

Wear coefficients in the range 5x10-1 7 to 5x10-l1 mn3/mm/N are targeted (at 350OC). 

Technical P r o m  

Overview of Coating Development 

Table 1 lists the wear coatings which have been under evaluation to this point in the program. 
Wear testing has been completed for the majority of the air plasma sprayed (APS) chromium 
oxides, some of the high velocity (HV) thermal sprayed cemented carbides and the 
slurry-sprayed silica-chromia-alumina (SCA) materials, Microstructural characterization has 
been completed for all the coatings which have been wear tested. Bond strengths have been 
measured for the APS chromium oxides, and a study of the effects of various spray parameters 
(powder composition, powder feed gas, powder feed rate, spray velocity and gun/nozzle 
selection) has been completed (see previous semiannual report). Property measurements 
(microhardness, tensile strength and elastic modulus at room temperature and 32OoC, thermal 
expansion coefficient from 25 - 54006, and thermal diffusivity) and microstructural 
characterization of the UTRC coatings (Table 1) are in progress. 

Wear Testing 

Wear tests have been performed on a wide variety of piston ring/cylinder liner coating 
combinations, using a Cameron Plint wear tester. The test conditions, which were chosen to 
represent the r i n g h e r  engine environment close to the top ring reversal position, are detailed 
in Table 2. Wear tests were performed using a fresh commercial CE/SF quality 15W40 
mineral oil based lubricant at two temperatures, and with the same oil taken from an engine 
test which produced severe oil degradation, to simulate the chemical environment of the 
engine more closely. In addition, tests were run with no lubrication, in order to rank the 
sliding wear properties of the different materials under "scuffing" conditions. A material with 
good scuff resistance is desirable in case of temporary loss of oil film in the engine (on start-up 
or under temporary conditions of extreme hot running, for example). Under the loading 
conditions at top ring reversal, it is extremely unlikely that sufficiently low wear rates can be 
obtained with any coating for extended engine operation without lubrication. 
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Coating - 
APS UCAR Cr 0 3  
APS Metco 1O6b Cr203 - 2% Si02 - 2% other oxide: 

APS Cr2O3 - 15% A2203 - 4% Si03 - 3% Ti0  
APS Cr203 - 33% Stellite 6 - 3% Si02 - 2% 202 
APS Cr203 - 8% Si02 - 3% Ti02 
A P S  Metco 143 2502 - 18% Ti02 - 10% Y2O3 
A P S  Armacor M 
APS Armacor T 
WS Boron Carbide 

APS Metco 136 Cr203 - 5% Si02 - 3% Ti02 
APS Metco 136 Cr203 - 5% Si02 - 3% Ti02 

wc - 12% co  
C!$z- WC-NiCrCo 
Diamalloy 3007 Cr3C NiCr 
Diamalloy 2001 NiCrgSi 

SLURRY-SPRAYED 

substrate 

HK40 Stainles: 
422 Stainless 
HK40 Stainles! 
HK40 Stainles! 
HK40 Stainles: 
HK40 Staides! 
HK40 Stainles! 
422 Stainless 
HK40 Staides! 
HK40 Stainles! 
HK40 Stainles! 

HK40 Stainles, 
HK40 Stainles 
422 Stainless 
422 Stainless 

Pearlitic Gre, 
Cast Iron 

T e 1 Niresis 
H T 3 Tool Stee 

Supplier 
- 

APS Materials 
UTRC 
APS Materials 
Boyd Machine 
APS Materials 
APS Materials 
U S  Materials 
UTRC 
APS Materials 
APS Materials 
APS Materials 

Boyd Machine 

UTRC 
xCMachine 

Cummins 

cummins 

Table 1. Ring and liner coating materials under evaluation. 
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I Test Schedule for Each Coatim: 

Fresh CE/SF 15W40 mineral oil based lubricant at 200OC 
Fresh CE/SF 15W40 mineral oil based lubricant at 350T 
Engine-tested CE/SF 15W40 mineral oil based lubricant at 2OOOC 
Unlubricated, 200OC 

I Test Conditions: 
225 N on a 7.5 mm wide sample (30 N mm) 

"Liner" sample is flat 
20Hzfre uency 

Lubricated tests: 6 hrs with 1 drop oil every 10 seconds 
Unlubricated tests: 10 - 30 minutes. 

"Ring" sample has cylindrical radius o i curvature of 50 mm 

5 mm stro 'z e 

Table 2. Wzar test conditions. 

Before considering the wear results for advanced coating+ systems, it is worth reviewing the 
wear data already obtained for conventional diesel engrae materials. Figure 1 shows the 
variation of wear coefficient with tem erature for electroplated chromium piston rings sliding 
against earlitic grey cast iron cylin B er liners, with fresh CE/SF 15W40 oil (Cameron Plint 

between room temperature and 360OC. Under the test conditions imposed, the system 
operated in the boundary lubrication regime over the whole temperature range, with friction 
coefficients in the range 0.1 to 0.3. For the lubricant and oil su ply rate used in these tests, 

data). Kr ear rates are very sensitive to temperature, varying over two orders of magnitude 

the "scuffing" tern erature (the tern erature above which an oil i Im could not be maintained 
and friction coef R cients in excess o F 0.5 were measured) was around 360oC. 
This report compares the wear properties of various coatings under the above conditions. 
The effects of coating composition, microstructure and hardness on wear rates are discussed, 
and rankings of the materials tested are made under conditions of fresh oil lubrication, 
degraded oil lubrication and no lubrication. The final objective of the program is to develop 
a wear system (an optimized combination of ring material, liner material and lubricant) which 
is capable of meeting the above objectives. 

APS Citromium Oxide Ring Coatings vs Pearlitic Grey Cast Iron Liners 

A series of wear tests was performed at different temperatures, using a pure chromium oxide 
ring coatin (UCAR powder) sliding against a conventional grey cast iron liner, with a fresh 

(Figure l), wear rates are generally lower or the ring material, but higher for the liner. The 
vanation of liner wear with temperature is very small, which sug ests that the liner wear 
mechanism does not involve thermal activation in this system. f t is speculated that the 
predominant liner wear mechanism in this case is abrasion (see below). 

'f CEISF 15 8 40 mineral oil based lubricant Figure 2). By comparisonwith the baseline system 
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WEAR OF EP CHROMIUM vs GREY IRON 
Cameron Plint, Fresh CE/SF 15W40 

1.OE-09 

1.OE-10 

- + 
E 

g 

- - - 

- - 
- 

Figure 1. Variation of wear coefficient with temperature for electroplated 
chromium rings vsgrey cast iron liners, lubricated with fresh CE/SF 
15W40 oil. 

1.OE-12 

WEAR OF UCAR Cr203 vs GREY IRON 
Cameron Plint, Fresh CE/SF 15W40 

- - - - 
E 

- /  I I 1 

- - - 

Grey iron Liner 
APS C r 2 0 3  Ring + Grey Iron Liner 

_ _ _ -  - APS C r 2 0 3  Ring 

- 

Figure 2. Variation of wear coefficient with temperature for APS UCAR 
chromium oxide coated rings vsgrey cast iron liners, lubricated with 
fresh CE/SF 15W40 oil. 
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A variety of chromium oxide based materials was evaluated with the conventional grey iron 
liner counterface (Figure 3). In most cases, ring wear was lower than for electroplated 
chromium, but liner wear was higher. Surface roughness values for the coatings were in the 
range 0.25 - 0.5 pm (measured parallel to the sliding direction, Le. parallel to the grinding 
marks on the machined surface). Experiments were performed with a hardened iron liner 
(42 HRC) in lace of the pearlitic iron (approximate1 10 HRC) for the UCAR coating. The 

Two forms of Metco 136 coatings, from different suppliers using different spray systems, were 
evaluated (Figure 3). The material designated "A" was found to have lower wear rates than 
the other chromium oxides studied. Microstructural characterization of each coating is 
described below. 

hardness of t E e grey iron was not found to be a signi B cant factor (Figure 3). 

Wear rates for the Cr20 - 15% AI203 coating (formed by mixing 15 Wt% A1203 with Metco 
136 powder) were foun d to be similar to those for other Cr20 coatings, even though the 
hardness was increased from 960 kgfmm-Z(Metco 136) to 1260 k&mm-2(Metco 136 with 15% 
M203) (hoop7 1oogf). 
Wear tests using degraded, heavily soot-loaded oil from an engine test showed a considerable 
increase in ring and liner wear rates compared to tests in fresh oil for the conventional 
electroplated chromium/grey iron system (Figure 4). By comparison, the chromium 
oxide/cast iron tests generally showed little effect of oil degradation (Figure 4), which suggests 
that the advantages of using chromium oxide ring coatings over the conventional ring material 
would become more pronounced as the oil degrades in the engine. 

Unlubricated tests with chromium oxide/grey iron combinations produced lower wear rates 
for coatings with additions of other oxides (Metco 136 and Cr2O3 - 15% A1203 - 4% Si02 - 
3% TiO$ than for pure Cr203 (Fi However, even the best chromium oxide re 5). 
compositions gave the same wear coe r ficents as electroplated chromium. 

Microstructural Evaluation of APS Chromium Oxide Coatings 

SEM micrographs of each of the A P S  chromium oxide coatings are shown in Figures 6 - 9. 
The coatings generally contain pores and voids between the "splats" of solidified material. 
The Metco 136 materials showed variations in grey scales in backscattered electron SEM 
images, which were found to be caused primarily by variations in Ti02 content. Comparing 
Figures 7 and 8, the two Metco 136 materials were found to be considerably different in 
microstructure. The "B" material contained large numbers of small, equiaxed particles, with 
a greater concentration of microcracks/voids, whereas the "A" material had a more lamellar 
mcrostructure. The "B" microstructure is thought to have been caused by unmelted particles 
being entrapped in the spray. The coating sprayed from a Metco 136 owder with 15 wt% 
A1203  is shown in F i p r e  9. The A1203 hase (darker) is clearly dif P erentiated from the 
Cr 03-rich material (lighter). Both phases K ave been melted in the plasma and have solidified 
w t  3 out much mixing, and with no apparent cracking or debonding at the Crz03-Al203 
interfaces. 
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WEAR OF CHROMIUM OXIDES vs CAST IRON 
Cameron Plint, Fresh CE/SF 15W40 

Ring Coating 

EP Cr 

UCAR 0 2 0 3  

UCAR Cr203 

Metco 138 (A)  

Metco 136 (B) 

Cr203-15% A1203 

Soft Iron 

1.OE-12 1.OE-11 1.OE-10 1.OE-09 1.OE-08 1 .E-07  
Wear Coeff (mm*3/rnm/N) 

Ring Wear 8 200 C Liner Wear P 200 C 

Figure 3. Wear comparison of A P S  chromium oxide coatings and 
electroplated chromium sliding a ainst grey iron liners at 200 and 
3600C, lubricated with ji-esh CEAF 15 W40 oil. 

WEAR IN FRESH AND ENGINE-TESTED OILS 
Cameron Plint, CE/SF 15W40, 200 C 

RingILiner 

Ring Wear, Fresh 

Ring Wear, Used 

@f8 Llner Wear, fresh 

Liner Wear, Used 

Figure 4. Wear comparison of Metco 136 chromium oxide and electroplated 
chromium sliding against grey cast iron liners at 20OOC in ffesh and 
engine-tested oils. 



WEAR OF CHROMIUM OXIDES vs CAST IRON 
Cameron Pllnt, Unlubricated, 200 C 

Ring Wear Liner Wear - 

Chromium Oxide 

UCAR Cr203 

UCAR Cr203 h 

Soft Iron 

Hard Iron 

Metco 138 (A) 

Cr203-15% A1203 

1 .OE-09 1.OE-08 1 .OE-07 1 .OE -06 
Wear Coef f (mm^3/mm/N) 

Figure 5. Wear comparison of APS chromium oxide coatings and 
electroplated chromium sliding against grey iron liners at 2UOOC 
without lubrication. 

Figures 10 and 11 show SEM images o& respectbely, Metco 136 (B) and pearlitic grey cast 
iron wear d a m s  €tom a lubricated test at 26OC The Cr20  surface shows a few large 
scratches with larp areas of smooth, flat figure 10). &thin the flat areas, shallow 
flat pits suggest either a preferential of wear, or a delamination mechanism. 

hite flakes. Wear is 
ere is some evidence 

The cast iron wear s d t c e  hes been 

of a surface film (possibly oxide or transfer layer) on the wear scar. 
thought to occur by a predominantly abrasive 

Unlubricated tests resulted in a Cr2O3 wear surface 
iron have transferred to the 0 2 0 3  surface to 

electron 
the iron-containin films gave low atomic number contrast, 

The 0 2 0 3  appeared macroscopically rough, but contained 
character, suggestive of debonding at the pre-existing 

d y  of oxides. demental iron would have appeared much 

"inter-splat" cracks/voids in the coating. 
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Figure 6. 

L m 
Microstructure of A P S  UGlR chromium oxide coating. 

c 
Fijpre 7. Microstructure of APS Metco 136 chromium oxide coating (A). 



Figure 8. Microstmcture of APS Metco I36 chromium oxide coating (B). 

L- 

1111 "A 

Figure 9. Microsttucture of N J '  Cr203 - 15% A1203 - 4% Si02 7 3% Ti02 
coating. 
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Figure IO. Wear surjihce of APS Metco I36 chromium oxide (B) afier slidin 
cast iron liner for 6 hours at 2WC with fresh CE/S B 3%7; f3Lrlt. 

I \  

e of grey casj itm h e r  @er wear test against APS 
Metw wear T I 6 chromium & (B), 6 hrs, 2WC with fresh CE/SF 
15W40 lubricant. 

F@ If. 
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ace of APS Cr203 - 15% A1203 - 4% Si02  - 3% Ti0 wemy Fisure 12. 
after sl' i g  against grey cast iron liner for 20 minutes at 20008 
with no lubricant. 

Wear of A P S  Chromium oxide vs Slurry-Sprqed Sika-Chmma-Ahunina 

Compared with the basehe EP chromium/grey i m i ~ d  APS Cr2O3 grey iron systems with 

much higher ring weat rates Fi e 14). Total wear coefficients (ring + liner) were 

oil as with fresh oil for the Rin and liner wear rates 
Cr$&/SCA system were approximately the same 
as for the baseline wear coefficients. Thus, the 
advantage of using a s as the oil becomes degraded 
during engine operation. 
Unlubricated tests with the APS C r S 3  SCA combination resulted in 0 2 0  wear coefficients 

was much lower (Figure 16). Thus, total (ring + k e r )  wear for the Cr20 /SCA s stem was 
much lower 'fhm for either the baseline O/hm or Cr203/iron wear couples. In &se tests, 
the SCA material appeared to be more we~es is tant  than the Cr2O3 material, 

fresh oil lubrication, the CrzO&CA system was f W  to give mu ch lower liner wear, but 

approximately the same as for ir e aseline system. 

which were approximately the same as c or the Crzoa/grey iron system, but t Ii e SCA liner wear 
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1 . O E - 1 0 ~  

WEAR OF APS Cr203 vs SCA 
Fresh CE/SF 15W40 Mineral Oil 
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Figure 13. 

APS Cr203 Ring SCA Liner 

' APS Cr203 Ring + SCA Liner 

- 

Variation of wear coeflcient with temperature for APS UCAR 
chromium oxide ring vs silica-chromia-alumina liner coatings, 
lubricated with fiesh?E/SF 1SW40 oil. 

EFFECT OF SCA LINER COATING ON WEAR 
Cameron Plint, Fresh CE/SF 15W40, 200 C 

Ring/Liner 

EP Cr/lron 

UCAR Cr203Aron 
I I 

UCAR Cr203lSCA 
I 

I I I 1 1  I I I I  I 1 I I I I I I I  I I I 1 1 1 1 1 1  I I I 1  I I I I  

1 .OE- 12 1.OE- 11 1.OE- 10 1.OE-09 1 .OE -08 
Wear Coeff (rnrn^3/rnrn/N) 

-Ring Wear Liner Wear 0 Total Wear 

Figure 14. Wear comparison of electroplated chromium vs ey cast iron, A P S  

silica-chromia-alumina rinfliner couples at 2000C in fresh 
CE/SF 15W40 oil: 

chromium oxide vs grey cast iron and APS c f romium oxide vs 
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WEAR IN FRESH AND ENGINE-TESTED OILS 
Cameron Plint, CE/SF 15W40, 200 C 

RingILiner 

EP Cr/lron 

Metco 136 (A)/lron 

Metco 136 (B)/SCA C==.(270 C) 

1.OE-12 1.OE-11 1.OE-10 1.OE-09 1.OE-08 
Wear Coeff (mma3/mm/N) - Ring Wear, Fresh 

0 Rlng Wear, Used 

Liner Wear. Fresh 
Llner Wear, Used - 

Figure 15. Wear comparison of electroplated chromium vs cast iron, APS 
chromium oxide vs p y  cast iron IC1 APS c P romiurn oxide vs 
silica-chrvmia-alumuta ri&iner couples at 2000C in @sh and 
engine-test& oh. 

EFFECT OF SCA LINER COATING ON WEAR 
Cameron Pllnt, Unlubricated, 200 C 

Ring/Liner 

U CAR/lron 
I I 

Metco 136 (AMron 

UCARISCA 

Metco 136 (B)/SCA 

' 
C== (350 C )  

+ (440 C) 

1.OE-10 1.OE-09 1.OE-08 1.OE-07 1.OE-06 
Wear Coeff (mm^3/mm/N) 

Rlng Wear Llner Wear 0 Total Wear 

Figure 16. Wear comparison o APS chromium oxide vs grey cast iron and 
APS chromium o x d  e vs silica-chromia-alumina rinfliner couples 
without lubrication. 
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1 

I 
Figure 17. Microstmcturz o CummirtS Silica-Chmmia-A1iunin.a coating on 

grey cast iron SJd strate afer 12 dmsi&z&on cycles. 

Microstructural characterization of the HV materials has been detailed in previous reports. 
For example, the WC-Co coating was comprised of 5 pm WC particles in a Co matrix with 
low levels of porosity (Figure 19). SEM micrographs of wear surfaces of the HV WC-Co 
tested against grey iron hers ubricated) showed that the carbide particles were olished 
smooth and protruded slightly om the softer m e a c  binder hase (Figure 20). &is type 
of "cobblestone" wear morphology may be beneficial for wear o softer counterface materials 
such as grey cast iron. 

r 
Summary of WearResultsfirAN coatings 

Results for fresh oil lubricated, engine-tested oil lubricated and unlubricated wear tests at 
2oooC are shown in Figures 21,22 and &? respective1 . Ring, liner and total wear coefficients 
are shown for each wear couple. The combinations L e been ranked in order of decreasing 
total wear, which in most cases is controlled by the wear rate of the softer material. 
Microhardness values for each coating a r e b e d  in Table 3. Selection of coatings for engine 
components should be made after determining which properties are most important for the 
application (e.g. high temperature lubricated wear resEtance, scuff resistance, resistance to 
degraded oils, etc.) and after assessin the relative im rtance of each surface. For example, 
maintaining the ring face profile mi&t be cornidere %" more important than low liner wear in 
some applications. 
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WEAR OF HV WC-CO vs GREY IRON 
Fresh CWSF 15W40 Lubricant 

- HV WC-Co Ring ___.. Qrey iron Liner 
HV WC-Co Rlng + Qrey iron Liner - 

0 100 200 300 

TEMPERATURE IC) 
400 

Figwe 18. 

Microstncctuml Evaluation of Sluny-Sprayed Silica-Chmmia-Alumina Coating 

Figure 17 shows an SEM micrograph of a olished section of an SCA coating densified 12 
times. The phase distribution was estimate B from EDS analysis to be 55 wt% Cr203, 41 wt% 
Si02 and 4 wt% 42%. The coating thickness was approximately 25 wm. The material is 
fine-grained (up to Svm grain size) and almost fully dense. A thin "skin" of pure Cr203 has 
formed at the surface of the coating. 

H@ Velocity ThennalSpmy Coatings 

Two hi v e l d  coatings have been evaluated to date: an 88% WC - 12% Co material and 
a WC-@$'2#dko material (both s ra ed using a "Jetkote KI" system). The variation of 
wear coe aent with temperature for ti& e C-Co material slidin a ainst a pearlitic iron liner 
is shown in Figure 18. In contrast to the Cr203/iron and Cr20&& systems, ring and liner 
wear rates were a strong function of temperature. At 15OOC, extremely low wear coefficients 
were obtained for both r i q  and liner materials, but at 25OOC, liner wear rates were the same 
as for the baseline Cr/grey uon system. At the hi er test temperature, the coating was found 
to have fractured d- the test, and it is T e a t e d  that the sharp edges enerated by this 

temperature for the $C-CrsC@iCrCo[ ey iron combination was similar to the 
WC-Co/gre iron results, with somewhat h$er coating wear. This coating was also found 

cracking caused the h~ liner wear rates observed. The vanation o B wear rate with 

to crack at t i  e higher test temperatures. 
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Figure 19. Microstiuctwe of high velocity WC-Co coding. 
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Figure 20. Wear surface of W WC-Co after slidin a ainst ey cast iron liner 
for 6 hours at ISOOC with fresh CE/S#I$W40 gbricant. 
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WEAR OF VARIOUS RI-NWLINER COMBINATIONS 
Cameron Plint, Fresh CE/SF 15W40, 200 C 

Ring/Liner 
Metco 136 Cr203Aron 

Armacor M/Iron- 
EP CrAron 

UCAR Cr203/SCA 
HV WC-Co/SCA 

Cr3CP-WC-NiCrAron 
Cr3C2-WC-NiCr/SCA 

HV WC-CoAron 
Cr3CWlon Nit Nires. 

1.OE-12 1.OE-11 1.OE-10 1.OE-09 1.OE-08 
Wear Coeff (mm'3/mm/N) 

I Rlng Wear Liner Wear 0 Total Wear 

Figure 21. Wear com arkon of various ri&iner combinations at 20OOC in 
fresh C E I F  15W40 oil. 

WEAR OF VARIOUS RING/LINER COMBINATIONS 
Cameron Plint, Used CE/SF 15W40, 200 C 

Ring/Lher 

I Armacor M/lron 

EP CrAron 

Metco 136 Cr2034lron 

Cr3C2-WC-NiCrIkon 

Metco 136 Cr203ISGA 

HV WC-CoAron. 

l.d'E-12 1.OE-11 1.OE-10 1.OE-09 1.OE-08 
Wear Coeff (mm^3/mrn/N) 

ll,,m Ring Wear Liner Wear 0 Total Wear 1 
Figure 22. Wear comparkori of varibus rins;/liner combinations at 20OOC in 

fresh and engine-tested CE/SF 15W40 oih. 
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WEAR OF VARIOUS RING/LINER COMBINATIONS 
Cameron Plint, Unlubricated, 200 C 

Ring/Liner 

EP Cr/lron 

HV WC-CoAron 

Metco 136 Cr203/lron 

Cr3C2- WC-Ni Cr/l ron 

Armacor M/Iron 

UCAR Cr203/SCA 

1.OE-10 1.OE-09 1.OE-08 1.OE-07 1.OE-06 
Wear Coeff (rnrn^3/rnrn/N) 

Figure 23. 

Table 3. 

Ring Wear Liner Wear 0 Total Wear 

Wear comparison of various ring/liner combinations at 20OOC 
without lubrication. 

Microhardness of coatings. 
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Task 1 Experimental Plan and Coating Deposition 
Task 2 Characterization 
Task 3 Selection of Coating 
Task 4 Fabricate Components 
Task 5 Reporting 
Task 6 Quality Assurance 

Tasks 1 (duration 18 months) and 2 (duration 16 months) are in progress. A no-cost extension 
of the contract has been requested to continue testing through August 30, 1990. 

None 
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1.4 JOINING 

1.4.1 Ceramic-Metal Joints 
Jainina of Ceramics for Heat Enaine Applications 
M. L. Santella (Oak Ridge National Laboratory) 

Obiect ive/scoRe 

The objective of this task is to develop strong reliable joints containing ceramic 
components for applications in advanced heat engines. Presently, this work is focused on 
the joining of partially stabilized zirconia and silicon nitride by brazing. The technique of 
vapor coating ceramics to circumvent wetting problems that was developed for brazing 
zirconia at low temperatures will also be applied to brazing silicon nitride. The emphasis of 
this activity during FY 1989 will be on: (1) completing the initial assessment of zirconia joint 
strength, (2) high-temperature brazing of titanium-vapor-coated silicon nitride, (3) correlating 
braze joint microstructures with strength data to identify factors controlling joint strength, and 
(4) developing a method of calibrating the indentation fracture technique to determine the 
accuracy of residual stresses measurements in ceramic-to-metal joints. 

Technical DroQress 

ZrO, ioints. lnitial room-temperature flexure testing of Zr0,-Fe braze joints suggested 
that there were two distributions for the joint strength data. This aspect of the joint strength 
data was studied more closely by additional testing, Ten Zr0,-Fe joints were made and 
prepared into test bars for flexure testing. In three of these joints, the ZrO, joint surfaces 
were lapped to a I-pm diamond finish. Lapping was done in an attempt to remove 
machining damage due to surface grinding that may have contributed to low joint strengths. 

Initial and subsequent room-temperature flexure test data for Zr0,-Fe braze joints were 
combined and plotted using the Weibull distribution function in Fig. 1. A linear regression 
was used to fit straight lines through the data. Additional testing confirmed that the joint 
strength data can be described by two statistical distributions. In the higher range, joint 
strength varied between 300 to 400 MPa with a Weibull modulus of 6.9, while in the lower 
range, joint strength varied from 25 to 300 MPa with a Weibull modulus of 1.0. The test 
results from twelve flexure bars taken from coupons in which the ZrO, joint surfaces were 
ground and lapped before being coated with titanium are shown as filled symbols in Fig. 1. 
Lapping the ZrO, joint surfaces had no apparent influence on joint strength compared with 
using as-ground joint surfaces. Metallographic examination of selected test bars and further 
analysis of the strength data is planned. 

&NA ioints. The effects of joint surface finish is also being investigated far Ti-vapor- 
coated Si,N, joints made with Au-25Ni-25Pd wt% braze filler metal. Nine joints were 
prepared for subsequent flexure testing. Joint surface finishes were as-ground, 30-pm 
diamond prepared by lapping, and 1-pm diamond polished. Initial testing will be done at 
room temperature. 

Residual stress measurements. A portable hardness indenter was developed and 
integrated onto a tensile load frame. This arrangement permitted a tensile test specimen to 
be loaded axially and simultaneously probed with the hardness indenter. The size of the 
tensile test bars was nominally 6 x 6 x 150 mm. The material selected for the initial 
experiments was NC132, a silicon nitride from Norton Company. This material was selected 
because of its good availability and price and because it has been the subject of other 
studies of indentation fracture. The initial set of experiments involved making a series of 
Vickers indentations on the NC132 using a standard hardness testing machine and 
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comparing these results with indentations made at the same indenter loads on the tensile 
frame but without any axial loading. Generally, four or more indentations were made at 
each test condition. The indentation load was varied from 1 to 13 kg. The indentations and 
their associated cracks were measured on an optical microscope at 400x using a digital 
micrometer. These data were used to determine the hardness and to calculate an 
indentation fracture parameter P/c'.~, where P is the indentation load and c is the indentation 
crack length. The variations of hardness and P/c'.~ with indentation load are shown, 
respectively, in Figs. 2 and 3. Figure 2 shows that the hardness values generally decreased 
slightly with increasing indentation load and were about the same for testing done on the 
hardness machine and on the tensile frame. The average hardness values were in the 
range of 16 to 17 GPa, which agrees favorably with values reported elsewhere. Figure 3 
shows that the indentation fracture parameter P/c'.' was basically invariant with indentation 
load and about the same for either testing configuration. Having P/c'.~ be constant 
establishes that the toughness of this material can be described as & = xP/c"' and implies 
that the data can be further analyzed as described in published literature on the indentation 
fracture of brittle materials. The actual P/c',' values also compare favorably with published 
values for NC132. These experiments indicated that the tensile test frame/hardness testing 
facility can produce reliable data for unstressed material and that our techniques for 
analyzing such data are acceptable. 

Tensile bars of NC132 silicon nitride were also loaded to stress levels up to 86.6 MPa 
and simultaneously subjected to Vickers hardness indentation at indentor loads up to 10 kg. 
At least four indentations were made at each combination of applied stress and indentor 
load. The indentor was oriented to produce cracks parallel and perpendicular to the axes of 
the tensile bars. According to indentation fracture mechanics, cracks perpendicular to the 
tensile axis of the bars should extend further from the Vickers indentation than cracks in 
unstressed material and the increased crack extension is related directly to the level of 
applied stress. 

The results for residual stresses calculated from the indentation cracks at applied 
stresses of 49.4 MPa and 86.6 MPa are shown in Fig. 4. The dashed lines in these figures 
represent the applied stress level. Several important features of the data shown in Fig. 4 
are apparent. There is a considerable amount of scatter in the data that was due to scatter 
in the indentation crack lengths. The calculated residual stress values appear to converge 
to a constant value at the higher indentor loads, but generally are an underestimate of the 
actual stress levels experienced by the specimens. The values of the calculated residual 
stresses depend directly on &, which was not determined experimentally and could be a 
source of some error. Further analysis of this data and refinements to the experimental 
technique are continuing. This work is being done in collaboration with K. C. Liu and K. Wu. 
Dr. Wu is an assistant professor of mechanical engineering at Florida International University 
in Miami and has been visiting ORNL this summer on the Oak Ridge Associated Universities 
Summer Faculty Research Program. 

Status of milestones 

On schedule. 

Publications 

The paper entitled, "Strength and Microstructure of Titanium-Vapor-Coated Silicon 
Nitride Braze Joints," was published in Ceramic Materials and Components for Engines, 
Proceedings of the Third Internafional Symposium. 

Unpublished work 

The paper entitled, 'Brazing of Titanium-Vapor-Coated Zirconia,' was submitted for 
publication in the Journal of the American Ceramic Society. 
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Ti-vapartoated MS-Zr02lFe Braze Joints Tested at 25 C 
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Fig. 1. Weibull distribution plot of strength data from Zr0,-Fe braze 
joints tested at room temperature. Open symbols represent specimens with 
an as-ground finish on the joint surface. Filled symbols indicate a l-pm 
finish on the joint surface. 
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Fig. 2. Vickers hardness vs indentation load for NC132 Si,N,. 



230 

ORNL-DWG 90-2128 

90 

80 

Indentation Fracture Parameter for NC132 Silicon Nitride - 
Annealed at 1300°C for 1 h / 

- 
70 

E 60 

2 50 
2 $ 40 

30 

20 

10 

0 

- 
2 

- As-received 

- 
- 
- A L , : , t A  I A 

- 
Tensile Bar with Applied Load = 0 - 

- 
I I I I I I I I I I I 1 I 

0 2 4 6 8 10 12 14 
Load( kg) 

Fig. 3. Indentation fracture parameter P/c'.~ vs load for NC132 Si,N,. 
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Calculated residual stress values for NC132 silicon nitride 
for applied tensile stress of 49.4 MPa 
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Fig. 4. Variation of calculated residual stresses with applied 
stress and indentation load for NC132 silicon nitride. 
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Analytical and Experimental Evaluation of Juinina Silicon Ninide to Metal and Silicon Carbide 
to Metal for Advanced Heat Ennines Application - 

S .  Kang, H. Kim, J. H. Selverian (GTE Laboratories, Inc.) 

ect ive/ScQIZle 

The goal of this work is to demonstrate analytical tools for use in designing ceramic-to- 
metal joints, including the strain response of joints as a function of the mechanical and physical 
properties of the ceramic and metal, the materials used in producing the joint, the geometry of the 
joint, externally imposed stresses both of a mechanical and thermal nature, temperature, and the 
effects of joints exposed for long times at high temperatures in an oxidizing (heat engine) 
atmosphere. The maximum temperature of interest for application of silicon carbide to metal and 
silicon nitride to metal-containing joints is 950°C. The initial joint-fabrication work shall include 
"experimental" joints whose interfacial area is not less than two square centimeters. The work 
shall also include demonstration of the potential for scale-up of the joint size to interfacial areas of 
commercial significance, applicability of the analytical joint modeling tools, and the ability to use 
these tools to design and predict the mechanical and thermal behavior of larger joints. These 
joints, referred to as "scale-up" joints, shall have an interfacial area of at least twenty square 
centimeters. 

Technical Hiahlights 

The stress state of an interface void in a brazed joint has been evaluated. For an applied shear 
load, one crack tip experiences tensile loading and the other crack tip experiences compressive 
loading. The size of the shear yielded zone at each crack tip was calculated. The shear yield zone 
size increased dramatically as the applied shear stress approached approximately 75 % of the 
shear yield stress of the braze material. 

The p and y failure criteria were further refined based on a derivation using Dundur's parameter 
and J integrals. 

Torsion tests were performed with lncoloy 909, lnconel 718, and PY6 at 650°C. PY6 is hot 
isostatic pressed and sintered Si3N4 with 6 Y2O3 and 2 AI203 added as sintering aids. PY6 was 
unaffected by the 650°C test temperature. lncoloy 909 and Inconel718 both showed a 20 - 25 YO 
drop in shear yield stress but no change in the rotational yield angle. 

The thermal cycle tests of the 650 and 950°C SigNq systems are underway 

Brazed coupon samples were tested to increase the statistical base for the selection of the 
materials system. Task 2 samples were brazed. Cracks were found in the molybdenum interlayer 
ring and were evaluated metallographically. 

A total of 53 cylindrical Task 2 specimens have been brazed. The information from this test series 
finalized the materials selection and provided an initial group of specimens needed for thermal 
fatigue tests. 

Molybdenum will be used instead of nickel interlayers in joints with SIC and 30Au-34Pd-36Ni 
(Palniro 4), due to the severity of the reaction between nickel and SIC. AudPd-2Ni braze with a 
Mo interlayer will be used with silicon nitride and lnconel 718 for the 950% application. All 
compositions are in wt %. 

The reaction at the braze-ceramic interface was determined by transmission electron microscopy 
(TEM) in Au-l8Ni braze/Ti-coated SNWl 000 and Au-18Ni braze/Ti-coated SIC brazed joints. 
SNW1000 is sintered Si3N4 with 4 wt % Y2O3 added as a sintering aid. TiN was formed at the 
interface in the Au-l8Ni brazefli-coated SNW1000 joint and Tic was formed at the interface in the 
Au-18Ni brazeni-coated Sic brazed joint. 

A study of the reactions between several braze alloys and the interlayer and structural alloy 
materials was initiated. 
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Cr IterialStress Analv- 

Finite element analysis (FEA) of the braze joint assembly continues to be an integral part of our 
design effort, Figure l a  is a plot of the solid model and finite element mesh showing ceramic, 
metal, interlayer, and braze components. In each case, axisyrnmetric elements are used to model 
the process of cooling the brazed assemble to room temperature (AT 2 1200°C). Figure l b  
shows the braze joint shape after cooling which has been superimposed on the finite element 
mesh of the original geometry. The metal component distods a great deal to accommodate the 
stiffer ceramic component. We are utilizing FEM to asses alternate joint designs and materials. 

Joint Defects 

The effects of defects in the brazed joint was examined by a combination of analytical means and 
finite element analysis. The model for the defects was taken to be a region of unbonded area, a 
shrinkage crack or any other type of void present at the ceramic/metal interface. The braze was 
treated as an elastic perfect plastic material. The geometry of an interface void can be reduced to 
the analysis of simple shear, Figure 2. Analysis of the geometry in Figure 2 indicates that, at point 
A, the shear stress is bounded while the normal stress is unbounded. 

To avoid the singularity at point A the geometry of an interface void was approximated by that 
shown in Figure 3. The normal stress is allowed to have a singularity at the crack tips (x = -a and b) 
and the shear stress is bounded at the interface. In the shear yield zones (-L,a) and (b,L) the 
shear stress is equal to the shear yield stress of the braze material. The boundary conditions 
describing this geometry are: 

At the far field (x >> L): 

At the interface: 
oxy = TOQ, Bxx = Gyy = 0 

[G - n] = 0, [ul = 0, 1x1 ' L 
oxy = zy, [Uyl=O, - L < x < - a  & b < x c L  

o . n = 0 ,  b y 1  2 Q, - a < x < b  
In the shear yield zone: 

oxy = zy 
c -  for ux - u x > o  
t -  oxy = - zy for ux - ux < 0 

where T~ is the shear yield stress of the interlayer maten'al and u is the displacement. To satisfy 
the boundary conditions at the interface, Cauchy type singular integral equations were used. The 
material properties enter the analysis through the Cauchy equations through a set of two 
Dunduts parameters, a and p: 

axy < Ty, 1x1 ' L 

where GI, G2, v i ,  and v2 are materials parameters. 

The size and nature of the shear yield zones was calculated for a joint between lncoloy 909 and 
PY6, Q = 0.3007695 and p = 0.0999077. The size of the shear yield zones are linear with applied 
shear stress until the applied shear stress approaches 90 O h  of the shear yield stress of the braze, 
Figure 4. At this point the size of the shear yield zone increases rapidly, reflecting the perfect 
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plastic behavior of the braze material and the onset of incipient failure. The mode I stress intensity 
factors at the crack tips, as a function of applied shear stress, are shown in Figure 5. A 
compressive state of stress exists at one of the crack tips while a tensile state of stress exists at 
the other crack tip. Note that that for p = 0.0999077 and zw/zy > 0.45 both stress intensity factors 
are positive. 

Beta and Gamma Criteria 

The p and yanalytical criteria were refined based on the derivation given below. Subscripts 1 and 
2 refer to a metal and ceramic, respectively, brazed pair with an arbitrary shape or radius of 
curvature, r. 

If the braze does not flow plastically, the stress concentration near the critical area is approximately 
represented by: 

wheref(j3') = 1; and so 

where z is the principal shear stress, p is the shear modulus, and p* is a Dundur's parameter. 
Therefore, as r -+ 0,  the stress concentration increases rapidly. This may cause the initiation of 
crack growth in the ceramic part. 

If we introduce a braze layer that has a flow shear stress, TO, then the J-integral around the stress 
concentration area is expressed as 

J = 20 L (a1-a2) AT g(a*,p', geometry), 

where a*, p* are dimensionless Dundur's parameters and g is a function bounded by unity. 

As treated in nonlinear fracture mechanics, J can be regarded as a measure of the magnitude of 
the stress concentration. Therefore, the design strategy is to design a joint where J is as small as 
possible. This means TO, L, (q-a2) ,  AT have to be small. 

where KIC is the ceramic fracture toughness, v is the ceramic Poisson's ratio and E is the ceramic 
Young's modulus. 

K; (1  -v2) 

E TO L (al-cx2) AT g(...) 
> 1,or 
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where t is the braze thickness and y is the braze failure shear strain. 

In general, we have to satisfy: 

where the first inequality is the modified /3 criterion and the second inequality is the modified y 
criterion. 

Based on the modified p criteria, in order to have a large effective torque transmitting area: 

1) ~yf and t should be large. 

2) E, TO should be small. 

3) KIC should be large 

4) g(a*,p*, geometry) should be as small as possible. 

Major geometry variables are t/L, curvature (I) ,  and shape factors, g(...) . We have designed the 
joint, using FEM, to minimize g(-.). 

Materials Svstem Development 

Task 2 : Sample Brazing 

A total of 53 Task 2 cylindrical samples have been brazed to date. With these samples, it was 
possible to simultaneously observe the interactions between the braze, structural alloy, interlayer, 
and ceramic. This combination of materials, together with the vertical cylindrical geometry of the 
samples resulted in more extensive interactions between the braze, structural alloy, and interlayer 
materials than was seen with the horizontally oriented coupon samples. 

A number of general conclusions can be made from an examination of the Task 2 brazed joints. 
The Mo interlayer was cracked in all of the brazed joints with a MQ interlayer. For example, the Mo 
interlayer in the lncoloy 909-(30Au-34Pd-36Ni)-Mo-PYG(Ti) brazed joint was cracked and porosity 
was evident in the braze, Figure 6. Cracks from the Mo interlayer had propagated into the ceramic 
member in the lnconel 71 ~ - ( A u - ~ P ~ - ~ N ~ ) - M o - P Y ~ ( T ~ )  brazed joint. 

The Ni interlayer was uncracked after the brazing cycle in all of the joints made to date, Figure 7. 
However, in lncoloy 909-(30Au-34Pd-36Ni)-Ni-SiC(Ti) joints, a very strong reaction was seen 
between the Ni and the Sic. A two phase mixture of nickel-silicide and graphite was formed. 
Based on the severity of this reaction, nickel interlayers should not be used with SIC when the 
braze alloy dissolves a large amount of nickel from the interlayer. 

Palniro 4 (30Au-34Pd-36Ni) was unable to consistently bond to silicon nitride. Therefore, 30Au- 
34Pd-36Ni was replaced with Au-5Pd-2Ni for the 950°C silicon nitride application. 

The Au-5Pd-2Ni braze alloy has been successfully used to join the lncoloy 909-Ni-PY6(Ti) 
system. However, a Mo interlayer was recommended to join PY6-lnconel 718 for the 950°C 
application. Mo was chosen over Ni for the interlayer material at 950"C, even though the Mo 
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interlayer exhibited radial cracks after brazing. A strong reaction between the Ni interlayer and the 
Au-5Pd-2Ni braze precluded using a Ni interlayer in the 950°C joint. This reaction is explained 
below. 

In the brazing process, suppression of the braze melting point, due to alloying with elements of 
surrounding joint components, has a significant effect on overall brazing performance. 
SuppIession of the melting point will prolong the solidification time of the braze, furltier 
accelerating alloying. This effect was demonstrated with the Bnconeli 718-Ni-BY6(Ti) system. 
Brazing was performed at 1180°C for 3-4 rninules in vacuum. This joint system resulted in 
excessive liquid phase formation, resulting in very poor bonding. Differential Thermal Analysis 
(DTA) of the braze alloyed with the Ni interlayer and with the Inconel 718 showed that the melting 
point had changed fconi 1140°C 40 997°C (liquidus). X-ray fluorescence confirmed that the 
con-rposition of the braze changed from 2% Ni to 26 % Ni. 

The Incoloy 909-Ni.-PVG(Ti) system gave reasonable joints with the Au-5Pd-2Ni braze, in contrast 
with the Inconel 718-Ni-PYS(Ti) system above, This is probably due ta the difference in the Ni 
contents of lncolsy 909 (41%Fe-38%0 Ni-13% 60-4.7% Nb) and lnconel 718 (55% Ni-l6% Fe-20 
% Cr-5% Nb). Fe, Cr and Mo tend to increase the melting point of Au-based braze while Ni 
suppresses the melting point. Consequently, a Mo interlayer was chosen for the lnconel 718- 
(Au-SPd-2Ni)-PYG(Ti) system at 950°C. 

The final selections of the material systems based on the above, and on issues reported 
previously, are summarized in Table 2: 

Table 2: Final material systems fer brazed joints for use in testing ~~OCJ~KT-L  

Ceramic St rlsclu ral AI lo y Interlayer Braze 

650°C Application 
PYG/Ti coating lncoloy 909 Ni Au-5Pd-2Ni 
SiC/Ti coating lncoloy 909 MO Au-5 Pd-2 Ni 

950°C Application 
PYG/Ti coating lnconel 718 Mo Au-SPd-2Ni 
SiC/Ti coating lnconel 718 MO 30Au-34 Pd-36Ni 

E/t?ectrm Microscopy of Brazed Joints 

Cross-section samples were prepared for transmission electron microscopy from two different 
brazed joints. The interface between the braze and the ceramic is shown in Figure 8 for an Au- 
18Ni braze/SiC(Ti) joint. The reaction layer was identified by electron diffraction and electron 
energy loss spectroscopy as TIC. Figure 9 shows the cross-section of an Au-18Ni 
braze/SNWl 000(Ti) joint. The reaction layer was identified as TiN. 

A stiidy of the interactions between the braze alloys and the structural and interlayer materials was 
initiated. 1-0 date, four different structural alloy-braze-interlayer combinations were investigated: 
(1) lncoloy 909-(Au-5Pd-2Ni)-Mo, (2) lncoloy 909-(Au-5Pd-2Ni)-Ni, (3) lnconel 71 8-(30Au-34Pd- 
36Ni)-Ni, and (4) Inconel 718-(60Pd40Ni)-Ni. 
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A 0.004-inch thick piece of brare fail s sandwiched between a piece of the structural alloy and 
the interlayer material and vacuum zed for 5 minutes at: the appropriate temperature. The 
samples were sectioned, polished, and examined in a scanning electron microscope (SEM). 

The lncoloy 909-(Au-5Pd-2Mi)-Ni system did not form intermetallic compounds. However, the 
braze dissolved both the lncoloy 909 and the Ni to an appreciable extent. The degree of 
dissolution was greater at the coiner of the joint where there was excess braze. 

The lncoloy 909-(Au-5Pd-2Ni)- o system formed Mo-Ni intermetallic cornpounds at the brazelMo 
interface. The internietallic compounds at the braze/Mo interface are cracked. These cracks 
probably formed during cutting and suggest the brittleness of this interface The hu-SPd-2Mi 
braze dissolved the Incaloy 909 and the MQ, as in the lncaloy 909-Ni system. 

the Iiiconel 71 8-(3QAu-34T-)d-36Ni)-~~ and the Inconel 718-(66)Pd-40Ni)- i systems did not 
appear to react to any significant extent. No reaction zone was seen between the braze alloys and 
the lnconel T I 8  or the Mo or Ni. In bath systems, a limited amount of dissalutkm of the lncoriel 
718, Mo, and Ni was seen. 

Torsion Tesfhg of Bass Maferials 

Torsion tests were performed at 650°C wift7 incoloy 999, lnconel 718, and PY6. 'These tests 
rn@?ilsured the base line roperties of each material. The 650°C fracture strength of PY6 was the 
same as the room temperature fracture strengfh, the twisting moment at failure was 525 Ib-in and 
1.84 degrees of rotation. The torsionai yield strength of Incdoy 989 and lnconel 718 were similar, 
600 Ib-in. At 650% the torsional yield strength of lncloloy 909 and lnconel 718 were 20 - 25 % 
Sower than at room temperature while the rotational yield angle was unchanged at 2-3 degrees. A 
1" long by 0.25" diameter gauge section was used in these tests. 

Shear Testing of Brazed Co~~pot7s 

A group of coupon specimens were brazed and sheared to evaluate the remaining issues in 
materials systems development. ?hese results are summarized in Table 1. The shear strengths 
of Ti-coated PY6 brazed to Mo with either Au-5Pd-2Ni or 30Aan-34Pd-36Ni (Palnira 4) were 
excellent. Shear strengths at 500°C reached up to 24 ksi and 36 ksi, for Au-SPd-'LPIi and 30Au- 
34Pd-36Ni respectively. The P'/G-(30Au-34Pd-36Ni)-Mo joint was strong enough to deform the 
Ms withslat breaking. Mechanical property results are reported lfsr SiC-to-Mo joints. Comparable 
samples of Sic to nickel were not obtaine because the Barge differential expansion between the 
Sic and Ni resuited in ail of the coupon samples failing during c o d  down from the brazing 
temperature. It must be remembered that nickel and nioiybdenurn are to be used as intermediate 
layers. Consequently, while these coupon samples provide a general indication of ability to bear 
load in the presence of residual stress, the stress conditions in these coupon joints are less 
severe than the actual Task 2 samples. Therefore Task 2 samples are required to finalize the 
system. 

Braze joints were made far thermal fatigue tests ai 659°C and 950°C The initial crack distribution 
was checked with micrs-focus X-ray and an ultrasonic testing unit. 

Ultrasonic testing was used lo complement the resirlls obtained from micro-focus X-ray. {Jltrasonic 
testing is best-suited for the detection of cracks perpendicular to the pulse direction, It was found 
that acoustic pulses travel extremely fast in PY6 (Si3N4-6%Y203). The rapid propagation of the 
acoustic pulses resulted in a decreased lime resolution of the reflected pulses and a 



corresponding decrease in sensitivity. In addition, the effect of the interference from the metal 
braze made interpretation of the results more difficult. 

Micro-focus X-ray detected cracks in the SIC systems, however, no cracks were detected in the 
Si3N4 systems. The lack of cracks in the Si3N4 systems could be due to either; no cracking in 
Si3N4, or to the cracks in the SigNq being smaller than the detection limit of the X-ray equipment, 
(40 pm). 

Equipment for the thermal cycle tests has been set-up for tests between 335 and 650°C and 
between 545 and 950°C. The crack distribution will be checked after 10, 100, and 1000 thermal 
cycles by microfocus X-ray. 

The thermal cycle tests of the 650 and 950°C Si3N4 systems are undeway. Each set of samples 
has been cycled 10 times and no cracks were seen with microfocus x-ray. These same samples 
are currently being cycled 90 more times and will again be examined by microfocus x-ray. 

tus of Milestones 

Thermal Fatigue Tests: 

All of the thermal fatigue samples have been brazed. 
All of the Si3N4 samples have been examined by microfocus x-ray. 
Testing of the 1st set of samples, 650 and 950°C Si3N4, is in progress. 

Torsion Testing of Brazed Joints: 

Initial set of samples has been brazed. 
1 st torsion tests will be run during the week of 10/16/89. 

Mechanical Fatigue of Brazed Joints: 

Fatigue waveform has been programed into the MTS machine. 
1 st fatigue tests will depend on outcome of torsion tests, will probably start week of 
10/23/89. 

Corn rn u n ica t io nslV is i t slTrave I 

S. Kang attended the American Ceramic Society Annual Meeting in Indianapolis. Two talks were 
presented, "Coating Development for Sic-lncoloy 909 system Braze Joints" and "Reactive 
Coatings for the SigN4-lncoloy 909 System Braze Joints". 

Professor. K.S. Kim from the University of Illinois visited on 5/26/89 and 8/31/89. 

E. Dunn, S. Wayne and D. ONeil visited Brown University on 9/25/89 to review the progress on 
the analytical mechanics and FEA task. 

E. Dunn and H. Kim visited ORNL on 6/7/89 to present a progress report to D.R. Johnson and M. 
Santella. 

Problems Encou ntered 

None. 
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Table 1 : Shear tests with Au-34Pd-36Ni, Au-SPd-2Ni, Pd-40Ni, and Au-18Ni brazes. 

System Load (ibs) Area (in2) Shear Stress (ksi) Comments 

PK(Ti)-(3OAu-34Pd-36Ni)-Ni 

PY 6( Zr)-(30Au-34Pd-36Ni)-Mo 

4325 
2750 
4925 

>4800 
>4800 

650 
I360 

1825 
1225 

450 
2225 
2250 

3000 
2925 
2900 
271 0 
3055 

765 
885 

2350 

2560 
2800 

2050 
4040 
21 50 

0.138 
0.150 
0.135 
0.132 
0.149 
0.145 
0.145 

0.157 
0.157 

0.157 
0.157 
0.153 

0.153 
0.153 
0.139 
0.132 
0.123 
0.125 
0.149 
0.149 

0.128 
0.131 

0.149 
0.136 
0.144 

31.3 
18.3 
36.4 
>36 
>30 
4.4 
9.3 

11.6 
7.8 

2.8 
14.1 
14.7 

19.6 
19.1 
20.8 
20.5 
24.8 
6.1 
5.9 

15.7 

20.0 
21.3 

13.7 
29.7 
14.9 

525°C 
525°C 
525°C 
500°C, Mo substrate bent 
5OO0C, Mo substrate bent 
room temperature 
room temperature 

525°C 
525°C 

525°C 
525°C 
525°C 

525°C 
525°C 
525°C 
500°C 
500°C 
room temperature 
room temperature 
room temperature 

525°C broke under preload during heat-up 
525°C 
525°C 

525°C 
525°C 
525°C 



Table 1, continued: Shear tests with Au-34Pd-36Ni, Au-5Pd-2Ni, Pd4ONi, and Au-18Ni brazes. 

System Load (Ibs) 

~- 

Area (ir?) Shear Stress (ksi) Comments 

PY 6(Ti)-( PdMNi)-Ni 

SIC (Ti) -( Au-5 Pd-2Ni)-Mo 

- severe readion between braze alloy and 
Ni, all samples broke with little f o m  

I__ - 
625 
700 
117 
500 

- 
845 
320 
745 

0.145 
0.149 
0.149 
0.145 

I 

0.132 
0.149 
0.138 

SiC(li)-(Aw5Pd4N&M 

SiC(Zr)-( Au-SPd-2Ni)-Ni 

4.3 
4.7 
0.8 
3.4 

- 
6.4 
2.1 
5.4 

50O0C, 3 other samples broke during preload 
mom temperawe 
room temperature 
mom temperature 

5OO0C, all 3 samples broke during preload 
room temperature 
room temperature 
room temperature 

thermal mismatch failure during 
cooling after brazing (all 3 samples) 

thermal mismatch failure during 
cooling after brazing (all 3 samples) 

thermal mismatch failure duting 
cooing after brazing (all 3 sample$) 

SiC(Zr)-(Au-5 WQNi)-Mo - - 500% all- 3 SSllPl@S broke Undes preload 

- 8 .mke duting preload SiC(Ti)-(Au-fW)-Mo - - 
I 1 0  0. 0.8 
490 0. 3.2 mom temperature 

Note: the 500 and 525°C tests were conducted under an argon atmosphere. 
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Rigid Block 
< 

Figure 2. Direct shear problem. 

+ +  t 
Figure 3. Mechanics model of interface crack of ceramic-metal joint. 
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Ratio of applied shear stress to yield shear stress 

Figure 4. Shear yield zone size versus ratio of applied shear stress to shear yield stress 
for p = 0.999077. 

040 

Ratio of applied shear stress to yield shear stress 

Figure 5. Normalized stress intensity factor versus ratio of applied stress to shear yield 
stress for f! = 0.999077. 
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Inc0loy 909 I M o  
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Ni 

I PY6 

- 
a Mo interlayer 
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Figure 7. Brazed joint between Inconel718 and Ti-coated Si3N4 with a Ni interlayer 
and the Au-5Pd-2Ni braze. 
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4 

Figure 8. Cross-sedion TEM micragraph of Au-18Ni brazeKt-coatd Sic joint. 
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Figure 9. Cross-section TEM micrograph of Au-18Ni brazeflicoated Si3N4 joint. 
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Analvtical and E.lcoerimental Evaluation of Joininz Ceramic chjdes to Ceramic Oxides and 

A. T. Hopper, J.Ahmad, k Rosenfield, and G. Majumdar (Battelle Columbus Division) 
Ceramic Chides to Metal for Advanced Heat Ennine Am lications 

0 bjective/Scope 

The objective of this project is the development of procedures ‘na33!3Sa& for the design of 
reliable, high strength ceramic oxideto-ceramic oxide and cera 
research program consists of analytical and experimental tasks. 
Zirconia (PSZ) is the ceramic and nodularlductile cast iron is the 
program. The experimental work dealing with ceramic oxideto- 
James Cawley and Mr. Eunsung Park of The Ohio State Universi 
The Edison Welding Institute. The experimental work dealing with joining Zirconia to Zirconia 
was performed by Dr. S. L. Swartz and B. S. Majumdar of Battelle. Measurements of joint and 
constituent properties were done by Dr. B. S. Majumdar, Dr. A. R. Rosenfield, and Mr. Paul Held. 
Analytical modeling work was performed by Dr. Jalees Ahmad. 

The goal of the analytical work is a pr 
design of ceramic joints. The model formulat 
applied stress, crack length, toughness 
manner. Special emphasis has been g 
the model widely applicable as a gene 

The experimental work was perform 
design model and experimental verifi 
scaled up joints were fabricated to determine their 
measurements of elastic constants and of stress-st 
tensile strength, shear strength, and 
on specimens fabricated entirely of the i 

Technical Progress 

1.0 Analytical Efforts 

A joint assessment and design model (JAD) has been developed and compared to 
verification experiments for ceramic-ceramic joints. In our development we have used the term 
joint failure to refer primarily to loss of load carrying capacity while strength will refer to a 
material or, in the present context, joint property. Joint failure will also refer to excessive 
dimensional change of the joint, especially in the metal-ceramic joints. While both failure types 
are addressed in the model, the emphasis in this discussion is primarily on loss of load carrying 
capacity. 

Given a specimen geometry and the manner in which it is loaded, a joint’s load carrying 
capacity is dictated by its strength (S,) and toughness (GJ properties. Which of the two 
properties dictates how and at what load failure occurs depends on their relative magnitude, flaw 
size (a) in the joint and residual stress (oR). Joint constituent (ceramic, metal, interlayer, reaction 
zones) properties and joining process variables (e.g., interlayer thickness and joining tempera- 
ture) influence the load carrying capacity through their effect on toughness, strength, residual 
stress, inherent flaw size and stress at the failure location. 
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The literature suggests that in current model development efforts emphasis is on either the 
toughness or the strength aspect, or the two are treated independently. A key feature of the 
current approach has been to formulate a model which combines strength and toughness, and 
which represents a synergism of applied stress, crack length, toughness, residual stress, and 
strength in a self-consistent manner. Its validity is expected to be independent of specimen 
geometry and stress state. Special emphasis has been given to this independence in the 
development of the predictive model. 

Formulation: As reviewed in reference [l J ,  most of the early work on bimaterial interfaces 
relied on linear elasticity formulations and was predominantly analytical. Experimental work (e.g., 
see [2 ] ,  [8] ,  [9]) is relatively recent. Early analytical modeling efforts [3-51 were focused on 
explaining peculiar interface crack-tip stress field behavior predicted by the analyses. It is only 
within the last year or so (see [13] to [24]) that the subject has been treated with engineering 
rather than mathematical interest. 

Recent literature on the subject of mixed mode fracture mechanics of bimaterial interfaces 
[l-241 suggests that the propensity for crack growth initiation (ccack driving "force") can be 
expressed in terms of mixed-mode crack-tip energy release rate (G) and a phase angle p) 
representing the "mixity", or ratio of shear and normal components of the crack driving force. 
While can have crucial effect on joint behavior and is part of our formulation, to simplify this 
presentation let us assume \k to be a constant. 

Employing the above considerations as part of the basis, we invoke concepts in 
(engineering) nonlinear fracture mechanics [25, 261 to derive an expression for a joint assess- 
ment vector (& as follows: 

in which P is a load parameter (related to joint stresses due to applied loads and residual 
stresses) and P, is its critical value (related to joint strength). The assessment vector represents . 
the propensity for joint failure. In a given direction, the smaller the magnitude of /i , the smaller 
is the propensity for joint failure. 

For this report, let us set aside the directional considerations of the assessment vector, 
and focus on its magnitude. With sufficient generality one can express the magnitude (A) of the 
assessment vector as follows: 

Note that in the context of bimaterial interface cracks, the use of the classically defined 
Mode I and Mode II stress intensity factors (5, K,,) is (theoretically) inappropriate. This is 
due to the oscillatory nature of the elastic crack tip strain singularity and due to the 
inseparability of the normal and shear stress components near an interface crack tip. 
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in which the hitherto undefined quantities are as follows: 

GM = elastic energy release rate due to applied load 

G, = elastic energy release rate due to residual stress 

P, = loading parameter (P) corresponding to residual 
stress (u,) 

PM = Reference loading parameter (P) corresponding to a 
reference applied stress (u) 

The functions F, and F, express the geometry dependence of the energy release rate. 

Assuming that P, c < P, (Le., the joint doesn't fall apart due to residual stresses only!), 
equation (1) reduces to the following: 

in which P,(uJ is now the critical value of P,. In the absence of a flaw (Le., a = 0) ,  equations 
(2) and (3) say that failure is governed entirely by strength (u,). For a very strong joint (Le., P, 
---*oo), the equations say that failure is governed only by toughness (G,). For realistic situations 
between these two extremes, failure is governed by both U, and G,. 

such that the vector A intersects the curve (in general, a surface) given by the following 
equation: 

To predict the failure load, P, in equations (2) and (3) is replaced by P, which is selected 

in which G and P are total values of energy release rate and the loading parameter and qE and 
q N  are dimensionless parameters which have been derived based on small scale yielding and 
fully plastic fracture mechanics considerations, respectively. The parameter N represents the 
strain-hardening characteristic of the material. 

A graphical representation of the model is shown in Figure 1. To predict failure condi- 
- tions, one would find P ( =  P,) such that the vector A intersects the curve, which is a plot of 
equation 4. To improve joint characteristics at a reference P ( =  P,), one would try to minimize 
A with respect to constituent properties and joining process variables. Recall that the smaller 
the magnitude of A, the stronger the joint. 
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Application to Joint Design: Using the formulation just presented, knowing strength, 
toughness, and residual stress, failure prediction is relatively straightforward. What is more 
involved is minimization of A ,  which is related to joint design. This complication is depicted in 
Figure 2, where it is indicated that joint constituent property variables, residual stress. geometric 
parameters and joining process variables influence the design parameters P,, F,, F,, and P, 
which appear in the expression for A. The relations of these variables with design parameters 
need to be established in order for the model to be useful in guiding joint design. 

To illustrate the accuracy of the JAD Model prediction, consider the case of zirconia- 
zirconia joints. In these joints failure has been found to occur in the middle of the interlayer 
Based on finite element analyses in this program, residual stress contributions to the driving 
force were found to be negligibly small and the stress state was found to be symmetric about 
the crack plane 

A series of finite element analyses was preformed to compute the energy release rate (G) 
for various combinations of specimen geometry variables (including interlayer thickness, ti) and 
interlayer properties. The interlayer properties were, in turn, expressed as a function of the 
interlayer material's chemical composition. These analyses were performed after it was found 
that accurate representation of crack tip shielding is crucially important in accurately predicting 
the joint's load carrying capacity. If we represent the elastic energy release rate G in Equation 1 
as follows: 

then for a ceramic-ceramic bend specimen, the finite elernent analysis results allow the 
dimensionless function f to be expressed as follows: 

f 2.340 
f 

f H  

_ -  

t 
2.504 + 3.870 %)(I - +)* -i 

in the range 0.016 5 t42a 5 0.05, where a represents the crack length. Note that f2 is 
synonymous with F, of Equations 2 and 3. In equations (1) and (2) P is applied load, p is shear 
modulus, v is Poissons Ratio and the subscripts i and c refer to the interlayer and ceramic 
(zirconia) materials, respectively. The dimensionless function fH has the same meaning as f. 
but for a specimen without a joint. For the specimen design used in the experiments, the crack 
length to width (W) ratio was fixed at 0.3. For aiw = 0.3, fH = 1.122. For the MASZ com- 
pounds used as interlayer materials, if V, represents the volume fraction of zirconia, then 

in the range 0.67 - < V, 5 1.0 

Together, equations (5), (61, and (7) provide the connection between interlayer rnaterial 
composition and interlayer thickness to the crack driving force (G). The crack driving force is 
then used in the JAD model described above. 
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As a first example, consider the case of a joint with V, ::: 0.67 and a/2ti of 0.024. Using 
(experimentally found) G, for the interlayer inaterial to be 42.6 J/M2, use of the JAD model 
predicts the failure load for the specimen to he 130.33 N. The failure load measured in the joint 
experiment was 129 N. Note that this prediction required input data (G,) not from an exp, arimenf 
on a joint, but from a test performed on a specimen made entirely of the MASZ interlayer 
material. 

llsing equations similar to (5) and (6) for the disk specimen (larger scale joint) but using 
the same G,, the JAD model predicted the failure load of 168b<N for a specimen with ti/2a of 
0.01 1 and a/R of 0.5 witR V, = 0.69. The measured failure load in this case was 1.44KN. It is 
currently being investigzted whether this approximately 10 percent difference between JAD 
model prediction and the measured failure load is traceable to a specific (deterministic) variable, 
or if it ShOLJld he accepted as a consequence of normal data scatter. Typical resiAts of 
deterministic analyses being performed in this vein are shown ill Figufe 3. As shown in the 
figure, sonie of the data points correspond not to just one test, but io the average of many tests. 
Also, the plot contains data on three different types of specimens. Thus, correlation of measured 
and predicted failure loads appears to be quite good. 

Results of Finite Elernent Arialyses of Metal-Ceramic Disk .__. Specimens: The metal-ceramic 
and ceraniic-ceramic disk specimens (see Figure 4) are being used in support of the model 
validation activity for sealed up joints. For the metal-ceramic specimens, crack-tip stress intensi- 
ty is expressible in terms of a vector Q (see reference 15) with components 0 ,  and C), defined 
as: 

P 
a, = - f ,  (am, a ,  p) d z  

xR 

in which F, and F, are dimensionless functions of yeornetry and bimaterial constants N and p 
For the specific a and p corresponding to cast-iron and zirconia elastic properties, the finite 
element results for two different a/R rations are shown in Figures 5 and 6. The double lines 
correspond to F, and F, at ttie two crack tips. These results were obtained using the finite 
element meshes shown in Figures '7 and 8 and a special interaction integral formulation 
developed by Prof. Shih at Brown University. 

The results shown in Figures 5 and G are being used to define the dirnensionless 
geometry factor F of ttie joint assessment arid design model (see equations 2 and 3). F, and 
F, relate to F, using the appropriate expression for energy release rate G(Q,, Q2). 

pn 

2.0 EKperiinental Effort 

In sirpport of the JAD model developtneiit and verification work, numeious tests and 
experiments have been peiformed on specimens manufactured by joining zirconia to zirconia 
and by joiniriy zirconia to cast iron. In addition, some experiments have been performed on the 
joint constituents; zirconia, cast iron, braze metal, and ceramic interlayer material. Two kinds of 
specimens have been iised in the experiments. Small bend bars having dimensions 2.5 x 5.1 x 
38.1 mm were used in four point bend tests for load-displacement and failure stress determina- 
tions, and fracture bars having dimensions S.lx5.1x38.1 mm with a notch of approximate depth 
1.5mm at the joirlt were used for srnall scale fracture verification experiments. Scaled up joints 
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used for JAD model verification tests were in the form of disks (see Figure 4) having a diameter 
of 35.6mm and a thickness of 3.Smm. Disk specimens were either notched along the joint or 
were unnotched and they were tested in comparison with the joint either along the compression 
axis, or at an angle to the compression axis. Note that the bend bar cross sectional area is one 
tenth that of the disk specimen cross sectional area. ,4s has been mentioned in previous reports 
on this program, the advantage of the disk specimen in joint characterizatinn is that it allows 
easy changeover from normal to a mixed-tnode type of loading, simply by rotating the joint plane 
with respect to the loading axis. Mixed mode loading is extremely important in joint character- 
ization, particularly with different substrates, because even under nominally Mode I loading, the 
stress-singularity has a mixed mode character. 

Table 1 lists the nurriber of tests of different types that were performed at room tempria- 
ture; load-displacement data were recorded for many of the tests listed. In addition to the 
approximately 160 tests that are listed in Table 1, approximately 60 tests were performed early 
on in this program; these earlier tests were conducted in the development stage of the joints, 
and the results were used to screen candidate joint material and joining technique. Z3esides the 
room temperature tests, appraximately 30 tests were conducted at high temperature. For the 
zirconia-zirconia joints and their constituents, the high temperature tests were performed at 
1000 C ,  while, for the zirconia-cast iron joints, the high ternperatore tests were conducted at 
400 C. 

2.1 Ceramic-Ceramic _______ Joints 

Ceramic-ceramic joints were fabricated using interlayers obtained by mixing a base 
magnesia-alumiiiia-silica (MAS) powder with various weight fractions of zirconia powder The 
interlayers were designated MASZ-XX, where XX represents the weight fraction of zirconia in the 
MAST mixture. The base MAS interlayer powder had the composition: 15 wt% MgO, 20% 
AI,O,, 56% SiO,, and 9% TiO,. It was fabricated by milling the respective oxides and calcination 
at 11 (70 C for four hours, followed by re-milling. Differential thermal analysis confirmed that the 
MAS rrielted at a temperature close to 1300 C; joining temperatures higher than this temperature 
were selected. Joining with the MASZ interlayers was accomplished by heating to temperatures 
between 1350 and 1400 C ,  with only minimal pressure (300 psi) applied, mainly to hold the parts 
together during joining. Good joint strength could not be achieved when a pure MAS interlayer 
was used, mainly because of the low viscosity of the MAS interlayer material at the joining 
temperature (and thus squeezing out of the interlayer material). The interlayer "squeeme-out" 
was minimized by the addition of Zr02 to the MAS interlayer powder. Addition of Z i 0 2  also 
provided two other benefits. It reduced the thermal expansion mismatch and also provided 
greater elastic modi~ l i~s compatibility between the interlayer and substrate. Three Zr0,contents 
(50, 67, and 80 weight percent) designated MASZ-5I:), MASZ-67, and MASZ-80, and two joining 
temperatures (1350 and 1400 C) were investigated. The strength and modulus of interlayers and 
joints were found to increase with ZrO, contents. HQWCVCY, strength properties deteriorated with 
higher joining temperatures. These results will be used in the optimization scheme for designing 
joints. Microstructural analysis of the joints indicated significant interdiffusion of the interlayer 
constituents (especially silicon) into the Mg-PSZ, and also indicated the formation of zircon (Le., 
ZrSiQ,) in the interlayer. 

Bulk MASZ-50, MASZ-67, and MASZ-80 interlayers material were fabricated in the forrfl of 
bars iusing standard ceramic processing methods. PVA binder was added to the MASZ powders 
and bars approximately 5 0 . 8 ~  10.2x10.2 mm were cold isosta.tically pressed. After binder 
burnout, the bars were sintered using the identical terriperature cycles that were employed 
during joining. Although the theoretical density of the interlayer material is unknown (beCauSE of 
the complicated phase constitution), the shrinkage indicated that the interlayer bars were 
approximately SS-90 percent dense. 
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Mechanical characterization of the base materials included determination of a-versus-( 
curves for the base zirconia in the heat treated condition corresponding to the joining cycle, and 
determination of o-versus-t- curves for the interlayers. Bend bars with strain gages were used to 
determine a-versus-€ curves from the load-strain curves at room temperature. At 1000 C, r ~ -  

versus-€ curves were estimated from the load versus displacement curves. The a-versus-€ 
curves were then approximated by the Ramberg-Osgood formula : 

(8) 
n 

( e /€  0 ) = (Olcr,) + a (doo )  

where u0 and eo were determined from the proportional limit, and n and a were determined by a 
least-squares best-fit procedure. These parameters were subsequently used in the analytical 
computations. 

Figures 9 and 10 illustrate the room-temperature stress-strain curves for the base heat- 
treated zirconia and MASZ-80 (fabricated with 80 weight percent zirconia) interlayer, respectively. 
The Ramberg-Osgood representation is shown in the figures. In particular, the parameters for 
the base heat-treated zirconia were : do = 140.6 MPa, eo = 0.000698, LY = 0.0832, and n = 
1.62; E == 201.2 GPa. For the MASZ-80 interlayer, the parameters were : a0 = 101.6 MPa, 
= 0.00072, a = 0.071, and n = 3.15; E = 141 GPa. Similar results were obtained for other 
interlayer materials; namely, interlayers with zirconia concentrations of 50 and 80 weight percent, 
and Drocessed at 1350 C and 1400 C. 

Load-displacement data were monitored during many of the bend tests and fracture 
toughness tests. A high accuracy LVDT-type gage, calibrated to a maximum displacement of 25 
to 50-microns, was used to measure displacement of the center of the bend bar with respect to 
the upper loading pins. Non-linearities were observed in the load-displacement records, 
particularly for the notched bend bars used in the fracture toughness tests. Such non-linearities 
may have been the result of subcritical crack growth. 

Load-versus-crack opening displacements also were monitored during the fracture 
toughness tests using the cracked disk specimen. This specimen geometry was used for the 
validation experiments. Also, it provided a means to evaluate whether the analytical model was 
able to predict load-displacement data under mixed-mode fracture conditions. It may be noted 
that in actual applications, loading is generally mixed mode in character. 

Thermal expansion curves were obtained for the base zirconia, interlayers, and joints. 
These data were needed for the residual stress calculations. Peaks corresponding to zirconia 
phase transformations were observed for both the base zirconia and interlayer materials. Details 
will be available in the final report on this project. 

From the bend strength data, Weibull plots of base materials and joints were obtained. 
Figure 11 summarizes some of the data. The average strength of the joint was always greater 
than that of the corresponding interlayer, although fractures propagated primarily through the 
100-150 p i n  thick interlayer of the joint. We believe that this behavior is primarily a result of 
shielding of the interlayer, because of the lower modulus of the interlayer in comparison with the 
zirconia substrate. In fact, some of the analytical results obtained to date indicate extremely 
good correlation between measured joint strength and strength predicted based on shielding and 
bend strength of the interlayer material. 



2.2 Ceramic-Metal Joints. 

It had been reported earlier that erratic bonds were obtained when the zirconia was 
coated with a Ti-layer prior to brazing. An active filler metal approach was successful, using 
Incusil-ABA braze metal fabricated by GTE-Wesgo. This material has the nominal composition 
59.2 Ag, 27.5 Cu, 12.1 In, 1.2 Ti, all in weight percent. Neither the zirconia nor cast iron was 
coated prior to brazing in vacuum. All the large scale joints were successful (withstand the 
rigors of machining specimens) and a Weibull plot of bend strengths is shown in Figure 12. 

Evaluation of the microstructure on the microprobe showed that most of the Ti in the 
braze metal segregated to the braze metal-zirconia interface during the brazing cycle. This most 
likely was responsible for providing good wettability between the braze metal and zirconia. It 
appears, in retrospect, that the active-filler metal approach is better than the indirect brazing 
approach using Ti-coated zirconia, because in the former approach the Ti is present in t he  braze 
metal, and is not oxidized by the environment; the Ti-layer is most likely oxidized prior to brazing 
in the indirect brazing approach. Careful examination of the fracture path indicated that room 
temperature failure occurred either in the zirconia next to the Ti-layer, or it occurred in the Ti- 
layer itself. Detailed micrographs will be provided in the final report. 

Similar to the ceramic-ceramic joints, the constitutive response of the base zirconia, cast 
iron, and braze metal were determined in order to predict joint response based on stress-strain 
properties of the constituent materials. Tensile tests were performed on cast iron and Incusil- 
ABA, while bend tests were performed on the base zirconia. The temperature of testing ranged 
from room temperature to 400 C ,  the upper temperature limit for this type of joint. Figures 13, 
11, and 15 illustrate the a-vs-e curves for the base zirconia, cast iron and braze metal at room 
temperature. Similar curves were obtained at other temperatures. The stress-strain data were 
fitted using the Ramberg-Osgood representation, and Figures 13 through 15 show that the curve- 
fitting is quite good. The parameters for zirconia were : v0 = 301.8 MPa, e o  = 0.001 49, 
N = 0.0488, and n = 5.66; E - 201.9 GPa; for braze metal, they were : go = 295.6 MPa, eo = 
0.00374, Q = 0.1546, and n = 19.58; E = 11.5 Msi; for cast iron, the parameters were : go = 
221.9 MPa, eo := 0.00136, N = 4.61, and n = 4.99; E = 163.3 GPa. 

The load-displacement data were monitored during many of the bend tests and fracture 
toughness tests. Additionally, load versus crack opening displacement data were recorded for 
disk specimens, that were used for validation of the joint model. Figure 16 illustrates the result of 
a bend test, and it indicates that there was significant inelastic deformation. This inelasticity was 
expected based on calculation of residual stresses, and the magnitude of the applied load. 

The thermal expansion curves for the base zirconia, braze metal, and cast iron were 
obtained over the temperature range room temperature to 730 C, the temperature of brazing. 
The thermal expansion was needed to predict the magnitude of residual stresses in the joints. In 
contrast to the heat-treated zirconia, no phase transformations occurred in the base zirconia in 
the temperature range 25 C to 730 C. 
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Statu5 of Milestones 

All joints, both small scale and scaled LIP, have been manufactured and tested. Tests 
have included determination of laad-displacement response of joints and their constituents, bend 
strength, fracture toughness, and failure loads under mixed mode conditions. An engineering 
joint assessment and design has been forrnulated and verified on small-scale cerarnic-ceramic 
joints. Current efforts are directed at verifying the model for ceramic-metal joints which involve 
nonlinear deformation. the final report will be written during November for submission at the 
beginning of December. 

Publications 

None 
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FIGURE 7. FE MESH FOR a/R = 0.333. 

FIGURE 8. FE MODEL FOR a/R = 0.5. 
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The p i i r p ~ s e  sf this program is to develop techniques far 
producing re1 iable ceramic-ceramic j o in t s  and analytical 
modeling ta predict the perfurmance of the joints under a 
variety sf environmental and mechanical leading conditions 
incl ud irig high temperature, oxidizing atmospheres. The 
ceramic materials under cons i d e r a t i o n  are siLicorn nitride 
and silicon carbide. TIP@ joining approach f o r  silicon 
nitride is based an the ASEA hat isostatic pressing pro- 
cess while the plan f o r  silicon carbide i s  to co-sinter 
green f ams  together. These j o i n i n g  methods were selected 
to produce j o i n t s  which exhibit the m i . n i m u m  possible 
deviation in properties from those of the parent ceramic 
materials. Analytical models will be experimentally 
verified by measurements on experimental s i z e  and scale-up 
j o i n t s  produced as par t  of this work. 

Baekaraund 

Because sf their strength, oxidatiuiin resistance, and other  
desirable high temperature properties, silicon nitride and 
silicon carbide are under extensive study f o r  use in 
advanced gas turbine and internal c:ombustion engiiies. I n  
both engine types there are requirements for  joining the 
ceramics to themselves, o t h e r  ceramics, and various 
engineering alloys Existing bonding methods lack the 
high temperature capabilities required for use in advanced 
heat engines. Further, analytical modeling techniques to 
p r e d i c t  joint reliability and performance have not been 
developed. These technical needs have prevented 
consideration of ecanomically fabricating large, complex 

i c  engine eolnponents from smaller, less complicated 
segments. The current program will address these issues 
for  silicon nitride to silicon nitride and silicon carbide 
ts silicon carbide j o i n t s .  

To satisfy the requirements of Task 1 (Characterization) 
three types  of test samples are needed, MOR bars,  "dog 
boneg8 creep specimens (NBS type), and cylindrical tensile 
specimens (ORNL,/DOE type) f o r  stress/strain measurement. 
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A t  the end of this repor t ing  period all. MOR bars had been 
machined, both joined and controls. S u f f i c i e n t  number of 
j o i n e d  b i l l e t s  sf S i 3 ~ 4  and Sic, necessary for machin- 
ing @ 8 d ~ g  bonenv creep Sam les, w e r e  made and cut. into 
slices of appropriate thickness. Each shim, containing 
the j o i n t ,  w i l l  be machined into a creep specimen. As fax 
as the cylindrical tensile specimens are  concerned, about 
78% of t h e  joined Sic billets and 30% af the jo ined  Si3?, 

A l a s t  decisi~n concerning t he  most appropriate machine 

made in Qctober- 

b i l l e t s  have been successfully fired and await macbinang, 

shopr based on quality and cost considerations, will be 

By the end of September all fast fracture date far both 

- ~ o i n e  MOR bars were3 tested at 25"C, '758°C and 1370 C. The 
contra1 (no join) MOR bars were tested at 2 5 ° C  and 1370°C. 
Par S i . C ,  the jo ined  MOR bars were tested a t  2 5 " C ,  750°C 
and 153Q°C, whereas t h e  controls were t es ted  at 25°C and 
1530°C. All bars w e r e  broken us ing  5 and 4 0  mm spans, 
with a crass-head speed a f  8.5 mm/min. The 5 i~am innew 
span was chosen, instead of the regular 28 mm far ;$dTE 1 9 4 2  
B,  in order t o  increase the p r o b a b i l i t y  of failure a t  the 
j o i n t  . 

? i , ' N i  a n d  Sic  had been obtained. FQxf S i 3 R J . y  @he 

Table 1 reports the r e s u l t s  obtained. 

Thermal cycling of Si3N4 and Si@ MOR b a r s  is being 
done at AMTL in Watertown, HA and is not @ampPete yet.  The 
thermally cycled bars will. be broken at. TCPBPPI temperature.  

Cyclic fatigue testing at r o ~ m  temperature on joined and 
control. MOR bars of the two materials is expcct.ed %a start 
in O c t o b e r ,  11igh temperature oxidation of joined and 
comtrol MOW bars f o r  both materials is a l s o  expected to 
start in ~ctobe-s. 

3. Analytical Modelinq 

3 1 Fast F r a e t u ~ :  statistical analysis of fast f r a c t u r e  
data i i i s  been completed f o r  joined and  contra^ MOR. ~ e - -  
s u l t s  are presented i n  T a b l e  1 and Weibull plots f o r  the 
two materials in Figures 1 and 2. %n general, j o i n t  fail- 
u r e s  are scarce but j o i n e d  samples give lower MOR and 
average s t r e n g t h s  than cantroll samples for both m a t e r i a l s ,  
T h e  statistical significance o f  the differences in their 
mean strength was calculated u s i n g  the t-test di s t r i b u t i o n  
a€ means. Results are summarized in Table 2. At. room 
temperature I the statistical analysis indicate that the 
joined samples have different f l a w  distribution properties 
f r o m  t h e  control samples e Confidence percentages are 
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STD.  DEV. 

K si 

(MPa) 
9 .o 

(61.8) 
15.3 

(105.4) 
7.8 

(54.1) 
9.1 

(62.9) 
7.4 

(50.9) 
8.3 

(57.2) 
6.6 

(45.3) 
8.9 

(61.2) 
9.3 

(64.2) 
8.8 

(60.9) 

I--_- 

TABLE 1: FAST FRACTURE STATISTICAL DATA 

U M O R  WEIBULL NO. 

(MPa) m 

140.5 17.0 45 
(968.7) 
104.5 7.4 30 
(720.8) 
79.7 11.3 45 

(549.8) 
144.5 15.8 30 
(996.5) 
85.7 16.2 30 

(590.6) 
54.4 6.8 45 

(374.9) 

(356.9) 

(363.4) 

(423.7) 

(372.4) 

Ksi MODULUS SAMPLES 

~ - - . _. _. __ 
- 51.8- 9.2 br) 

52.7 5.4 45 

61.4 7.2 30 

54.0 6.2 30 

MATERIAL 

N C X - 5 1 0 0  

N C X - 4 5 0 0  

NCX- 5100 
Joined 

Room Temp. 91.93% 
1370°C 99.91% 

Room Temp. 99.82% 

NCX-5 1OO 
Control 

N C X - 4 5 0 0  

Joined 

N C X - 4 5 0 0  

Control 

TEMP. 

"C 

Room T. 

750 

1370 

Room T. 

1370 

Room T. 

750 

1530 

Room T. 

1530 

c a v e  

Ksi 

(MPa) 
136.4 
(940.7) 
98.2 

(676.8) 
76.3 

(526.3) 
140.2 
(966.7) 
82.6 

(569.6) 
50.9 

(351.2) 
49.0 

(338.1) 
49.0 

(337.6) 
57.6 

(397.2) 
50.3 

(346.7) 

TABLE 2: CONFIDENCE LEVEL OF DISIMILARITY 11 

I 1530°C I 47.22% II 
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99.93% and 99.82% for NCX-5100 and NCX-4500 respectively. 
At 1370°C NCX-5100 experiences a 40% degradation from room 
temperature in average strength on both joined and control 
samples. On the other hand, at 1530°C NCX-4500 control 
samples show a small variation (weakness) in strength from 
their room temperature strengths while joined samples 
appeared to remain unaffected. 

Modeling of these materials will be performed by assuming 
that the joined and control samples have different fast 
fracture characteristics as inherent material properties 
differences until further microstructural characterization 
is done. Also, strength data will be used to model and 
understand the effect of different fracture criteria on 
the statistical predictions. This study is still under- 
way. Additional fractographic analysis will be pursued to 
complete such study. 

3.2 Creep Modelinq: Check models, for which closed form 
solutions are known, are being devzloped to verify that 
the creep programs created predict simple creep strain 
behavior. Current available creep data is scarce and 
therefore additional verification runs will be done with 
the creep characterization data of our joints. 

STATUS OF MILESTONES 

A six month extension of this contract was granted by 
OWL, due to the problems encountered in joining Sic to 
Sic and to the expected difficulties in fabricating and 
machining the cylindrical tensile specimens. In addition, 
some revisions of the original Statement of Work were 
proposed to, and accepted by, the ORNL manager. Conse- 
quently, the milestone dates have been shifted as shown 
below: 

1. Complete characterization testing March 1990 
2. Comp ete testing, model validation 

3 .  Complete 20 cm2 joint experimental 
plan June 1990 

4. Complete model development June 1990 
5. Compl te testing, model validation 

2 cm 3 joint May 1990 

20 cm’ joint Bug. 1990 
6. Delivery of final report Qct * 1990 

PUBLICATIONS 

None 
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2.0 MATENAM DESIGN ~ O D O L O G Y  

INTRODUCTION 

This portion of the project is identified as project element 2 within the work 
breakdown structure (WBS). It contains three subelements: (1) Three-Dimensional 
Modeling, (2) Contact Interfaces, and (3) New Concepts. The subelements include 
macromodeling and micromodeling of ceramic microstructures, properties of static and 
dynamic interfaces between ceramics and between ceramics and alloys, and advanced 
statistical and design approaches €or describing mechanical behavior and €or employing 
ceramics in structural design. 

determining analytical techniques for predicting structural ceramic mechanical behavior from 
mechanical properties and microstructure, tribological behavior at high temperatures, and 
improved methods for describing the fracture statistics of structural ceramics. Success in 
meeting these objectives will provide U.S. companies with methods for optimizing 
mechanical properties through microstructural control, for predicting and controlling 
interfacial bonding and minimizing interfacial friction, and for developing a properly 
descriptive statistical data base for their structural ceramics. 

The major objectives of research in Materials Design Methodology elements include 





2.1 MODELING 

2.1.1 MsdePinq 

Micros  t r 14 c t u ral Model1 ' n g d f h z k x  
J.A.M. Boulet (University of Tennessee, Knoxville) 

0 b j  cc t i ve/scopg 

The goal of the study is to develop mathematical procedures by which 
existing design methodology for brittle fracture could accurately account for 
the influence of protrusion interference on fracture of cracks with realistic 
geometry under arbitrary stress states. To predict likelihood of fracture in the 
prcsence of protrusion interference, a simulation will be developed. The sim- 
ulation will be based on a three-dimensional model of cracks with realistic ge- 
ometry under arbitrary stresses. 

Technical  

The system to be analyzed in thc current phase of the project is a single, 
irregularly shaped, three-dimensional crack, initially closed, in an infinite 
medium subjected to remote, arbitrarily oriented, triaxial stress. 

After reviewing various methods for solving three-dimensional elastic- 
ity problems, we concluded that only the finite element method (FEM) and the 
boundary element method (BEM) are sufficiently general for solving the 
problcm at hand. Because it  requircs discretization of only the crack surface, 
the UEM should be more efficient than the FEM. 

We lmavc chosen a method for modeling the crack geometry. The crack 
surfaces will bc represented as collections of triangular facets. Two methods 
of defining the facets will be employed. The first and simpler method will be 
used for development and evaluation of the numerical model, The second, 
more complicated method, will be used to represent rcalistic crack geometries 
in later stagcs of the project, 

In thc first method, the crack boundary will be represented as a many- 
sided regular polygon. The crack surfaces will then be constructed in four 
steps. First, a set of polygons geometrically similar to the crack boundary will 
bc nested (uniformly spaced) inside the crack boundary. Second, the regions 
betwcen neighboring polygons will bc tessellated with identical isosceles tri- 
angles. Third, at selected positions on the crack, a tetrahedral protrusion will 
replace the triangle on onc crack face while a congruent tetrahedral depres- 
sion will replace the corresponding triangle on the other crack face. The 
variable parameters of this method are the number and positions of the pro- 
trusion/dcpression pairs, their heights, and their obliqueness. 

The method described above is probably not adequate for representing 
highly irregular crack shapes. In the second method, we will allow the crack 
boundary and the polygons nested inside it to be irregular, and allow compos- 
ite protrusion/depression to be built on multiple triangles. If necessary, we 
may allow thc crack boundary to be nonplanar. 
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The kinematics of interference for two neighboring surfaces has been 
analyzed. When loads are applied and the regions bounded by the surfaces de- 
form, two conditions must be met for the surfaces to interfere. One of these is 
that the surfaces must first come in contact with each other. The other condi- 
tion is a constraint on the relative displaccment vector for any two points (onc 
on each surface) in contact. This constraint may be stated as follows. Let the 
contact point on one of the surfaces be designated by "A" and the contact point 
on the other surface by "B." Let the relative displacement vector be defined as 
the displacement of A minus the displacement of B. If the direction of the rel- 
ative displacement vector is toward the interior of the region whose bounding 
surface contains B, then the two surfaces interfere. Mathematical represen- 
tations of these two conditions have been derived and numerical algorithms 
for their implementation are being developed. 

BEM computer programs that solve both two-dimensional and three-di- 
mensional crack-face interference problems are under development. 

Status &milestones 

Work is on schedule. 
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2.2 CONTACT INTERFACES 

2.2.1 Static Interfaces 

Elastic ProDei-ties and Adherence of Thin Films and Coatings 
D. L. J o s h  (The University of Tennessee) 

Obiec tive/Sco pe 

The objective of this research is the examination of the effects of ion bombardment 
on the structure of thin ceramic films on ceramic substrates. The material combinations will 
include oxide films that have (a) no solid solubility, (b) limited solid solubility, and 
(c) complete solid solubility with the substrate material (also an oxide). Techniques for 
determination of elastic and plastic properties of thin films or coatings on ceramic substrates 
and for the determination of the strength of the bond between the film and substrate, which 
are currently being developed, will be used to determine the hardness, elastic modulus, and 
adherence of each material combination. The main testing techniques will be the ultra-low 
load micro-indentation tester (Nanoindenter) and thermal cycling tests. 

Technical Highlights - 

During this report period, several computer simulations of implantation processes werc 
run to determine the implantation paramaters necessary for the mixing experiments planned 
for this research project. They include (1) oxygcn into a chromium layer on sapphire, and 
(2) chromium into a TixOJAl,O, multilayered structure on silicon. 

For a 100 nm-thick chromium film, the energy range for oxygen implantation at the 
interface is approximately 80 KeV (as calculated by TRIM'). The chromium layers 
deposited for system (1) were analyzed using Rutherford Backscattering Spectroscopy (RBS). 
From the analysis, it is known that the Cr laycr already contains a small amount of oxide 
(approximately 15%) which may affect the implantation. These samples are now awaiting 
implantation. After the specimens are implanted, they will be examined using Rutherford 
Backscattering Spectroscopy (RBS) and Transmission Electron Microscopy ( E M )  to 
determine whether mixing and/or compound formation has occurrcd. 

beyond the first four layers of the specimen (distance greater than 100 nm). The energy 
required for this is approximately 350 KeV, as calculated by TRIM. A Ti,O,/AI,O, 
multilayered structure on silicon was obtained from R. McKee for implantation and study. 
The sample was made up on 38 repetitions of alternating layers of crystalline TiO, and 
amorphous Al,O,. In the implanted area, the thickness of each layer was approximatcly 
1W nm. 
TEM examination prior to implantation and after implantation showed the presence of the 
multilayered structure, RBS did not detect it either before or after implantation. From this 
sample, some evidence of mixing could be discerned. Analysis of a second sample, similar to 
this sample, is in progress. 

For (l), it is desired that the implanted oxygen come to rest at the Cr/Al,O, interface. 

For (2), it is desired that the implanted chromium come to rest at a position far 

The sample was implanted with 350 KeV Cr2' at room temperature. Although 

CommunicationsNisitsflravel 

None 
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Problems Encountered 

None 

Publications 

None 



2.2.2 mnamic Interfaces 

#. F. Dufrane and P. A. Ga 

The objective of the program is to develop an i ~ n ~ ~ ~ ~ t ~ n ~ ~ ~ ~  of the friction and 
recesses of ceramic interifaces base on ~ ~ ~ ~ ~ ~ l ~ ~ ~ t ~ ~  data. The supp 

expenments are to be cond 
conditisns reproducing the loads, speeds, and ~ n v ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  of the r i ~ ~ ~ ~ y ~ ~ ~ ~ ~ r  ~~t~~~~~ 
of advanced en ines. 

model. The res provide 

URBS to 650a)"c under secipsocati 

The test specimens are to be carefully characterized before and 

ology problems I meslit of 
these engines. 

Apparatus 

aratus developed for this pro am uses specimens of a simple flat-an-fiat 
ch  facilitates specimen prscu ment, finishing, and testing. The apparatus 

reproduces the important e, 
engines. The specime47 co 1. The contact 

ace of a~~~~~~~ 

surface of the ring specimen is 3.2 x 19 mm. A crown with a 3% mrn r 
on the ring specimen to insure uni f~rm contact:, The ring s p  
at their centers to provide $ e ~ ~ ~ ~ ~ ~ g ~ ~ ~ ~ t .  A cha 
used to control the ~ t ~ o ~ ~ ~ ~ r ~  and contains h 
temperature. The exhaust from a 4500 watt di 
temperature and passed thou B-a the chamber 
of actual diesel engine service 
Table 1. 

Materials 

Wings and Cylinder Materiais 

The compositions of the various materials used in the? study are presented in 
Table 2. A variety of monolithic and coating materials were selected to represent 
various chemical compositions and materials with ~r~~~~~~~~ ~ e ~ ~ ~ ~ ~ ~ ~ t ~ ~  successful 

g performance. 
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K " R i n g "  specimens 

Load [== 
1 

Figure 1. Test specimen configuration and loading 

TABLE 1. SUMXARY OF TESTING CONDITIONS 

Sliding Contact: Dual flat-on-flat 
"Cylinder" Specimens: 
"Ring" Specimens: 
"Ring" crown radius: 32 mn 
Motion: Reciprocating, 108 mm stroke 
Reciprocating Speed: 
Average Specimen Speed:1.6 to 5.4 m / s  
Load : to 950 N 
Ring Loading: to 50 N/mm 
Atmosphere: Diesel exhaust or other gases 
Measurements: 

12.7 x 32 x 127 mm 
3.2 x 19 x 19 mm 

500 to 1500 tpm 

Friction and wear (after test) 
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TABLE 2. MATERIALS FOR EVALUATION 

_. - 

Monolithic Ceramics Coati ngs 

YPSZ 
MPSZ 
ATTZ 
a Sic 
SiC/A1203 
Sialon 
K162B (Tic - Ni/Mo) 
Si 3N4 

Tribaloy 400 
METCO 130 (13 Tion ,  87 A12031 
METCO 501 (30 Mo, 12 Cr, bal Ni) 
Plasmal loy 312M (MoSi 2) 
Cr2O3 (5 Cr, bal Cr203) 
Jet-Kote WC (12 Co, bal WC) 
Cr (Electroplated) 
PS212 (CraC2 + BaFe/CaFn -t Ag) 
VR73 (WC/TaC/TiC/Co) 
VA 20 (WC/TaC/TiC/Ni) 
CA 815 (CraCg/Ni) 
Mo 
Duplex (WC and Mo) 
Ion Implanted (N in Cr203) 



2 8 4  

Revisers Wear Results 

in the first phase of the study the need for lubrication at the ring/cyiinder interface 
icieiats and wear rates measured during dry 
ic: coatings. With lubrication, the wear rates of 

C: bested at 260°C were found to approach those 
with conventional ring/cylinder materials. With 

t a ~ ~ ~ s h e d  by the t i  
sliding of ~ s ~ ~ ~ ~ t h ~ c  cera 

erature with ceramics was found 
to be limited by the availability of suitable lubricants. A summary of the wear and 
friction data obtained under a variety of conditions is shown in Table 3. 

Solid Lubricant Evaluation 

Four different lubricants were obtained for evaluation. These solid lubricants were 
as wipers to supply the statisna ens with a film of dry lubricant. 
ants of sufficient strength were a formed into actual ring specimens 
ne ts obtain baseline wear rates. The experiments were expected to 
hether such films can control the wear on the ring specimens and whether 

the wipers would have a useful life at the needed transfer rates. 
Efforts to modify Battelle's engine rig to accept spring loaded solid lubricants 

lubricant wiper to 1/4 inch. The possi e configurations of the ring/wiper 
ere unsuccessful. The geometry of the est ring constrains the total thickness 

ion were either a stacked pair of 1/8 inch specimens or an 1/8 inch wiper 
ed between two 1/16 inch ring specimens. With the stacked configuration, the 

wiper was not ~ u ~ p ~ ~ e d  sufficiently can one side and would break off due to bending 
moments. The sandwiched configuration supported the wiper sufficiently but left too 

available for a sound wear boating. 
tests using a ceramic ring and lubricant wiper were run, evaluation of 

We s e ~ f - l u ~ ~ ~ c ~ t j n g  materials was conducted during this reporting period. An MoS,- 
metal ~ ~ ~ l a ~ l ~ ~  from Pure Carbon) and a WeSJGaln solid 1ubricant.compact (D. J. 
Boes) were machined into ring s and run dry. All tests were run at room 
t ~ ~ ~ ~ r ~ t ~ r e  to get a baseline ce, , The Molalloy used in this application did not 
appear to be providing enough lubricant to form 8 usable film for itself, much less an 
~ d ~ i t i ~ ~ ~ ~  sing. Friction started high and increased throughout the one hour test, and 

uealing" occurred. The Boes compact, on the other hand, ran as it was being 
d with a liquid lubric t. The friction coefficient was actually better than many 

tests using liquid lubricant a become lower as the loading increased. The wear 
coe~~cient was also quite gaod for a self-lubricating material. Table 4 presents the 
results from the tests. Since the room temperature performance of the solid lubricant 
compact was encouraging, the evaluations were continued. 

Tests were performed at higher temperatures to see if the compact's low friction 
and relatively low wear properties evident at room temperature remained as the 
temperature increased. Table 5 presents the high temperature data along with data 
from a typical room temperature test run under the similar load and speed conditions. 
A general reduction in the friction coefficient and increased wear rates are seen as the 
temperature increases. A softening of the material at higher temperatures or oxide 
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TABLE 4. ROOM TEMPERATURE SOLID LUBRICANT TESTS 

LOAD RANGE AVG. FRICTION WEAR COEFFICIENT 
MATERIAL (N) R PM COEFF. mm3/N-m Dimensi on1 ess 

Mol a1 1 oy 92 300 0.24-0.60 1.9~10-~ i.1~10-~* 

WSe,/GaIn 150 289 0.07-0.15 2.8~10-' 1.7x10-'* 

196 492 0.05-0.10 8 . 1 ~ 1 0 - ~  4.8~10-~ 

300 500 0.02-0.06 2.7~10-~ 1.6~10-~ 

300 500 0.02-0.07 4.2~10-~ 2.5~10-~ 

42 1 500 0.02-0.04 5.0~10-~ 2 .9x10n5 

196 500 0.03-0.06 2.6~10-~ 1.5~10-~ 

* 1 hour break - in  

TABLE 5. H I G H  TEMPERATURE SOLID LUBRICANT TESTS 
WSe,/GaIn Compact 

TEMP TEST LENGTH FRICTION WEAR COEFFICIENT 
(0 (MIN.)  COEFF. mm3/N-m Dimensionless 

*25 240 0.05-0.10 8 .  l ~ l O - ~  4.8x10-' 

260 240 0 -05-0.13 1.5x10-' 8.9~10-~ 

260 240 0 -06-0.09 1 .8x10q7 i.1~10-~ 

315 240 0 -03-0.07 1. 1x10-' 6.5~10-~ 

360 240 0.03-0.10 3.2x10-' 1.9~10-~ 

* room temperature t e s t  f o r  comparison 
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growth may explain the simultaneous reduction in friction coefficient and wear 
resistance. The compact showed relatively low wear for a solid lubricant, btut it still 
wears too much to be a practical lubricant supply in long life over-the-road diesel 
trucks. 

High Temperature Liquid Lubricant Evaluation 

During this reporting period, the high temperature liquid lubricant evaluation was 
conducted. Plasma sprayed Cr,O, coatings were used on both the ring and cylinder 
specimens, and five lubricants were evaluated. Only small research quantities of the 
special fluids were available so the number and duration of the tests were limited. The 
break-in period was also limited to 1 hour at room temperature to conserve lubricant. 
In some cases SDL-1 (polyolester) was used as the break-in lubricant, but the 
specimens were thoroughly cleaned before subsequent runs. Oil feed rate was 
adjusted according to need as determined from noise from the test chamber. The test 
temperature was limited by the coking temperature of the particular oil used or by the 
experimental rig's temperature capabilities. In addition to using Cr,O, coatings for the 
wear specimens, ring load, engine motoring speed, and test environment were held 
constant for all of the tests. These parameters were 10.3 N/mm, 500 rpm, and diesel 
exhaust respectively. 

wear results from the tests. As seen in Table 7, one polyolester fluid (OS-75725L) 
performed better than all of the other lubricants tested at 260°C. Its petforrnance was 
comparable with that of the SDL-1 in lubricating Cr,O, specimens at the same 
temperature. The two polalkylene glycols allowed the ring specimens to wear at a rate 
about ten times faster than with the polyolester above. Another polyolester lubricant 
(OS-80001H) had the worst showing with specimen wear over 32 times greater than that 
with the OS-75725L. Unfortunately, the X-lP fluid was not tested at 260°C. The 
quantity received was only enough for one test, which was to be run at as high a 
temperature as possible. 

Table 6 lists the lubricants that were evaluated, and Table 7 shows the friction and 

TABLE 6. HIGH TEMPERATURE LUBRICANTS EVALUATED 

BASE STOCK SOURCE MANUFACTURER 
0 E S I G N AT I 0 N 

Polyalkylene Glycol Union Carbide UCON LB-625 

Polyal kylene Glycol Union Carbide UCON LB-650X 

x-1P Dow X-1P Fluid 

Polyolester Lubrizol OS-80001H 

Polyolester Lubri zol OS-75725L 



TABLE 7 .  NEAR RATES OF Cr,O, RING SPECIMENS I N  VARIOUS 
HIGH TEMPERATURE LUBRICANTS* 

Run Average Ring 

min .  Coefficient Dimensionless mm3/ N -m 
Lubricant Temperature Duration Fri ct i on Wear Coef f i c i en t 

OS-75725L 
L5-625 
X-1P 
OS-757251 
LB-625 
LB-650X 
LB-650X 
0S-80001H 
15-625 
05-8000 1 ti 

260 
100 
460 
3 70 
260 
300 
260 
3713 
300 
260 

60 
480 
240 
240 

60 
120 
120 
B 20 
125 
120 

0.07 - 0.09 
0.04 - 0.08 
0.07 - 0.10 
0.13 - 0.25 
0.02 - 0.08 
0.02 - 0.06 
0.02 - 0.06 
0.07 - 0.10 
0.05 - 0.13 
0.07 - 0.09 

2.4 x lo-' 1.4 x 
2.9 x 10-6 
3.0 x lo-* 5.5 x 

1.6 10-5 2.7 x 
1.9 x 3.3 x 
2.1 x 3.6 x IO-' 
4.5 10-5 7.6 x 

4.9 x lo-' 

1.2 x 2.1 10-7 
1.6 x 2.7 10-7 + 

4.5 x 7.7 10-7 

*Diesel exhaust environment 10.3 N/mm ring l oad ing  500 rpm motoring speed 



289 

ecimen wear occ 
ring specimens slidi film of oil. As the 

rature lubricated tests is 

temperature increases, the oil's visc creases along with its ability to keep the 
wear surfaces separated. Faster e n at higher temperatures also reduces the 
amount ob oil available in the wear and increases wear. On this basis, the 
lubricants generally became less effective in p r ~ ~ e ~ t ~ n ~  wear of the ring specimens at 
high temperatures. 

Two of the least effective iubricants at 26B"C, the 6S-80001H and the LB-650X, 
seemed to work better as the temperatur~ increased, Table 2. As these oiils typically 
left more deposits behind after a test run, it is conceivable that a rotective layer of 
degraded oil was continually forming on the cylinder specimens d ring the testing. 
While this kind of d 
cumulative buildup 

characteristics up to the highest testing temperature. The only test run with this fluid 
was at 460°C, and this temperature was limited by the experimental rig in the presence 
of a lubricant. The apparatus is capable of temperatures to 650°C but it would have 
necessitated heating the actual test chamber as oppose to sirnpSy preheating the 

considered a safe 
during this study, 

Another small quantity of X-1 P 
~ h a r a ~ ~ e r i ~ a t ~ ~ ~  of its  atin^ in^ abi? 
In addition, base stocks for the two formulated Lubrizol polyalesters have been obtained 
and will be evaluated in the future. 

ared to be beneficial in these wear tests, the 
d not be tolerated, 

The X-1 P fluid possessed good oxidative stability and goad lubricating 

diesel exhaust. Oil vapors in direct contact with heating elements was 
hazard. This was the hottest test ever run with liquid lubrication 
d the results were very encouraging. 

id has been obtained, and further 
at high teinperature will be conducted shortly. 

Status of Milestones. 

The study is progressin in accordance wit the overall milestone sch,?dule. 

P. Gaydas attende a meeting at ORNL on May 2, 198 to discuss the results of 
the Curnmins Wear Coatings program. P. Gaydos and K. Dufrane artended a meeting 
at QRNL an June 4, 1989 to discuss the results of the Caterpillar Wear Coatings 
program. 

Pub ticatisns 

Submitted draft of paper entitled ''High Temperature Lubrication of Cr@, in 
Advanced Heat Engine Applications" far the 1990 §A€ conference. 
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2.3 NEW CONCEPTS 

Advanced Statistical Concem of Frachlre in Brittle Materials 
C. A. Johnson and W. T. Tucker (General Electric) 

Objective/Scope 

The design and application of reliable load-bearing structural components from ceramic 
materials requires a detailed understanding of the statistical nature of fracture in brittle 
materials. The overall objective of this program is to advance the current understanding of 
fracture statistics, especially in the following four areas: 

Optimum testing plans and data analysis techniques. 

e Consequences of time-dependent crack growth on the evolution of initial flaw distribu- 

e Confidence and tolerance bounds on predictions that use the Weibull distribution func- 

Strength distributions in multiaxial stress fields. 

tions. 

tion. 

The studies are being carried out largely by analytical and computer simulation techniques. 
Actual fracture data are then used as appropriate to confirm and demonstrate the resulting 
data analysis techniques. 

Technical Highlights 

Work during this reporting period concentrated on finalizing the use of likelihood methods in 
obtaining confidence and tolerance limits for "Class IV" problems and in completion and 
delivery to ORNL of computer code to obtain Weibull point estimates for Class IV problems. 
An initial report on the use of likelihood methods to obtain confidence limits was given in a 
recent bimonthly report. The estimation methods employed in the ( O N )  computer code 
were developed under this program and details on the algorithms can be found in various 
Semiannual reports of the ceramic Technology for Advanced Heat Engine Contract such as 
Reference 1. The likelihood methods will be discussed first and then information on the 
( O W )  computer program will be covered. 

Recall that Class Iv problems are those where the fracture data include specimens from mul- 
tiple sizes and loading geometries, where the component of interest may be of yet a different 
size and loading configuration. As indicated in earlier bimonthly reports the conditional 
integration method is generally approximate for the Class IV situation as is the likelihood 
ratio method. Also, as indicated in an earlier bimonthly report, the likelihood ratio method 
has been programmed and shown to be in good agreement with the parametric bootstrap 
method described in Reference 2. To date one procedure appears to be viable for the 
integration method. In this approach, based on the location-scale model, the unknown argu- 
ment of terms involving the "k-factor" or structure factor of a particular specimen is replaced 
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with a suitable approximation involving the maximum likelihood estimate of the Weibull 
modulus. An implementation of this form of the integration method has now been pro- 
grammed. 

Integration methods are established by conditioning on ancillary or approPrimate ancdhry 
statistics. Tlie present approximate integration method is based on the fact that the distribu- 
tions of &/m and &ln(i$/o-) are approximately (asymptotically) independent of m and 00. 
In thb  setup up = 00 [(l/ky)ln( 1/(1-p))]1/n2 and gives the quantile at proportion p. (A 
confidence interval on ap is then a type of tolerance interval, and these confidence intervals 
are the subject of the study.) Then these results can be employed to show that the 
ai = (xi/$Jm are approximate (asymptotic) ancillary statistics. 'Ilk leads one to consider 
the distribution of s 1 = 6iln(~p/op) and s 2 = - In& /m conditional on any 12-2 of the a;. 
Since the form of the resulting distribution is exactly that of the Class 111 solution (reported  it^ 
References 3 and 4) with the addition of terms that involve the k-factor, the joint distribution 
of (s l,s 2)  is exact for Class IV problems. This i s  an important and, somewhat, tinexpected 
result. However, as it stands it cannot be used to obtain exact confidence and tolerance 
bounds for CIass IV problems-the k-factor is a function of the unknown m. As previously 
indicated one approximate method employing the maximum likelihood estimator, &, appears 
to be viable hi obtaining approximate asymptotic bounds. This method is under further 
theoretical and simulation study. 

Both the likelihood ratio and integration methods of obtaining confidence/tolerae limits 
are programmed in the same computer code. This code was used to analyze several sub- 
groups as well as the entire data set of 137 specimens of sintered Sic described in earlier 
bimonthly and semiannual reports (and employed in Ref. 2 in the study of the bootstrap 
methods). The data set consisted of three different specimen sizes (Mil Std 1942 MR speci- 
mens A, B, and C) tested in two different geometries (three and four-point bending) for a 
total of six different combinations of specimen size and testing configuration. Each group 
contained approximately 18 specimens with the exception of the four-point B group which 
comprised 48 specimens. 

A graphical comparison of the parametric bootstrap to the likelihood ratio and integration 
methods of analysis of the entire Si(3 data set is shown in the accompanying two figures. As 
reported in Reference 1, fractography indicated that the strength controlling flaws were 
predominately located on specimen surfaces. Therefore, the specimen "size" axis is stressed 
area. The fracture strengths are drawn as open data points, different symbols identifying the 
six different sizes and configurations. The Weibull modulus and 00 were estimated using the 
maxhnum likelihood method for combined data as described in Reference 1. The upper h e  
is the predicted position of the median (0.5 quantile) as a function of stressed are% while the 
iower Line is the predicted position of the Q.05 quamile behavior. 'Ihe 95 percent confidence 
bounds on the 0.0s quantile are included on each figure as solid triangles for the likelihood 
methods and as overlain smooth curves for the bootstrap method. The bounds can be used to 
state the uncertainty in the 0.05 quaitile strength for any stressed area of interest. 'Ilese 
Class IV approaches of analysis combine data from both Sic specimen geometries and make 
strength predictions with confidence bounds on components with arbitrary sizes and 
geometries. For this study the "component" loading, is that of uniform tension, since no 
allowance was made for the loading geometry in the calculation of the confidence bounds, 
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Perusal of the figures indicates that the limits obtained by the parametric bootstrap and likeli- 
hood ratio methods generally agree and both of these sets of limits are skewed relative to 
those of the conditional integration method. This skewness is due primarily to bias in the 
bootstrap and likelihood ratio approaches. Et is well known that the hikefihood ratio method 
produces biased limits and much theoretical work has gone into determining corrections for 
bias (the so called Bartlett correction, e.g., Reference S ) .  Also it is possible to correct the 
bootstrap limits for bias arid initial results concerning this are reported in a recent bimonthly. 
Finally, when the conditiond integration method is exact there is no bias in the limits. The 
method discussed herein is, however, an approximate one. Thus there may be some bias in 
the conditional integration limits. 

To study the bias and overall performance of the likelihood methods a simulation study was 
carried out. The study was performed by considering orily the S-poht bending portion of the 
data reported in the figures. This was done so that conprisons to previous Class III results 
can also be made and the effects of bias more clearly studied. However, not all Class IV for- 
mulae reduce to those of the Class I11 situation when there is only one loading geometry for 
the testing conditions. This comes about from the fact that in Class IV problems the k-factor 
is directly employed and in Class I11 problems the k-factor is see to one (and effectively 
ignored). This is clearly seen in the estimate of aR fromJhe Class IV situation in the Glass 111 
context given by Gp = [~(~)In(l/(l-~))~ix:"/n]l/~ where r ( m )  = k,(m)/k(m) and 
Ri = q / K  Were s denotes the common geometry of the sample specimens and k(m) is 
associated with the loading geometry of the component, and V denotes the respective sizes of 
specimens and component. This formula comes directly from application of the definition of 
ap (given previously). Now r (m ) is not one since the loading geometry of the component is 
that of unif~rm tension and the loading geometry of the specimens is that of 3-point bending. 
But in the Class 111 situation there is no term involving r ( m ) .  Thus, there is a hndamental 
differerace between the Class 111 md Class 1V situations. However, it should be pointed out 
that the "correct" estimate of urn is obtained, since the terms involving the k-factor algebrai- 
cally cancel out in the likelihood equation. It is only strength estimates that are affected and 
they are such that a true 00 i s  estimated in the Class IV case. The 00 estimated in the Class 
111 situation applies to only the Class III case. Moreover, differences also o c a  in the co 
putation of confidence and tolerance lk&s on strengths in the hvo situations, even in the case 
where both the component and specimens have the same loading geometry. 

The primary results of the simulation study are reported in Tables 1 and 3. Tables 2 and 4 
give a compression of the results shown in Tables 1 and 3. Since in Class IV problems the 
loading geometry is an important consideration, the initial simulation study was set up to be 
analogous to the testing situation of the 137 specimens reported in the figures. The specimen 
sizes are those of the 3-poht bending areas and are shown in the heading of the tables. One 
study was done with a total sample size of five and the ather was done with the same number 
of specimens as observed for the three 3-point shes. It was the intent of the former case to 
study the "small" sample size properties of the methods, For both methods two independent 
runs were made at the seven component sizes shown in the tables. This was done so as to get 
an indication of simulation trial to simulation trial variability. Each simulation run consists of 
500 individual trials and in all cases the confidence coefficient was 0.95. For this setup the 
standard error for an estimated coverage probability is 0.0069821 for an individual limit and 
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0.0097467 for an interval. 'These values can be used as guides in checking the veracity of the 
procedures investigated in the simulation studies. Also for all trials only a single quantile, 
0.05, was studied. Each rim was begun with a different random number seed, generally, the 
ending seed of the previous run. 

Inspection of Table 1 indicates that the performance of the integration method is possibly 
satisfactory with the total sample size of five. For the 28 individual cases of lower and upper 
bounds only three were statistically significant at an 0.05 siwicance level. The expected 
number of misses is 1.4. Also there appears to be no significant trend indicating a bias in the 
limits. However, the same is not true for the likelihood ratio (lr) method. The lr method 
experienced some 18 significant results. Also the range of the simulated coverage probabili- 
ties was far greater than that of the integration method. Finally, there is a definite skewness 
in the lr coverages as a function of size. This indicates that these limits have a bias that 
changes as size changes. There could also be a constant bias, i.e., an offset that i s  indepen- 
dent of size; this is also true for the integration limits. Simulation results for the Class I11 
situation indicate that the lr method is essentially exact for total sample sizes of the order 
reported in Table 3. Inspection of Table 3 indicates in the Class IV situation studied in this 
table that the Ir method has not quite converged. There are still some five significant results 
and possibly some signs of bias. Moreover, the results for the integration method indicate 
that asymptotic convergence has, for practical purposes, been met. There were only 2 cases 
of significant results and no signs of trends in the coverages. All in all the results were very 
encouraging concerning the integration method. 

The coverage results of the two individual rum shown in Tables 1 and 3 were compressed to 
those of Tables 2 and 4 in order to more thoroughly study the possible bias. (This is proper 
since all individual simulation runs were statistically independent. However, it is clear that 
the results reported in Tables 2 and 4 are not independent of those reported in Tables 1 and 
3.) Shown in Tables 2 and 4 arc only the respective coverages. Now the simulation trial size 
is lo00 so that the standard error for an estimated coverage probability is 0.0049371 for an 
individual limit and 0.0068920 for an interval. With regard to the integration method there 
are five significant results (combining the rum pushed some caes  right at the boundary over) 
in Table 2 and two in Table 4 respectively for the 14 cases of individual lower and upper 
bounds. The expected number of misses is now 0.7 so that zero or one, or possibly two 
significant results is permissible. However, five are just too many. This points out that the 
conditional integration method is approximate in the Class IV situation. Again there are no 
real signs of trends in the coverages for the the integration limits in either table. Since this 
was the case an average of the lower and upper coverages was obtained. For Table 2 the 
average of the lower bounds is 0.969 and the average of the upper bounds is 0.981. This indi- 
cated why in Table 2 there were a total of five significant results: on average the lower limits 
were biased low and on average the upper limits were biased high. The respective averages 
from Table 4 are 0.973 and 0.978. These are clearly very close to the true value of 0.975. 

The results for the lr method indicate its much more approximate nature. There are 11 
significant results in Table 2 and six in Table 4. Further, there are definite trends in the cov- 
erages as a function of size and as a result no average coverages were obtained. Again the 
conclusion is that, practically, the integration method has converged for the sample size 
configuration of 18, 18, 18 specimens. And the Ir method has not at this same sample ske 
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setup. Moreover, the lr method has a definite bias over the component sizes studied. These 
results are consistent with and corroborate the findings shown in the figures concerning the 
full data set. 

In order to more definitively characterize the approximate nature of both approaches a larger 
simulation study will be carried out. In this larger study a fuller range of total sample sizes 
and component-specimen loadings will be investigated. Also a study to compare more 
directly with the Class I11 results (Ref. 3) will be made. Preliminary results along this h e  
indicate that the Class IV likelihood ratio limits are somewhat more accurate than the Class 
I11 likelihood ratio limits. But even without these more encompassing studies, it is concluded 
that the integration and likelihood ratio methods offer vdid and useful ways for estimating 
confidence and tolerance limits for Class IV problems of strength analysis. 

As previously indicated, a computer program for analyzing Class IV fracture strength data 
and estimating Weibull parameters and component strengths was completed during this 
reporting period and delivered to ORNL for distribution. The program name is "WeibEst" 
which i s  an abbreviation of Weibull Estimator. The Weibull two-parameter distribution func- 
tion was assumed throughout the mdysis. WeibEst accepts fracture data from many 
different specimen geometries and combines the three types of inherent information present 
in the forms of scatter within groups, specimen size dependence of average strength, and 
loading geometry dependence of average strength in order to estimate Weibd parameters. 
Maximum likelihood and two linear regression estimators are included. W e r e  appropriate, 
the analysis is carried out three times for each estimator, corresponding to the three most 
common size-scaling assumptions: volume, surface area and edge length distributions of 
strength limiting defects. Details on the algorithms used in this program can be found in 
prior semimual reports such as Reference 1. 

WeibEst is written in Fortran 77 and has been successfully corn iled on several different 
machines and compilers. The executable form of the program that is available for distribu- 
tion is for execution on IBM-PC's and compatibles. It was compiled using Microsoft Fortran 
Version 4.01 and will run on any PC or compatible using 8088 through 801.86 processors run- 
ning PC-DQS or MS-DOS and containing at least 256K of RAM. Math coprocessors (80x87) 
are supported but are not necessary for execution. The output is purely character oriented, 
so no graphics support is necessary in this version. 

The input strength data plus specimen size and geometry data must be available as an input 
data file. Input data files can be "built" during execution of WeibEst or they can be built or 
edited prior to execution using a text editor of the user's choice. 

All Class IV estimators need values of the structure factor, k, as a function of the Weibull 
modulus, 111. (In addition, the maximum likelihood estimator needs the quantity &/dm as a 
function of m.) k is a dimensionless quantity in the two-parameter Weibull distribution func- 
tion describing the fraction of the specimen volume, area or edge length that is effectively at 
the maximum stress in the structure. Unfortunately, very few k values can be evaluated 
analytically in closed form. Uniform tension and bending of rectangular and circular cross- 
section beams are some of the exceptions where k and &/dm can be evaluated in closed 
form. WeibEst has built-in functions to evaluate k and &/dm as a function of m for these 
specid-case geometries where closed-form solutions exist. 
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In order for WeibEst to handle the infinite variety of other geometries that exist, the capabil- 
ity of "specials" was added. WeibEst still requires a means of calculating a k and a &/dm as 
a function of M. In specials, these k-m relationships are transmitted to WeibEst in the form 
of a table. Finite element metbods or numeric methods are used to calculate volume, area, 
and edge length k values for several different rn values that safely bound the expected in 
value. This information is transmitted to WeibEst in table form in the input data file. 
WeibEst then uses cubic spline smoothing and interpolation methods to determine k and 
&/dm for any value of rn within the range of table inputs. In fact, the spline methods work 
remarkably well in estimating k and dk/dm even beyond the table values, but the worst possi- 
ble errors are difficult to predict. Therefore, WeibEst generates a warning message if the 
fimal m value is outside the tabled values. 

Important outputs of the program execution can be stored in an output data file for later 
printing, editing, etc. Program execution includes four sections: reading the input data file; 
analyzing and displaying results of individual sub-groups of data (groups that have the same 
size and loading geometry); analyzing and displaying results of the combined data using each 
of the different estimators; and estimation of component (or specimen) strengths at various 
probabilities of failure that may be of interest. 

Status of Milestones 

The milestone on delivery of software and documentation for Class IV estimators ha9 been 
completed and the software and documentation have been delivered to M.K. Ferber. ASCI 
the milestone on determining confidence bounds on strengths for Class IV problems employ- 
ing likelihood methods has been completed. 

Publications 

None. 
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Component 

Table 1 

Integration 
Run 1 Run 2 

DIFFlERTNG SPECIMEN AND COMPONENT SIZES 
n=2 at 2.7242, n=  1 at 10.9359, n=2 at 43.5809 

Total n=5 

Component 

Method 

Method 

Integration Likelihood Ratio 

477 489 488 
.954 .978 376 
472 483 489 
.944 .966 .978 
477 486 491 

Likelihood Ratio 
Run 1 Run 2 

Table 2 

DIFFERING SPECIMEN AND COMPONENT STZES 
n = 2 at 2.7242, n = 1 at 10.9359, n = 2 at 43.5809 

Total n=5 

I L I L U 
Size 
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Table 3 

DIFFERING SPECIMEN AND COMPONENT SIZES 
n= 18 at 2.7242, n= 18 at 10.9359, n= 18 at 43.5809 

Total n = 54 

Table 4 

DIFFERING SPECIMEN AND COMPONENT SIZES 
n= 18 at 2.7242, n= 18 at 10.9359, n= 18 at 43.5809 

Total n = 54 
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E AND LIIx;E PREDICTION 

ODUeTIQN 

This portion of the project is identified as project element 3 within the work 
breakdown structure (WBS). It contains five subele ents, including (1) Structural 
Qualification, (2) Time-Dependent Behavior, (3) Environmental Effects, (4) Fracture 
Mechanics, and (5 )  Nondestructive Evaluation (NDE) Development. Rescarch conducted 
during this period includes activities in subelements (11, (2), and (3). Work in the 
Structural Qualification subelement includes proof testing, correlations with NDE results and 
microstructure, and application to components. Work in the Time-Dependent Behavior 
subclernent includes studies of fatigue and creep in structural ceramics at high temperatures. 
Research in the Environmental Effects subelement includes study of the long-term effects of 
oxidation, corrosion, and erosion on thc niechanical propertics and microstructures of 
structural ccramics, 

The research content of the Data Base and Life Prediction project element includes 
(1) experimental life testing and microstructural analysis of Si,N, and S i c  ceramics, (2) time- 
ternperaturc strength dependence of Si,N, ceramics, and (3) static fatigue behavior of PSZ 
ceramics. 

understanding and application of predictive models for structural ceramic mechanical 
reliability, measurement techniques for long-term mechanical property behavior in structural 
ceramics, and physical understanding of time-dependent mechanical failure. Success in 
meeting these objectivcs will provide U.S. companies with thc tools necdcd for accurately 
predicting the mechanical reliability of ceramic heat engine components, including the cffccts 
of applied stress, time, temperature, and atmosphere on the critical ceramic properties. 

Major objectives of research in the Data Base and Life Prediction project element arc 
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3.1 STRUCTURAL QUALIFICATIQM 

Microstructural A n a l y s i s  of Structural Ceramics 

B.J. Hockey, Jr. and S.M. Wiederhorn 
(The National Institute of Standards and Technology) 

Obiective/Scope: 

The objective of this part of the program is to 
identify mechanisms of failure in structural ceramics 
subjected to mechanical loads at elevated test temperatures 
Of particular interest is the damage that accumulates in 
structural ceramics as a consequence of high temperature 
exposure to stresses normally present in heat engines. 

Design criteria for the use of ceramics at low 
temperature differ from those at high temperature. At low 
temperature ceramics are elastic and brittle; failure is 
controlled by a distribution of flaws arising from 
processing or machining operations, and the largest flaw 
determines the strength or lifetime of a component. By 
contrast, at high temperature where ceramics are 
viscoelastic, failure occurs as a consequence of 
accumulated, or distributed damage in the form of small 
cavities or cracks that are generated by the creep process. 
This damage effectively reduces the cross-section of the 
component and increases the stress that must be supported. 
Such increases in stress are autocatalytic, since they 
increase the rate of damage and eventually lead to failure 
as a consequence of loss in cross section. When this 
happens, the individual flaw loses its importance as a 
determinant of component lifetime. Lifetime now depends on 
the total amount of damage that has occurred as a 
consequence of the creep process, The total damage i.s now 
the important factor controlling lifetime. 

oxide ceramics intended for use for heat engines indicates 
that for long term usage, damage accumulation will be the 
primary cause of specimen failure. Mechanical defect.s, if 
present in these materials, are healed or removed by high 
temperature exposure so that they have little influence on 
long term lifetime at elevated temperature. In this 
situation, lifetime can be determined by characterizing the 
damage and the rate of damage accumulation in the makerial 
at elevated temperatures. In ceramic materials such as 
silicon nitride and SiAlON, such characterization requires 
high resolution analyses because of the fine grain s i z e  of 
these materials: hence the need for transmission electron 
microscopy as an adjunct to the mechanical testing of 
ceramics for high temperature applications is apparent. 

of several ceramic materials will be correlated with 
microstructural damage that occurs as a function of creep 

Recent studies of high temperature failure of the non- 

In this project, the creep and creep-rupture behavior 
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strain and rupture time. Materials to be studied include: 
SiAlBN; hot-pressed silicon nitride; sintered silicon 
carbide. This project will be coordinated with WBS 3 . 4 . 1 . 3 ,  
Tensile Creep Testing, with the ultimate goal of developing 
a test methodology for  assuring the reliability of 
structural ceramics for high temperature applications, 

Technical Pgosress 

Over the past six months, analytical transmission 
electron microscopy was used to characterize a Sic whisker 
reinforced silicon nitride that had been subjected to 
tensile creep at 12QO'C and 125O'C. A similar study was 
conducted on hat-pressed, reaction bonded silicon nitride. 
The latter material was supp~sed to be the monolithic 
counterpart of the whisker reinforced material, however, a 
microstructural examination of the monolith indicated that 
the microstructure differed significantly from the matrix of 
t he  whisker reinforced material. Both materials studied in 
this project were supplied by J.G. Baldoni of the GTE 
Laboratories. 

crept samples of monolithic silicon nitride, revealed a 
bimodal g r a i n  structure, composed of a matrix of equi-axed, 
submicran Si,N, grains and much larger, 1 to 1 8  pm tabular 
Si$, grains. The submicron matrix in the monolithic 
material is similar to the matrix found in the whisker 
reinforced material. The presence of Si,N, grains that 
correspond to randomly oriented, basal platelets suggests 
abnormal grain growth during the processing of the 
monolithic Si3M, material. 
grain growth occurs as a result of differences in hot- 
processing conditions, o x  as a consequence of subtle changes 
in sintering aid composition are currently being pursued. 
In this regard, the residual glass composition (primarily a 
yttria-sil-i cate glass) in t h e  "as-received" monolithic 
material is devoid of CaO, which is present in minor 
concentrations in the whisker reinforced material as a 
contaminant associated with the Sic whiskers. Differences 
may also exist in minor concentrations of A1,0, in the 
binder  glass. Comparisons of the monolithic and whisker 
reinforced materials also revealed a considerable difference 
in porosity. Whereas little inherent porosity was found in 
the Sic whisker reinforced material, clusters of 
intergranular voids were found distributed within the matrix 
of the monolithic material. 

interesting to note that both materials exhibit a "composite 
type" structure: one containing a distribution of 1 to 25 pm 
long Sic whiskers; the other containing a distribution of 1 
t o  10 F J - ~  Si3N, platelet shaped grains. Examination of both 
materials indicated that creep cracks proceed from full 

Preliminary studies on both the as-received and the 

The question of whether abnormal- 

Despite these differences, it is nevertheless 
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facet cavities, either along favorably oriented Sic whisker 
interfaces in the whisker reinEorced material, or along 
favorably oriented grain boundaries separating abnormally 
large Si& grains in the monolithic maberial. The 
increased lifetime of the monolithic material appears to be 
related to both the smaller dimensions o f  the crack l i k e  
interfacial cavities and to t.heir apparent arrest within the 
finer-grained structure of this material. 

the intergranular binder phase was also investigated during 
the past six months. Crystallization that occurs during 
high temperature creep has a pronounced effect on the creep 
rate,  increasing resistance to creep deformation. To date, 
examination of crept samples of bath materials has shown 
that devitrification to an apparently "pure" yttria silicate 
crystal occurs rapidly within the larger interstices of both 
materials, effectively transforming the interstices into a 
multi-phase crystalline grain structure. High resolution 
observations indicate the persistence of a thin, amorphous 
interfacial layer between all crystalline phases, including 
narrow ( 5 1  nm) interfaces between adjacent Si3N, grains, 
Thus, while devitrification greatly reduces the volume of 
glass present in these materials, the process of grain 
boundary sliding by which deformation and cavitation occur 
is still CQntrOlled by an amorphous interfacial phase. 

Future efforts in this project will concentrate on 
characterizing differences between the t w o  materials, 
focussing on compositional and microstructural changes that 
occur during high temperature creep. It is anticipated that 
this comparative study will be completed by the next Semi- 
Annual report. 

The nature, extent, and effect of crystallization of 

Status of Milest-g-bes 

All milestones are currently on schedule. 
Microstructural analyses by analytical transmission electron 
microscopy have been applied to Sic whisker reinforced Sip4 
after tensile creep. Similar analyses are being applied to a 
monolithic counterpart (milestone 311101) of the whisker 
reinforced Si ,N , .  The results of this study will be 
described in a talk at the Ceramic Science and Technology 
Congress, Anaheim, @A, November 1989. A gaper an this work 
will be published in the Proceedings of the 14th Annual 
Conference on Csmposikes and Advanced Ceramicsl January 1990 
(Milestone 3 1 1 1 0 2 ) .  

Publications 

A paper en t i t l ed  "Effect sf Microstructure on the Creep 
of Siliconized Silicon Carbide" has been submitted to the 
Journal of the American Ceramic Society. 
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m i c a /  P r w r t  ies of St ructural Ceram ir;s 
R. K. Williams and R. S. Graves (Oak Ridge National Laboratory) 

The structural ceramics which will be used in the combustion chambers of advanced heat 
engines must also thermally isolate the metallic parts of the engine from the high temperature 
combustion gases. The ceramics being considered for this application are complex materials 
which are toughened by the presence of a second phase. The purpose of this task is to develop 
an improved understanding of the factors which determine the thermal conductivities of these 
structural materials at high temperatures. This study is required because the thermal 
conductivities of the ceramics of interest are generally not known at high temperatures, and the 
theory has not yet been sufficiently developed to yield reliable predictions. The influences of 
second phase type, content, and shape, and of parallel energy transpolt by photons are of 
particular importance. At present our understanding of these variables is at best only qualitative. 
The two areas which will be investigated are the role of photon transport at high temperatures and 
the influence of second phase additions. 

Jechnical pr- 

A study of the thermal conductivity of transformation toughened A1203-Cr203 solutions 
has been concluded. This material was of some interest for insulated diesel applications, and 
previous work’ showed that the thermal conductivity was lower than expected from a theoretical 
calculation. This calculation involved assuming that the Zr02 toughening phase was insoluble in 
the A12Q-Cr203 matrix, and the validity of this assumption has been investigated experimentally. 

It was necessary to prepare a sample especially for this study because the thermal 
conductivity samples were not suitable for microprobe analysis. Baikowski CR-10 AIzO3, Zircar 
ZYP unstabilized ZrO2, and Cr(N03)~ . 9H20 were mixed by adding the nitrate in a methanol 
solution. The product was dried and fired in air at 1150’C for 2 hours to decompose the nitrate 
and dissolve the Cr2O3 in the Al2O3. The product was then broken up and hot pressed at 1600°C 
for 10 minutes. The nominal composition was A12a-30 mol Yo Cr2O3 -t 10 vol Yo 2302, and the 
relatively low concentration and relatively large particle size of the ZrO2 made it possible to obtain 
reliable microprobe data. 

mutual solubility in the AI203-Zr-02 system. The microprobe data indicate that there is a small 
amount of miscibility in the ternary system at 1600%. The Zr02 particles had an average cation 
analysis of 3.3 at. % Cr and 1.8 at. Ol0 AI. The properties of the A1203-Cr203 matrix phase largely 
determine the thermal conductivity, and the microprobe analysis showed 0.6 at. o/o Zr, 27.7 at. Yo 
Cr, and 71.7 at. o/o AI. The presence of Zr in this phase probably accounts for the observed 
thermal conductivity reduction. Phonon-point defect scattering depends on the difference 
between the mass of individual defects and the average mass of the lattice. In the A1263-Cr203 
system this scattering is mostly due to the Crt3 ions, and Z f l  should scatter much more strongly 
because the mass difference is larger. Also, accommodating Z e 4  in the lattice requires the 
creation of cation vacancies, and these defects also scatter strongly. 

original sample of (Rbo.sCso.5) Zr2 (PO4) supplied by VPI was not suitable. A second sample of 
this compound was 43% denser and had a crushing strength of 30 ksi. Thermal conductivity, h, 
data were obtained over the temperature range 304-363 K and fitted to the equation: 

The ternary system and the 0203-ZrO2 binary have not been studied. There is no 

A study of the low expansion ceramics developed at VPI2 has also been concluded. The 

h-’ = 0.3706 -t- 5.57 x 10-4T. 
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In this equation his in Wrn-IK-’ and the temperature, T, is in Kelvins. The thermal 
conductivity of this material is comparable to that of cubic zirconia. 

Ref e r e n m  

1 . 0. R. Johnson, Ceramic Technology for Advanced Heat Engines Project Semiannual 
Progress Report for October 1988 Through March 1989, QRNUTM-11239 
(August 1989). 

2. J. J. Brown, R. E. Swanson, and F. A. Hummel, Ceramic Technology for Advanced 
Heat Engines Project Semiannual Progress Report for April through September 1988, 
ORNUTM-11116 (March 1989), p. 125. 
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B. L. Keyes (Oak Ridge National Laboratory) 

The objective of this task is to develop a comprehensive computer data base containing 
the experimental data on properties of ceramic materials generated in the overall effort. This 
computer system is intended to provide a convenient and efficient mechanism for the Compilation 
and dissemination of the large amounts of data involved. The data base will be made available in 
electronic form to all project paitidpants. In addition, periodic hard copy summaries of the data, 
including graphical representation and tabulation of raw data, will be issued to provide convenient 
information sources for project participants. 

The first draft of the fourth data base semiannual summary report was written, compiled, 
and completed during this semiannual period. This report contains experimental test data and 
background information from the data base on alumina-based alloys, including whisker-reinforced 
aluminas and mullites. 

materials. Approximately 52% of these are on zirconia-based ceramics, 3% are on silicon 
carbides, 12% are on silicon nitrides, 7% are on whisker-reinforced silicon nitrides, 25% are on 
alumina-based ceramics (including whisker-reinforced materials and mullites), and 1% are on other 
ceramics. Table 1 gives a detailed breakdown, by material class, of the data presently stored in the 
system. A list of materials within a material class will be made available to users upon request. 

Completion of the proposed computer-based user interface, originally planned for 
December 1989, has been delayed due to time contraints. Until the interface is completed, a 
hardcopy users guide, in progress now, will be available for those who need to use the data base. 
This guide will contain the various file structures, definitions and standard units for all the fields, a 
map of the data base, and tips on how to use various features of the system. Since the data base 
operates within the dSASE IV" structure, the user's guide will be slanted toward the dBASE 
format. Users of other data handling programs such as Lotus 1-24" or EXCELm will find the 
guide useful in linking fields in different files together. (The data base is relational, composed of 
many different files, each with its own specific purpose.) Work on the field information section is 
presently nearing completion. We are trying to have the guide available by mid-to-late November. 

While compiling the field information for the user's guide, we found several 
inconsistencies in the files, all very minor, but annoying. One of our main goals during the next 
bimonthly period, is to clean up all those inconsistencies and optimize the files. During this 
period, we also plan to make a detailed survey of the existing information in the data base to 
determine what information is still needed to produce compiete material/test profiles, 

Another project planned for the future is to create a better link between the IBMlPC-type 
computers and the Apple Macintosh computers. The data base resides on an IBM PC/AT with a 
dual 20-Mb Bernoulli disk drive to allow more space for larger data bases. To be useful to the 
engineeringldesigner community, the data base must be importable and exportable in most major 
IBM and Apple formats because both are heavily used in research and industry. This IBM-to-MAC 
link has recently become more important since more microcomputer users are now using 
Macintoshes. 

Data collection and input for the next semiannual data base summary report will begin 
soon and will feature an update on rirconia-based ceramics. We welcome data from all participants 
in the CTAHE program, and will gladly work with anyone willing to contribute to the data base. 

The data base now contains about 3925 test results on 282 different batches of ceramic 
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TABLE 1. CTAHE DATA BASE SUMMARY AS OF SEPT. 30,1989 

Material Creep Cyclic Density Dynamic Elasticity Fracture Interrupted Material MOR MOR Tensile 
Class Fatigue Fatigue Touqhness Fatigue Characteristics 3 Pt Bend 4 pt Bend 

Alumina 1 15 9 
Alumina + reinforcing fibers 7 
Alumina + Zirconia 
Mullite 
Mullite + reinforcing fibers 
Silicon Carbide 5 13 
Silicon Nitride 27 19 15 16 

Zirconia 43 158 
Zirconia + reinforcing fibers 

Silicon Nitride + reinforcing fibers 15 2 

24 20 
39 

2 1 
11 16 

5 
2 45 
16 31 
92 54 21 5 

5 

19 
91 

2 
48 
7 

29 
44 
37 
5 

371 28 
1 44 11 
7 

1 4 
9 22 

65 
10 174 16 

34 50 
1276 28 

2 
Other 5 

Totals 28 92 187 38 147 21 6 21 5 282 20 21 04 133 w 
P 
0 

Material Oxidation Poisson's Shear Thermal Thermal Thermal Thermal Thermal Wear Weld X-Ray 
Class Rate Ratio Modulus Conductivity Contraction Diffusivity Expansion Shock Resist. Shear Diffraction 

Alumina 3 1 2 
Alumina + reinforcing fibers 34 18 4 6 
Alumina + Zirconia 23 21 
Mullite 
Mullite + reinforcing fibers 
Silicon Carbide 18 17 
Silicon Nitride 1 2 1 9 10 34 2 49 
Silicon Nitride + reinforcing fibers 3 17 16 9 17 14 
Zirconia 57 72 
Zirconia + reinforcing fibers 
Other 2 

Totals 4 19 17 55 23 45 92 8 4 57 138 

Total number of records on file: 3924 
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EPEMBENT BEHAVIOR, 

Characterization of Transformation-Totilehened Ceramics 
Jeffrey J. §wab (U.S. Army Materials Technology Laboratory) 

Obiectivc/Scope: 

Because of their unusual combination of properties, transformation toughened zirconia, 
specifically yttria tetragonal zirconia polycryslal materials (Y-TZP), are considered candidate 
materials for components of advanced diesel engines. However, Y-TZPs are susceptible to 
a loss of strength and toughness after long times at elevated temperatures. Accordingly, 
tasks werc initiated to define the extent and magnitude of these potential losses. 

The first task exposed a variety of Y-TZPs to IQ00"C for 180 and 500 hours to 
determine if room temperature strength and toughness changed after exposure. The second 
task was to determine the performance of these Y-TZPs under a combination of elevated 
tempcrature and stress. This was to be completed using Stepped-Temperature Stress- 
Rupture and Stress-Rupture tests. The third task i s  to examine ZTA materials using the 
same test matrix. 

Technical Highlbhts: - 

1) Two Y-TZP materials, the sinteredhip'ed YZ110 from Norton a. and the hot 
pressed material from Hitachi, were examined to determine the time dependent behavior at 
600" and 700°C. Both have quite similar tirne-dependent behavior between 800" and 1200°C 
as indicated by the stepped-ternperaturc stress rupture results (Figure 1). I-Iowever, the 
stress rupture behavior of the Norton material is significantly better at 700" than that of the 
Hitachi (Figure 2 & 3). The Norton matcrial was able to support a stress of 600 MPa for 
1,000 hours without faiIure, but, thc Hitachi could only support 400 MPa for 1,OOO hours 
without failure. A difference in grain size may account for this difference in behavior. The 
Norton matcrial has an average grain sizc of -1.0 p m  while the Hitachi is much finer at 
-0.3 p i .  It  has been shown that there is a critical grain size (D,) necessary for the 
retention of the tetragonal phasc. Above Dc it is increasingly difficult to rctain the 
tetragonal phase. Therefore, it may be easier for the tetragonal grains in the Norton 
material to transform, resulting in higher time-dependent strength because there is a larger 
contribution from the transformation toughening phenomenon. Further work is needed to 
determine if other factors such as processing, yttria content, impurity content and grain 
boundary chemistry play a role in this improved behavior. 

Stress rupture tests on the Norton material at 600°C show further a improvement in 
the time-dcpendent behavior (Figure 4). At this temperature one specimen showed it could 
support 700 MPa for 1,000 hours without failure. Tests at this temperature are currently 
underway on the Hitachi material. 

2) Two ZTA materials manufactured by Kyocera-Feldmuehle, (KF), code: BN70 and 
Ceramatec, (CZA), code: CZA-600, were obtained from characterization. The density, 
MOE and room temperature strength ha: been determined for the as received state (Mi) 
and after 500 hours of exposure at 1000°C (500/1000). The results are listed in Table 1, 
also included is data on a high purity, fully dense alumina produced by Chors for 
comparison. 
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Table 1. 

Density (g/cc) MOE (GPa) Strength 
Material §ow1 AR 500/1 AR 5 0 / 1  

KF 3.94 3.94 353 355 5 12 461 
CZA 4.17 4.17 339 343 44 1 433 
ALUMINA 3.93 3.93 --- -..* 332 339 

As expected both ZTAs had a higher average room temperature strength than the pure 
alumina, but after exposure the KF showed a strength loss while the CZA did not. Further 
analysis is nceded to explain this difference. 

Stepped-temperature stress-rupture testing of these %TAs between 600" and 1200°C has 
been completed and is plotted in Figures 5 & 6. The KIF material had typical time- 
dependent failures while the CZA had an anomalous behavior. Also creep was evident as a 
result of the STSR tests for the CZA but not the KF. These differences are probably due 
to microstructural variations. However, microstructural analysis has been delayed due to 
limited availability of the in-house SEM. 

Camparison of the STSR results for these ZTAs with that of the Y-TZPs from the 
June-July 1988 Bimonthly report shhows that both ZTAs have slightly better stress carrying 
capabilities at 1100" and 1200°C than all but the Hitachi Y-TZP. 

Due to a lack of interest in oxide based materials by the heat engine community, work 
on these materials will be considered complete once fracture toughness has been determined 
for both ZTAs. Primary emphasis will tben shift to silicon nitride and silicon carbide based 
materials with any work on oxide materials being secondary. 

References: 

1. Lange, F.F., "Transformation Toughening - Size Effects Associated with the 
Thermodynamics of Constrained Transformations," J. Mat. Sci., 17, 225-234 (1982) 

Status of Milestones: 

Room temperature strength before and after treatment and STSR tests have been 
completed on the ZTAs but lracture toughness determinations were dclayed dur: to 
problems encountered in specimen preparation. This has been rectified and toughness 
evaluations are proceeding. 

Communications/Visitors/"ravel: 

Visited with Ted Lilley, Ken Manwiller and Oh-Hun Kwon at Norton, Co. to discuss 

A phone conversation with Jerry Brockmeyer of the Rocketdyne division of Rockwell 
the previously mentioned stress rupture results on the YZ-110 material. 

International shows that they are interested in having some of the transformation-toughened 
silicon nitrides that were developed under subcontract 86X-22009C tested at elevated 
temperatures using stress rupture type testing. The material of interest is a composite of 
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I am unable to obt3i1-1 enough time on thc SEM for appropriate fractographic and 
micrcastrraetural analysis since the technician which r m  the unit is no longcr cwnplcayed at 
MrL and no onc has bcc hired to fill the position. 

Puklicatioiisr 
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Figure 1. 
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Figure 3 .  
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STRESS-RUPTURE AT 600" C 
NORTON YZIIQ (SINTERED AND HIPPED) 
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Figure 4. 
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Fracture Behavior of Toughened Ceramics 
H. T. Lin, P. F. Becher, and W. H. Warwick (Oak Rid e National Laboratory) 

Obiective/scope 

Ceramic composites, such as fiber and whisker-reinforced ceramics, particulate phase 
composites, and ceramics with similar grain structures, offer important advantages for heat 
engine applications. Chief among these is the improved fracture toughness that can be 
achieved by appropriate design of microstructural and material parameters. Previous studies 
show that these materials often exhibit substantial improvements in damage, thermal shock, 
and slow crack grovvth resistances. However, design of such systems must also consider 
the factors that influence performance at elevated temperatures. 

properties, for example, creep, delayed failure, strength, and toughness, at elevated 
temperatures for these toughened ceramics. Particular emphasis is placed on 
understanding how microstructure and composition influence the mechanical performance at 
elevated temperatures and the stability of these properties for extended periods at these 
temperatures. The knowledge gained from these studies provides input on how to modify 
materials to optimize their mechanical properties for the temperature ranges of interest. 

In response to these needs, studies are conducted to determine the mechanical 

Technical progress 

Previous studies of alumina composites reinforced with 20 vol 96 Sic whiskers 
indicated that long-term exposures to flexure stresses at 1200°C resulted not only in 
permanent deformation but also in a significant degradaeion in mechanical properties.'v2 The 
observed permanent deformation resulted from creep cavitation and microcracking at grain 
boundaries which led to failure. In order to ensure and improve long-term reliability at 
temperatures above 1 100°C in air, the creep behavior of Sic whisker-reinforced alumina must 
be understood and controlled. Creep tests in four-point loading configuration at selected 
stress levels and at temperatures of 1200, 1300, and 1400°C in air of 20 vol % SiG whisker- 
reinforced alumina vs unreinforced, single-phase alumina have been conducted. The 
purpose of the polycrystalline fine-grained alumina study was to elucidate the deformation 
mechanism of alumina matrix and, furthermore, to provide a baseline for understanding the 
effect of Sic whiskers on the creep behavior of composites. 

composite (2 pm) and fine-grained alumina (1.5 pm) at temperatures of 1200 and 1300°C 
and at a stress level of 100 MPa. Strain rate vs time curves of both materials indicate a 
primary creep stage which transitions to secondary creep stage (steady state creep) with 
increasing time of test for both materials. The results also show a well-developed, 
secondary creep stage is achieved. The secondary creep rates of the alumina composites 
are two orders of magnitude lower than that of the alumina shown in Fig. 1. Thus, the 
creep resistance of polycrystalline alumina can be significantly improved through the addition 
of Sic whiskers. On the other hand, the fins-grained alumina always exhibits substantial 
permanent deformation strain (>3%, limited only by test fixture, not by sample failure) while 
strain of 50.5% results ifl failure in reinforced alumina. 

been polished and then deformed at 1300°C to 3.1% strain. Such observations clearly show 
intergranular cavitation, which is generally restricted to the neighborhood of well-developed 
cracks. In all instances, the cavity distributions are inhomogeneous. Grains are observed to 
slide out of the surdace as a result of grain-boundary sliding (GBS). Surface features also 
reveal grain rotation. Such grain offsets and rotation confirm that GBS makes an important 
contribution to the creep and deformation of the polycrystalline alumina. TEM studies on 
similar tensile surface sections of the alumina also reveal ~nter~ranu~ar cavities, triangular 

Figure 1 shows the variation in strain rate vs time for both Sic-reinforced alumina 

Figure 2 shows the tensile surface features of the polycrystalline alumina that has 
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voids at triple points, and voids associated with precipitates, as shown in Fig. 3. Triple- 
point cavities present further evidence of GBS which is not fully accommodated by other 
diffusion processes. Mote that dislocations are rarely obsesved in the alumina grains. This 
indicates that GBS, rather than dislocation slip and/or climb, is the dominant process when 
such materials are subjected to flexure/tensile stress. 

The reduction in the ability of ~ r ~ i ~ - ~ ~ ~ n ~ ~ ~  sliding, and hence, creep rate in the 
composites, can be attributed to them acting as hard-pinning particles on the grain 
boundary surfaces and as rigid rods which penetrate across the boundary planes, Both 
types crf whiskor-grain boundary orientations are obsewed in the composites. The 
propensity far crack generation in the composites also has its roots in the reinforcing effects 
that !innit 68s and decrease the creep rates. Figure 4 shows a TEM m ~ ~ r o g r ~ p h  of tensile 
surface regions ob ~ h i s k ~ r - r ~ ~ n ~ ~ r c ~ ~  alumina tested at 1300°C. Cavitations at matrix-whisker 
interfaces, triple-grain junctions, and grain interfaces are noted. In general, the alumina 
composites exhibit a higher number densi of cavities and well-developed microcracks and 
macrocracks as cornpared t8 the alumina. This may be due to the fact that the addition of 
SIC ~ ~ ~ ~ k e r ~  into fine-grained alumina acts to introduce more stress concentration sites; 
consequently, th$ leads to a higher number density of cavitation and rnicrocracking. It is 
also apparent that alumina composites exhibit smaller cavity size than those of single-phase 
alumina. In addition to the greater number of potential cavitation sites, the reduction in 
cavity size may be influenced by a decrease in plastic deformation of the composites 
(50.5%) vs that of the alumina (33%). The microcracks join together to generate numerous 
large-scale cracks, with the most critical crack resulting in failure. This process is likely 
enhanced for surface flaws by the oxidation of SIC whiskers and the formation of amorphous 
phases on the surfface of the flexure bars. Such amorphous phases would locally accelerate 
creep damage. 

It is see0 that creep defo on in flexure i t i  both the alumina and the composite 
occurs through GBS am! by nu ion, growth, and coalescence of grain-boundary cavities. 
Such processes ewentually lead to crack f ~ ~ ~ a ~ ~ ~ ~  and growth and, finally, to failure. The 
lifettime of these materials at elevated temperatures is dictated first by minimizing creep and 
eventually by creep damage a ~ ~ ~ ~ ~ ~ ~ ~ t i ~ n .  The presence of grain-boundary SIC whiskers 
significantly retards the ~ r a ~ n ~ ~ ~ u ~ ~ ~ ~  slidin , leading to a substantial decrease in steady 
creep rates. This feature allows the compos 
monolithic alumina while avoiding excessive deformation. The whiskers also promote 
cavitation and decrease the strain to failure. However, the use of such materials demands 
that permanent deformation first he excl~lded at d e elevated temperatures over the desired 
stress range, 

Sintering aids, that is, Y,Q, and Mgbd, are sometimes used lo enhance the 
densification rate and l imi t  grain growth of the matrix of the altnmina-based composites. This 
is partly ~ c c o ~ ~ ~ ~ ~ h ~ d  by the formation of grain-bwndaty glassy phases containing Y, AI, 
and Si. Creep tests in f~ur-point fkxi-sre in air at 4360°C viere also conducted on alumina 
composites (20 vol 94 Sic whiskers) containing sintering aids (Le., 0.4 wt % MgO and 
0.4 wt 96 Y20J to understand how the sintering aids influence the creep resistance of 
alumina composites mdcr the testing conditions employed in this study. 

The creep data for alumina composites with and without sintering aids at 1300°C; is 
sl?own in Fig. 5 as a log-log plot of steady creep rate vs applied stress. Resiilts indicate 
that the creep rate of alumina composites is increased by approximately two to three arders 
of ~ a ~ n ~ t ~ d ~  with the addition of sintering aids as compared to the composite without 
additives. In addition, the composite e~ntaining sintering aids exhibits a higher stress 
exponent (n 4.3) rhan that of coniposite without ~ ~ ~ t ~ r ~ ~ ~ ~  aids (n zz 2). This suggests that 
the c ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~  of the various creep processes in these two materials is quite different. The 
higher creep rate awl stress exponent found in the composite containing sintering aids are 
mrilauted to the observed siibsrantial content d amorphous phases at grain boundaries as 
compared to composites made without sintering aids. The presence of intergranular glassy 

to be utilized at higher temperatures than the 



Status of milestones 

A shift in Miieslone No. 321308 was requested i 
June 1990. This reques was due to a delay in the receipt of high t e ~ ~ @ r ~ t ~ ~ r ~  dilatometers. 

publications 

Paper entitled, "Creep Behavior of a Sic Whisker Weinforce Alumina," ~~~~~~~~~ to 
,I. Am. Ceram. Soc. 
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Fig. 1. Strain rate vs time creep curves for polycrystalline fine-grain alumina and Sic 
whisker-reinforced alumina. Note creep rate of alumina is significantly reduced through the 
addition of Sic whiskers. 
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Fig. 3. "EM micrograph of tensile surface regions of polycrystalline alumina tested at 
1 W C .  Note cavitation occurs at grain boundaries, triple grain junctions, and precipitates. 
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Cvclic Fatiuue of Touahened Ceramics 
K. C. Liu and C. R. Brinkman (Oak Ridge National Laboratory) 

0 biective/scope 

The objective of this task activity is to develop, design, fabricate, and demonstrate the 
capability to perform tension-tension dynamic fatigue testing on a uniaxially loaded ceramic 
specimen at elevated temperatures. 

(1) design, fabrication, and demonstration of a load train column which truly aligns with the 
line of specimen loading; (2) development of a simple specimen grip that can effectively link 
the load train and test specimen without complicating the specimen geometry and hence, 
minimize the cost of the test specimen; and (3) design and analysis of a specimen for 
tensile cyclic fatigue testing. 

Three areas of research have been identified as the main thrust of this task: 

Technical prowess 

An exploratory test matrix designed to generate tensile and cyclic fatigue data has 
been completed on NortonflRW NT-154 Si,N,. Specimens designated as CP-series were 
fabricated by a cold isostatic pressing process prior to HlPing and those fabricated by slip 
casting as the PC-series. Because the total number of PC specimens was limited, only 
tensile tests were performed for this series. Test parameters and test results were 
summarized in Tables 1 and 2 for uniaxial monotonic tensile tests and in Table 3 for cyclic 
fatigue tests. Two different stressing rates of 7.5 and 2100 MPdmin were used in tensile 
tests to investigate the effects of stressing rate on the tensile strength of this material. A 
much higher stressing rate of 21,000 MPdmin was used in cyclic fatigue tests. 

Results of uniaxial tensile testing. All tensile data obtained to date were plotted in 
Fig. 1. Discussions were given previously concerning the tensile strength of CP-specimens 
related to MOR strength obtained by various laboratories. Comparisons of data given in 
Fig. 1 show that slip cast specimens (PC-series) yielded tensile strengths marginally higher 
than that of ClPed specimens (PC-series) at temperatures below 1300°C. The situation was 
inconclusive at 1300°C due to the lower fracture strength obtained for specimen PC-2. A 
cursory examination of optical fractographs of specimen PC-2 indicated that the low fracture 
strength was attributed to a large fracture initiating a defect located near the center of the 
fractured cross-section. 

Fig. 2. Testing under the high stressing rate at 2100 MPdmin showed the material behaved 
like an elastic solid. As the stressing rate was decreased to 7.5 MPdmin, plastic 
deformation became barely perceptible in the high stress range for ClPed specimens tested 
at 1200 and 1300°C (curves B and D). In contrast, slip cast specimens appeared to be 
more viscoplastic in the high temperature range as shown in curves E and H for specimens 
PC3 and PC-7, respectively. This might be the reason that the tensile strength of PC 
specimens was generally higher compared to that of CP specimens. The values of elastic 
modules tabulated in Tables 1 and 2 were determined from the stress-strain curves 
whenever they were available. 

Uniaxial stress-strain behavior of the material at elevated temperatures is shown in 

Cvclic fatigue testing. Cyclic fatigue tests were continued. As in the previous tests, 
two modes of cyclic loading conditions were used: (a) a constant amplitude cyclic loading 
in tension-tension with an R-ratio of about 0.1 at a stressing rate of 21,000 MPdmin, and 
(b) cyclic loading from low to high stress levels in multiple steps generally known as 
"coaxing." Test parameters and results were tabulated in Table 3, and the test data were 
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plotted in Fig. 3. The closed symbols indicate that failure occurred at the test condition 
indicated; whereas, the open symbols attached with an arrowhead indicate the end point of 
each intermediate cyclic loading, and that specimen failure did not occur at the indicated 
test condition. Intermediate loading steps were interconnected by short broken lines, which 
in all cases ended at the closed symbols, indicating specimen failure. Partially-filled symbols 
indicate the tensile fracture strength of specimens tested at the slow stressing rate. 

portrayed by the data points in the same temperature group. Therefore, they must be 
regarded only as approximations at this time and will be subject to revisions as more data 
are generated. Specimen CP-15 was not included in the approximate curve fitting for the 
1300°C data because it failed prematurely due to surface damage as pits resulting from the 
interaction between the specimen and the alumina probing rods used in the mechanical 
strain extensometer. The alumina rods will be replaced with SIC rods in future testing. In 
the meantime, the mechanical strain extensometer was used in subsequent tests only for a 
short period of time to record the initial cyclic stress-strain curves. The strain extensometer 
was then disengaged from the test specimen. To best describe the fatigue behavior at 
137OoC, data were bracketed by a scatter band. 

The fatigue curves depicted in Fig. 3 were determined visually based on the trend 

Electron microscopy. Optical (OM) and scanning electron microscopy (SEM) were 
performed on specimens CP-10 and CP-14 tested at 1200°C in tension at a fast 
(2100 MPdmin) and a slow (7.5 MPdmin) testing rate, respectively, and are illustrated in 
Figs. 4 and 5. Those of specimens CP-8 and CP-12 tested at 1370°C are given in Figs. 6 
and 7, respectively. Fracture surfaces of all specimens tested in tension show that internal 
and subsurface defects were the origins of fracture initiation sites, as shown in Figs. 4-7. 
Flat mirror regions at fracture initiation sites are smaller for specimens tested at 1200°C 
compared with those for specimens tested at 1370°C. Similarly, they are smaller for 
specimens tested at the fast stressing rate compared with those for specimens tested at the 
slow stressing rate. Slow crack growth was apparently a dominant mechanism of fracture at 
1370°C under the slow stressing rate. General observations show that the porosity is small, 
a couple of microns or less in diameter, and uniform throughout the bulk, resulting in high 
tensile strength. Therefore, a cluster of relatively large defects, ranging from 10 to 30 
microns, was usually a potential fracture initiation site. Transgranular fracture was a 
prevailing mode of fracture for specimens tested at 1200°C. However, as temperature 
increased to 1370°C, a mixed mode of transgranular and intergranular fractures became 
more evident in the crack mirror region. 

To investigate the effect of coaxing on the fatigue behavior of this material, each 
coaxing test was paired with a control test using the same stress level: CP-16 (coaxed) vs 
CP-20 (uncoaxed), CP-21 vs CP-22, and CP-24 vs CP-26, respectively. Observation clearly 
indicates that coaxing enhanced the cyclic fatigue lifetime by nearly one to two orders of 
magnitude. Testing of specimens CP-27 and CP-29 was intended to determine the high- 
cycle fatigue lifetime of the material at 1370°C. However, in both cases, the specimens 
underperformed far below our expectations. 

Tensile testincl of Sic whisker-reinforced alumina. A hot-pressed plate (150 mm2 by 
16 mm) of silicon carbide whisker-reinforced alumina, designated as PAD-AS30W, was 
received from CERCOM of Vista, California. A batch of seven specimens was made from 
the plate, following detailed NDE inspection by ultrasonics. Figure 8 shows an ultrasonic 
scan on a focal plane at a depth of about 2.5 mm from the plate surface. Large dark spots 
indicate defects which may be poorly dispersed Sic whisker clumps or inclusions. Noted 
that the images of the defects as seen in Fig. 8 were exaggerated by the technique with the 
actual sizes being much smaller. Examinations under a light microscope showed that all 
specimens had small, shallow, surface defects. Nevertheless, the specimens were tested in 
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ndition w i ~ ~ ~ ~  surface ~ o l j ~ h j ~ ~ .  It was intended to see if the tensile 
by such surface flaws. 
as tested in pure tension. Three specimens were 

to plot the ~ t r e $ ~ - ~ t r a ~ ~ ~  relationship and to determine tho 
erial. The: remaining three specimens were tested with a 
for the purpose of comparing measurements with strain 

about 40% higher thalli that of alumina. Values of 
h degree of r e ~ r ~ ~ ~ i ~ ~ ~ i l ~ ~ y  in c ta previous values 

us would be high for 

~~~~~~~~~~ in Table 4. The ensile strength was 

le 4 were determined from 
ed stress-strain curves. 

~ ~ ~ ~ ~ n a ~ ~ ~ n  sf the fractographs shown in Figs, 9 and 10 indicated that all tensile 
fractures were initiated d 
Iscations of the fracture 
the fractures were not biased by test equipment and fixtures. Further detailed studies 

the tensile strength was inversely ~ r ~ ~ ~ ~ ~ ~ ~ ~ l  to the size of the fracture 
The small defect that is trarely visible in Fig. 9 (I) was apparently responsible 

large internal flaws, ips shown by open arrowheads. Random 
ins, with respect to a fixed reference testing positian, indicated 

for the high tensile strength in en 1 and vise versa In the other cases. Probably by 
fects in specimens 2 through 6 show about the same 
le r ~ p ~ o d u ~ i ~ i l i ~  of the tensile strength data. 

imen was subjected to cyclic fatigue loading in tension to a 
i) at a stressing rate of 21,008 Palmin, The peak stress is 
average tensile fracture streng calculared from the test data 

ble 4. A total of A 15,000 cycles has accunluiated to date, and the test is; 

Status of milestone 

321 408 - Ekvated-temperature fatigue and tensile tests an an advanced toughened 
ceramic material were completed as scheduled. 

9 - A draft report covering results of ~ l ~ v ~ ~ e ~ ~ ~ ~ ~ p ~ r a t u f ~  tests on toughened 
ceramic material has been completed and will be reviewed for publication. 

H. Pih and K. @. Liu, "baser Diffraction ~ e ~ h ~ d ~  for High Temperatures Strain 
Canference on Eiperirnental Mechanics, 

Society of ~ x p e r ~ ~ ~ n ~ a ~  ~ ~ ~ ~ a n i c s ~  Cambridge, Mass., May 3OJune 1, 1989, ISBN 0- 
81 2053-24-0, pp. 87-93. 

the abstract entitled, "High Temperature Tensile Strength and Fatigue of 
6 preprints of the 1989 ATD-CC meeting, Dearborn, Mich., 
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Table 1. Tensile tests of Norton/TRW NT-154 ClPed silicon nitride 
at room and elevated temperatures 

Plastic 
strain 

Total 
Stress Tensile strain Modulus of 

rw elasticity rate strength at failure 
Specimen Temperature 

(%I 
("(3 GPa (10' psi) MPa/min MPa (ksi) 

CP-18 RT 21 00 933 (135.3) 0 

CP-5 1100 298.3 (43.3) 21 00 642 (93.1) 0.21 4 0 

CP-10 1200 292.9 (42.5) 21 00 623 (90.4) 0.21 2 0 

CP-14 1200 274.6 (39.8) 7.5 503 (72.9) 0.199 0.01 6 

CP-6 1300 281.2 (40.8) 21 00 529 (76.7) 0.186 0 

CP-13 1300 234.4 (34.0) 7.5 288 (41.8) 0.152 0.029 

CP-8 1370 261.6 (37.9) 21 00 320 (46.5) 0.13 0.007 

CP-12 1370 209.4 (30.4) 7.5 203 (29.4) 0.252 0.155 

Table 2. Results of tensile tests on NT-154 slip cast silicon nitride at elevated temperatures 

Plastic 
strain 

Total 
strain 

at failure 
Modules of Stress Tensile 
elasticity rate strength 

("GI GPa (10' psi) MPa/min MPa (ksi) ("/.I 
Temperature 

(56) 

Specimen 

PC-5 1100 290.4 (42.1) 21 00 721 (104.6) 0.247 0 

PC-6 1100 247.4 (35.9) 7.5 560 (81.3) 0.226 0 

419 (60.7)' - _-- PC-1 1200 --- 21 00 

___ PC-4 1200 254.9 (36.9) 21 00 525 (76.1)' --- 

_- _-- PC-10 1 200 --- 21 00 638 (92.5) 

PC-9 1200 224.5 (32.6) 7.5 524 (76.1) 0.231 0 

PC-2 1300 _-- 21 00 382 (55.4) 

PC-3 1300 21 1.9 (30.7) 7.5 295 (42.8) 0.242 0.102 

--- --- 

'The maximum stress attained at the moment of buttonhead failure. 
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Table 3. Summary of cyclic fatigue tests of Norton/TRW NT-154 silicon nitride 
tested at elevated temperatures 

Number of 
cycles to 
failure 

Number of 

stress intermediate 
MPa (ksi) cyclic loading 

Temperature Cyclic stress Intermediate at: 
to failure 

("C) MPa (kso 
Specimen 

CP-16 1200 414.3 (60.1) 80,000 
28,691 

(80,000)a 
108,691 452.3 (65.6) 

CP-19 
CP-20 

1200 
1200 

474.64 (68,Q) 
448.7 (65.1) 

270 
8,605 

CP-15 1300 277.0 (40.2) 
292.2 (42.4) 

346,000 
11 9,300 

(346,000) 
(465,300) 

466,767 307.3 (44.6) 1,467 

CP-21 1300 338.1 (49.0) 
357.5 (51.8) 
372.4 (54.0) 

1,024,490 
233,240 
191,oM) 
44,383 

(1,024,490) 
(1,257,730) 
(1,448,730) 
(1,493,113) 

278 

387.5 (56.2) 

387.5 (56.2) 

361.2 (52.4) 

CP-22 

CP-23 

CP-24 

1300 

1300 

1370 

762 

207.0 (30.0) 
219.9 (31.9) 

(467,600) 
(683,800) 
815,566 

467,6M3 
21 6,200 
131,766 243.3 (34.0) 

234.0 (34.1) 

211.5 (30.7) 

211.8 (30.7) 

CP-26 

"-27 

CP-29 

1370 

1370 

1370 

2,349 

51 

238 

"Number of cycles accumulated at the end of intermediate loading. 
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Table 4. Uniaxial tensile strength of Sic whisker-reinforced 
alumina (CERCOM, PAD-ASSOW) tested at room temperature. 

Modulus of Tensile Total strain 

GPa (10' psi) MPa (ksi) failure (%) 
Specimen elasticity strength at 

cc-1 397 (57.5) 453 (65.7) 0.114' 

cc-2 396 (57.5) 433 (62.8) 0.1 09" 

cc3 403 (58.4) 426 (61.8) 0.10s" 

cc4 381 (55.3) 423 (61.4) 0.1 1 lb 

CCS 427 (61.9) 421 (61.0) 0.o9gb 

CC-6 431 (62.5) 431 (62.5) 0.1 

'Indicates strain measured by strain gages. 
By a mechanical strain extensometer. b 
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Fig. 8. Results of an NDE inspection by ultrasonic scanning showing large spot 
images of whisker cluqw. 
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Rotor Data Base Generation 
M. K. Ferber, M. G. Jenkins, and R. L Martin (Oak Ridge National Laboratory) 

Obiect ive/scoDe 

The goal of the proposed research program is to systematically study the tensile 
strength of a silicon nitride ceramic as a function of temperature and time in an air 
environment. Initial tests will be aimed at measuring the statistical parameters characterizing 
the strength distribution of three sample types (two tensile specimens and one flexure 
specimen). The resulting data will be used to examine the applicability of current statistical 
models, as well as sample geometries for determining the strength distribution. 

In the second phase of testing, stress rupture data will be generated by measuring 
fatigue life at a constant stress. The timedependent deformation will also be monitored 
during testing so that the extent of high-temperature creep may be ascertained. Tested 
samples will be thoroughly characterized using established ceramographic, scanning 
electron microscopy, and transmission electron microscopy techniques. A major goal of this 
effort will be to better understand the microstructural aspects of high-temperature failure 
including: 

(1) extent of slow crack growth; 
(2) evolution of cavitation-induced damage and fracture; 
(3) transition between brittle crack extension and cavitation-induced growth; and 
(4) crack blunting. 
The resulting stress rupture data will be used to examine the applicability of a 

generalized fatigue-life (slow crack growth) model. If necessary, model refinements will be 
implemented to account for both crack blunting and creep damage effects. Insights 
obtained from the characterization studies will be crucial for this modification process. Once 
a satisfactory model is developed, separate stress-rupture (confirmatory) experiments will be 
performed to examine the model's predictive capability. Consequently, the data generated in 
this program will not only provide a critically needed base for component utilization in 
automotive gas turbines but also facilitate the development of a design methodology for 
high-temperature structural ceramics. 

Technical Drwress 

Due to problems with delivery of the silicon nitride tension and flexure specimens, initial 
tests involved the measurement of the creep behavior of a 94% aluminum oxide. 
Specifically, the steady-state creep rate at 1000°C was measured as a function of applied 
stress utiliiing tension, compression, and flexure samples. One objective of this study was 
to evaluate the long-term stabilii of the capacitance extensometers used to measure tensile 
specimen deflection. In addition, the resulting data were used to examine the applicability of 
mathematical expressions relating the stress dependence of creep rate measured in tension 
and compression to that measured in flexure. 

samples are shown in Figs. l(a), (b), a d  (c), respectively. These tensile data not only 
indicate the ability of the capacitance extensometer to resolve changes in the material 
deformation but also verify the elimination of the difficulties associated with ambient 
temperarure changes noted in preliminary studies.' At the lowest stress level, the steady- 
state strain rate is about 8 x 10"o/s, which is an excellent demonstration of the capability of 
the system to measure very low strain rates. 

rate. As shown in Fig. 2, the stress exponent associated with the tensile creep was 5.5, 
which is indicative of cavitation processes related to the presence of the glassy second 
phase.2 Although the flexural creep exponent was similar to that for tension, the steady- 

Plots of strain versus time associated with the tension, compression, and flexure 

The data in Fig. 1 were used to determine the stress sensitivity of the steady-state creep 
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state tensile strain rates measured at a given stress were larger than those measured in 
flexure. This difference apparently reflects the influence of the compressive stresses present 
in the flexure sample. Finally, the creep exponent for the compression specimens was 
approximately 1, which indicates a diffusional process, Therefore, the major effect of the 
tensile stresses was to induce cavitation, thus accelerating the creep rate in the tension and 
flexure samples. By utilizing the equations given in Ref. 3, it was possible to predict the 
stress dependency of the flexural creep rate from the tension and compression data. The 
results (dashed line in Fig. 2) were in excellent agreement with the experimental data. 

A series of room-temperature, tensile strength tests of a high purity aluminum oxide 
were also initiated this reporting period. The primaty objective of these tests is to gain a 
better understanding of the factors responsible for recent buttonhead failures. Particular 
emphasis is being placed upon evaluating the buttonhead strength of gageless samples 
fractured using both straight and tapered collets (Fig. 3). The latter design has a distinct 
advantage in that the compressive stresses, which are generated in the shank region, assist 
in gripping the sample. In the straight collet design, the sample is supported entirely in the 
buttonhead radius. The match between specimen and collet radius is thus critical to 
achieving uniform loading. A key concern with this design is the effect of contact stresses 
upon the overall load carrying capability of the buttonhead. 

Three variations in the straight collet testing arrangement were evaluated. The standard 
arrangement consisted of stainless steel collets and a single piece cover plate (see Fig. 3). 
In the second arrangement, 'soft' copper collets (with single piece cover plate) were used to 
minimize line and point loading due to dimensional mismatches. A potential problem with 
this configuration involves the large gap between the cover plate and specimen shank 
(Fig. 3) which is required to accommodate the buttonhead when loading the specimen into 
the grip. As a result, the copper collet is only partially supported during testing. To 
eliminate this problem, a third grip arrangement using a split cover plate with the copper 
collets was evaluated. The cover plate/shank gap was reduced from approximately 2 mm 
(single plate) to ~ 0 . 5  mm, thus providing more uniform loading into the collet. 

numerically-controlled four-axis grinder. The gage section was eliminated from these 
samples to increase the probability that fracture initiated in the buttonhead region. Results 
of recent finite element modeling have shown that the nominal tensile stress is concentrated 
in this region due to contact mismatch between the collets and the specimen. 
Consequently, by comparing the fracture strengths obtained using each grip design, the 
relative magnitude of the associated stress concentration could be determined. 

Prior to testing, each sample was checked for dimensional consistency using a high 
resolution optical comparator with an associated numerical processor. This optical 
comparator system uses either projection or surface illumination at magnifications of X5 to 
X50 to accurately determine dimensions with a resolution of +/-0.001 mm, which is less than 
the tolerance range called for on the specimen drawings. Two important features of this 
system are the data processor and the optical screen sensor. The data processor 
automatically calculates such critical dimensions as radii and angles between intersecting 
surfaces with minimal operator interaction. The optical screen sensor eliminates operator 
guesswork by consistently determining specimen edges through the detection of the change 
in light intensity with a resolution of 0.001 mm. The dimensional data are automatically 
recorded on a personal computer in a spreadsheet format for subsequent statistical 
evaluation. 

sample: 

All test samples required for this study were machined from straight rods using a 

As shown in Fig. 4, the following dimensions were measured for each alumina tensile 

(1) the radius associated with buttonhead/shank transition (rJ; 
(2) the angle between the shank centerline and buttonhead (Ob,,); and 
(3) the shank diameter (dJ. 
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The parameters r, and 0, were measured at 90" intervals at each end of the specimen 
while d, was measured at 180" intervals. Figure 5 illustrates the excellent match between 
the required and machined dimensions associated with the buttonhead radius. 

The final step prior to testing involved the mounting of four strain gages spaced 90" 
apart on the central region of the tensile sample. These gages provided for the 
measurement of bending strain while the sample was loaded to failure. A sophisticated 
strain gage conditioning system with a programmable Yront-end processor' was used to 
simultaneously condition the strain gage signals; calculate the percent bending strain; and 
record the strain, percent bending error, and the applied load. 

Figure 6(a) shows the fracture loads obtained for each grip design. It is clear that the 
use of the tapered collets significantly reduced the level of stress concentration in the 
buttonhead region. As a result, the fracture loads were substantially higher than those 
associated with the straight collet grips utilizing either copper or stainless steel collets. 
These results are now being compared to predictions based upon the finite element 
modeling (see discussion below). In the case of the straight collet design, the substitution 
of copper collets for the stainless steel resulted in a slightly improved strength performance. 
A further improvement was observed when the single cover plate was replaced by the split 
cover plate. However, as shown in Fig. 6(b), slightly different trends were observed when 
the average percent bending at fracture was considered. For example, the lowest average 
bending was observed for the tapered collet and straight Cu collet (single piece cover plate) 
grip designs. The use of the split cover plate led to increased bending. This arrangement 
may have allowed the collets to move relative to one another, thereby reducing alignment of 
the sample in the grips. Therefore, in the case of the straight collet grips, there appears to 
be a trade-off between maintaining low specimen bending and achieving a high-loading 
capability in the grip. 

Finite element analysis (FEA) techniques were applied to ascertain the stress states in 
the straight and tapered collet gripping systems. A PC-based finite element code4 running 
in the protected mode of the Intel 80386 processor was used in conjunction with a 
sophisticated preprocessor to perform the geometric modeling of the specimen and the 
gripping systems. 

models composed of approximately 7500-9500 degrees-of-freedom, and two-dimensional, 
four-noded plane elements were used to model the structure of the specimen and collets. 
Nonlinear, frictional, gap elements were used to model the interface between the specimen 
and collet. Ultralow stiff ness two-dimensional truss elements were used to mathematically 
constrain the otherwise physically unconstrained parts of the collet. 

The linear-elastic material properties of the specimen were those of an isotropic silicon 
nitride at room temperature with an elastic modulus, E, of 310 GPa and a Poisson ratio, v, of 
0.27, while the properties of the collets were those of steel in which E = 200 GPa and 
v = 0.3. As noted, the truss elements were used only for mathematical constraint, thus 
E =1 x lo* and v = 0.3. 

Due to the nonlinear behavior of the gap elements, the pressure loads on the collets 
were applied as incremental steps, with the structural equilibrium state reached at each step 
through an iterative process. The size and number of time steps, as well as the refinement 
of the element mesh, were determined through a manual, trial and error method of 
examining the convergence of the displacement outputs. 

The two models, which include the specimen and gripping systems, are shown in 
Figs. 7 and 8. Figures 9 and 10 illustrate the variation of the normalized maximum principal 
stress at the surface of the specimen as a function of normalized, longitudinal distance from 
the center of the specimen [x(1/2)]. 

Two anomalies in the stress state should be noted in Figs. 9 and 10. The first is that 
for both gripping systems the uniform, uniaxial stress state in the gage section 
(O<x/(I/2)<0..212) is perturbed as the gage section begins the transition into the large 

The axisymmetric (y axis along the longitudinal axis of the specimen), quarter-symmetry 
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radius leading to the shank, This ~ e r ~ u ~ ~ a ~ i o n  results in a surface stress, which is 
approximately 5% greater than the uniaxial gage section stress. This indicates that the 
distribution of the  locations of gage-section failures usill tend to skew towards the surface of 
this transition for a defect-free material and a perfectly, u n ~ ~ ~ a ~ ~ y - a ~ i ~ ~ e d  testing system. 

stress anomaly is in the area af the buttonhead radius. As shown in Fig. 9 
for the straight collet system, the stress concentration, kt (Le., the ratio of the maximum 
principal stresses), between the ~ut~Qnhead nd the gage section, is abaut 0.72 when a 
coefficient of friction, M, equal to 0.5, is use for the c o ~ ~ e t / ~ ~ e c ~ ~ e ~  interface. For the case 
of rn = 8.0 (frictionless), kt = 0.69, thus showing that friction may not Se as critical a 
contribution to the stress state its the inherent stress ~ ~ ~ c ~ ~ t r ~ t i o n  of the geometry and the 
loading condition of the straight collet system. For the tapered collet system, kt = 0.75 
when the cokt  is allowed to contact one point at the outer edge of buttonhead from the 
beginning of the loading sequence, thus simulating the installation of the collets with no 
regard to preloading of the collet against the specimen. However, if a slight preload of 
100 N is simulated at the collethpecimen interface, kt = 0.35, since a greater portion of the 
load is transferred directly into the shank of the specimen. 

Concurrent FEA modeling at the University Dayton Research Institute (U8R\)5 has shown 
that kt = 0.53 for a hydrostatic pressure 
loading is nearly analogcaus to that of th 
et al.' and later successfully used by Ja 
investigation of tensile testing facilities.' 
the criticaiity of the dimen§ional match ts and/or buttonhead 
radius is substantially reduced. It is bel ccessfully distribute 
a uniform load into the b e proper uniaxial alignment of 
the load without introduc 

Future work include ate in the buttonhead 
region for the powder grip arrangement. In els will be used to 
ascertain the effect of the bending error on ss ~ ~ ~ ~ r ~ ~ ~ ~ o n  at 

e section transition area. The existing models for the straight and tapered c~ l le t  
systems will also be used in conjunction with various material properties (including plastic 
deformation) in order to verify the success of UDRI in  ~ e d u c ~ n ~  buttonhead failures by using 
deformable, straight copper collets. 

in the buttonhead radius. Hydrostatic 
system reported by hange 
a round-robin series 

of the powder-grip system is that 

nhead region while mai 
eccentricity in the spec 

modeling so as to v 

Status sf milestones 

None. 
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Fig. 2. Predicted creep behavior for flexure loading was in 
good agreement with experimental data. 
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Fig. 3. Schematic illustration of two grip 
designs used in current tensile test equipment. 
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Fig. 5. Machined radius of alumina buttonhead specimen was very 
closely matched to required dimension. 
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Fig. S(a). Fracture loads associated with the tapered collet system were consistently 
higher than those for the straight collet grips. (b) The % bending at fracture was lower for 
the tapered collet and straight collet (with single cover plate) grip configurations. 
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Fig. 7. Numerical model used for straight collet design. 

ORNL-QWG 90-8137 

Fig. 8. Numerical model used for tapered collet design. 
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longitudinal distance from the center of the specimen. 



3
5
3
 



354 

Toughened Ceramics Life Prediction 
J. k Salem (NASA Lewis Research Center) 

Objective/Scope 

The purpose o f  t h i s  research i s  t o  understand t h e  room 
temperature and h igh  temperature [Z137OoC ( 2500°F)] behavior o f  
toughened ceramics, i n  p a r t i c u l a r  Sic-whisker toughened Si3N4, as t h e  
bas i s  f o r  developing a l i f e  p r e d i c t i o n  methodology. 
o b j e c t i v e  i s  t o  understand the  r e l a t i o n s h i p  between m i c r o s t r u c t u r e  
and t h e  mechanical behavior w i t h i n  the  bounds o f  a l i m i t e d  number o f  
ma te r ia l s .  A second major o b j e c t i v e  i s  t o  determine t h e  behavior as 
a f u n c t i o n  o f  t ime and temperature.  S p e c i f i c a l l y ,  t h e  room 
temperature and e leva ted  temperature s t reng th  and r e l i a b i l i t y ,  t h e  
f r a c t u r e  toughness, s low crack growth and the  creep behavior w i l l  be 
determined f o r  t he  as-manufactured m a t e r i a l .  The same p r o p e r t i e s  
w i l l  a l so  be evaluated a f t e r  long- t ime exposure t o  var ious  h igh  
temperature isothermal  and c y c l i c  environments. These r e s u l t s  w i l l  
p rov ide  i n p u t  f o r  p a r a l l e l  m a t e r i a l s  development and design 
methodology programs. Resu l tan t  design codes w i l l  be v e r i f i e d .  

A major 

Technical  High1 i g h t s  

The s t reng th  and toughness of G a r r e t t  Si3N4 and 30% SiCV,/Si3N4 
were measured f rom 25 t o  1400 OC. Whisker a d d i t i o n s  d i d  n o t  improve 
room o r  e leva ted  temperature, f a s t  f r a c t u r e  p roper t i es .  

Ma te r ia l  and NDE 

GN-10 s i l i c o n  n i t r i d e  (Si3N4) powder was blended w i t h  30 v o l .  % 
S ic  whiskers by ACMC . The r e s u l t i n g  powder was s l i p  cas t  i n t o  50 mm 
diameter,  75 mm h e i g h t  b i l l e t s ,  g lass  encapsulated by the  ASEA method 
and HIPed. Dens i t i es  o f  t h e  m o n o l i t h i c  and composite m a t e r i a l s  were 
3.31 and 3.27 g/cm3, respec t i ve l y .  Typ ica l  m ic ros t ruc tu res  are  
i l l u s t r a t e d  i n  F igure  1. The m ic ros t ruc tu re  was revealed w i t h  a 
mod i f ied  plasma e tch ing  technique El]. The whisker d i s t r i b u t i o n  i n  
t h e  composite was somewhat heterogeneous, w i t h  whiskers d i s t r i b u t e d  
randomly i n  some reg ions  and o r i e n t e d  i n  others,  F igure  2. 

S t rength  and f r a c t u r e  toughness specimens were machined so t h a t  
t he  l o n g i t u d i n a l  axes were perpendicu lar  t o  t h e  b i l l e t  d iameter.  Test 
specimens were inspected w i t h  radiography, o p t i c a l  and acous t i c  
microscopy. V e l o c i t y  measurements d i d  n o t  de tec t  an iso t ropy  or  
heterogene i ty  o f  t he  ma te r ia l s ,  however, rad iography revealed some 
v a r i a t i o n s .  NDE r e s u l t s  were repor ted  i n  the  October 1988 t o  March 
1989 Semiannual Report. 

S t rength  and Toughness 

Four-point  bend s t reng th  was determined i n  accordance w i t h  m i l  
s tandard 1942 a t  temperatures from 25 t o  1400OC. Between th ree  and 
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ten  specimens were tes ted  per temperature. The specimens measured 
3x4mm i n  h e i g h t  by w id th  and were tes ted  over spans o f  20 and 40mm 
( s i z e  B ) .  Flaw type (su r face  o r  volume) was determined w i t h  o p t i c a l  
microscopy o r  scanning e l e c t r o n  microscopy when necessary. 

[l]. Because o f  s l i g h t  v a r i a t i o n s  i n  chevron-notch geometry, t he  
s t ress  i n t e n s i t y  f a c t o r  c o e f f i c i e n t s  were determined w i t h  t h e  
s t ra igh t - th rough  crack assumption [23. Specimens measured 3xSx2Ox40mm 
i n  th ickness,  width,  and spans. Three t o  s i x  specimens were t e s t e d  
per  temperature. The specimens were t e s t e d  a t  a s t roke  r a t e  o f  0.05 
mm/min. The low s t roke  r a t e  used f o r  chevron-notch t e s t i n g  was 
requ i red  t o  i nsu re  s t a b l e  crack extens ion.  

are g iven i n  Table I and F igure  3. S t rength  of t he  mono l i t h i c  and 
composite m a t e r i a l s  were s i m i l a r  a t  a l l  t e s t  temperatures. The 
f a i l u r e  i n i t i a t i o n  s i t e s  were porous reg ions,  coarse gra ined reg ions,  
and agglomerates, F igure  4. 

F rac ture  Toughness o f  the m a t e r i a l s  were  comparable as a 
f u n c t i o n  o f  temperature, F igure  3. Frac ture  toughness, ca l cu la ted  
f r o m  maximum load and minimum s t ress  i n t e n s i t y  c o e f f i c i e n t ,  decreased 
w i t h  temperature t o  1200OC. However, a t  14OOOC the  toughness appeared 
t o  increase s u b s t a n t i a l l y .  Ev iden t l y  t he  combination o f  s low s t roke  
r a t e  and h igh  temperature r e s u l t e d  i n  creep deformat ion du r ing  crack 
extens ion.  S i g n i f i c a n t  amounts o f  whisker p u l l o u t  were n o t  apparent 
on t h e  2 5 O C  o r  120OoC f r a c t u r e  surfaces, F igure  5. Ox ida t ion  o f  t he  
f r a c t u r e  sur face  made i n t e r p r e t a t i o n  o f  the  140OOC f r a c t u r e  sur face 
d i f f i c u l t .  Attempts t o  e tch  the  ox ide l a y e r  a re  be ing made. 
I n t e r e s t i n g l y ,  one s t reng th  t e s t  specimen e x h i b i t e d  whisker p u l l o u t  
around the  f a i l u r e  o r i g i n ,  F igure  5B. 

Frac ture  toughness was determined by the  chevron-notch method 

A summary o f  bend s t reng th  and f r a c t u r e  toughness t e s t  r e s u l t s  

Concl u s i  on 

The a d d i t i o n  o f  30 v o l .  % S i c  whiskers t o  t h i s  s i l i c o n  n i t r i d e  
d i d  n o t  s u b s t a n t i a l l y  improve room o r  e leva ted  temperature s t reng th  
o r  toughness. Whisker agglomerates occas iona l l y  acted as f a i l u r e  
o r i g i n s .  Whisker p u l l o u t  was n o t  c o n s i s t e n t l y  observed on f r a c t u r e  
surfaces. E i t h e r  longer  whiskers, d i f f e r e n t  bonding, o r  improved 
m ic ros t ruc tu res  may be requ i red  t o  improve the  f r a c t u r e  p r o p e r t i e s  
v i a  whisker add i t i ons .  

Status o f  Mi lestones 

Mi lestones are  behind schedule. 

Communications/Visits/Travel 

V i s i t e d  N I S T  t o  d iscuss s t reng th  and creep t e s t i n g  and observe 
mechanical t e s t i n g  f a c i l i t i e s .  

Problems Encountered 
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One o f  t h e  PI'S has t r a n s f e r r e d  t o  another  p o s i t i o n ,  l e a v i n g  t h i s  
p r o j e c t  t e m p o r a r i l y  u n d e r - s t a f f e d .  A search f o r  a replacement -is 
underway. Machin ing damage t o  specimens o f  Garrett  m a t e r i a l  was 
encountered. 
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Si3N4 732+51 715+5% 67921.5 617+35 405-t68 
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I 
A. 

6.  

Figure 1. Microstructure o f  Garrett materia1s:A) Si3N4 and 6 )  
SiCw/Si3N4, where darkest regions are Si3N , grey regions are Sic 
whiskers, and light regions are intergranu 4 ar phase. 
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B. 

Figure 2. Whiskers in SiCW/Si3N4 exposed via plasma etching. 
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Figure 4. Failure origins in SiCW/Si3N4: A )  coarse grain region, and 
B) porous region. 
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A. 

B .  

F igure 5 .  F rac ture  topography o f  SiCw/Si3Nq: A )  f r a c t u r e  toughness 
t e s t  ( Z O C ) ,  and B)  Strength t e s t .  Note whisker exposed mear f a i l u r e  
o r i g i n .  
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Life A.ediction Methodolog3! 
D. L Vaccari and P. K. Khandelwal (Allison Gas Turbine Division of General Motors 
Corporation) 

The objective of this project is to develop and demonstrate the 
necessary nondestructive examination (NDE) technology, materials data 
base, and design methodology for predicting useful life of structural 
ceramic components of advanced heat engines. The analytical methodology 
will be demonstrated through confirmatory testing of ceramic components 
subject to thermal-mechanical loading conditions similar to those 
expected to occur in actual vehicular service. The project addresses 
fast fracture, slow crack growth, creep, and oxidation failure modes. 

Design methodology and data base development 

To acquire Val id design-qual1 ty tensi le data, high strength si 1 icon 
nitride materials requfre a uniaxial test specimen which will reliably 
and repeatedly fail in the gage section for temperatures from 20 to 
1-400 O C . 

A feasl bll i ty study was conducted at Southern Research Institute 
(SORI) to develop a tensile specimen for effective testing of  the GTE 
PY6 silicon nl tride hot isostatically pressed (HIP) processed material 
whlch has been selected to develop the life prediction methodology under 
thfs program. GTE supplled three circular blanks from their inventory 
that were fabricated using the Oak Ridge specimen tool. 
was HIP processed and used SN502 powder. These blanks did not reflect 
the significantly improved current manufacturing process of PY6 material 
using UBE powder, which will be the standard bill of material for this 
program. 
diameter of 0.68 in. and a gage diameter of 0.363 in. A specimen was 
designed around the blank and machined as shown in Figure 1. 
measured density of the material was 3.128 g/cc. The average modulus 
calculated from the ultrasonic time-of-flight measurement through the 
length of the specimen was 44 msi. 

facility. Special loading components, includlng the collets, were 
designed and machined to test these specimens. 
within 0.0005 In. 
and alignment after each test. 
cl i p-on extensometers mounted on speci a1 f 1 ags. 
tested at a stress rate of 30,000 psf/min. 
marized in Table 1. One specimen failed in the gage and the other two 
in the head. 
36.92 ksi from a semicircular flaw located at the edge of the specimen. 

The PY6 material 

The blank was approximately 7.2 in. in length with a head 

The average 

The tensi 1 e eval uations were performed i n a gas-bear1 ng tensi 1 e 

The machining was done 
The loading train was checked for its concentricity 

Strain was measured using a pair of 
The specimens were 

The tenslle results are sum- 

The first specimen, TN-AX-3, falled in the gage section at 
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See Note 3 

7.100 or IMX 
clean-up 

notes: 

*l. Diameters t rue  and concentric to &.0005 in.  
2. Do not undercut radius a t  tangent points 
3.  Both ends t o  be f l a t  and perpendicular t o  &.OW5 i n .  
4. Axial  gr ind gage and radius together w i th  6.w wheel 
5. A l l  dimensions are i n  inches 
6. Tolerances unless otherwise noted: 

Decimals to.001 i n .  
Diameters ~ . O O l  i n .  
Lengths 4 . 0 0 2  

7. 6 to 9 ruts surface roughness pa ra l l e l  t o  center l ine I n  gage 

Figure 1 .  Tensile specimen configuration. 

U1 t i m t e  In1 t i a l  Straln- Fa1 1 ure 
Gage tens i le  e las t i c  to- 1 ocat 1 on 

Spec dlameter strength modulus f a i l u r e  and d i s t  to 
No. (In.) (psi)  (insl) (ln./ln.) edge I n  inches Remarks 

TN-AX-1 0.2200 >53,980 43.94 >0.00123 Head f a i l u r e  S.G. E-47,47 

TN-AX-2 0.2200 >38,690 43.80 >O. 00089 Mead fa1 1 ure 
TI(-AX-3 0.2190 >36,920 43.73 >0.00085 EDGE, 0.0005 Fracture 

and 43 msi 

surface flaw 

Notes: 1. TN-AX-1 had three s t ra in  gages f o r  use In bending check durlng 
tens i le  testing. 
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A close examination o f  the co l le ts  revealed that  they were a l i t t l e  b i g  
for  the ex is t ing  compression nuts. The c o l l e t s  were redesigned and 
fabricated before the other speclmens were tested. The second specimen 
tested, TN-AX-1, was s t ra in  gaged 120-deg apart t o  obtain the percent 
bending I n  the specimen. The specimen f a l l e d  i n  the head a t  53.98 k s i  
wi th  a maximum bending s t ra in  o f  3.9% a t  maximum stress. The t h i r d  
specimen, TN-AX-2, f a i l e d  i n  the head a t  38.69 ksi. The tens i le  modulus 
o f  the specimens was very consistent wi th an average value of 43.8 ms l ,  
which i s  i n  good agreement wi th  both the ul t rasonic and s t ra in  gage 
measurements. 

Fractography o f  the three specimens was conducted using op t ica l  and 
scanning electron microscopy. Specimen IN-AX-3 f a i l e d  from a near edge 
f law as shown i n  Figure 2. 
and about 0.004 x 0.0025 i n .  I n  dimension. 
TN-AX-1 and TN-AX-2, f a i l e d  i n  the head from natural flaws, poor machin- 
ing, o r  improper loading. Microscopic examination o f  these specimens up 
t o  lOOOX has shown that  flaws were present i n  the head tha t  contr ibuted 
t o  the f a i l u r e  of  the specimen I n  the undesired area. 

Based on the l im i ted  test ing conducted, the fo l lowing three factors 
( l i s t e d  i n  order of importance) most l i k e l y  contributed to the fa i lu re  
o f  the specimens: 

The f law i s  about 0.0005 in .  from the edge 
The other two speclmens, 

o material anomalies i n  machined head surfaces 
o improperly f i t t i n g  c o l l e t s  
o machlning tolerances i n  the head region i n  a l l  the specimens 

The recommendations from these observations are as fol lows. The 
specimen design for the rough tens i le  blank configuration should avoid 
more of the outer edge material,  The machining marks I n  the 0.010 In.  

. I. : 

. .  

Figure 2. T e gage section f racture surface, of GTE W6 Tw-AX-3- 
a t  2OX and 70X. 
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radius should be minimized. 
specimen i s  centered in the lathe would ensure a more uniform polish t o  
the radius. The radius in the grip section should have tolerances that 
the machine shop can machine with accuracy. 
should allow for the maximum radius in the grip section plus 0.005 in. 
of additional clearance. 

used in this study was given in Figure 1 .  
length o n  this recommended specimen has been reduced t o  5.4 in. from the 
7.2 in. blank length. 
by producing less wheel chatter and less bow due t o  the grinding wheel 
pressure. The shorter length also requires less material removal and 
avoids the possible poorer quality end material. 
diameter was reduced t o  0.600 in. from the 0.625 in. diameter t o  allow 
for possfble bowing in the specimen blank, which was noticed in the pre- 
vious blanks, and also t o  avold additional outer skin blank material. 
Reducing the gage section diameter from 0.220 in. t o  0.1875 in. causes 
an increase in the grip area to gage area ratio from 6.25 t o  7.69. The 
gage length is 2.20 in. so that the straln signal can still be measured 
over a 2.00 in. gage length. 
long term creep tests where the signal-to-noise ratios are very low for 
long periods o f  time. 

A light buffing of the radius while the 

The collet lip contact 

A recommended specimen design i s  given in Figure 3. The specimen 
Notice that the specimen 

The shorter length specimen i s  easier t o  machine 

The specimen head 

This gage length is very important for 

0.010 to 0.015 R 

Polish end radli 

I 4 
5:400 ~0.005 

See Note 3 

Notes : 

2. Do not undercut radius at tangent points 
3. Both ends t o  be flat and perpendicular t o  +0.0005 in. 
4. A x l a l  grlnd gage and radlus together with 6.0+ wheel 
5. All dlmenstons are in inches 
6. Tolerances unless otherwise noted: decimals iO.001 in.. 

% I .  Diameters true and concentric t o  ~0.0005 In. 

on diameters t0.002 ln., on lengths ~ 0 . 0 0 2  

Figure 3. Recommended sllicon nitride specimen configuration for GTE 
PY6 rough blank material. 
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A n a l y t i c a l  tool s 

NASA re leased a new ve rs ion  o f  CARES t h i s  pas t  r e p o r t i n g  per iod .  
The FORTRAN source code was loaded on to  the A l l i s o n  computer system. 
The exec rece ived from NASA has been mod i f ied  t o  run  under our  CMS sys- 
tem. 
the batch mode w i t h  some changes t o  the d r i v e r ' s  JCL. Several problems 
have been encountered i n  g e t t i n g  CARES t o  r u n  on our system us ing  data 
generated by NASTRAN, a l s o  run  on our system. These problems are d l s -  
cussed i n  the f o l l o w i n g  paragraphs along w i t h  the a c t i o n  taken t o  over- 
come them. 

The module generated by CARES requ i red  12M of  computer core and 
would n o t  run  under CMS. A l l  dimensions i n  CARES are f i x e d  and were s e t  
f o r  a maximum o f  2000 elements. By changing t h i s  maximum t o  500, we 
were ab le  to  ge t  the core requ i red  down t o  4M, which would a l l ow  running 
under CMS. Running under CMS a l lows quicker  turnaround on analyses. 
For very l a r g e  analyses, however, CARES can be run i n  the  batch environ- 
ment where the dimensions are  s e t  back t o  2000. 

One of  the  subrout ines i n  CARES was generat ing div ide-by-zero error 
messages. 
no t  seem t o  a f f e c t  the answers--the example problems s t i l l  checked w i t h  
the manual. A f t e r  a g rea t  deal o f  e f f o r t  the compi ler  (VS FORTRAN 
OPT(3)) was found t o  be moving a d i v i d e  ou ts ide  a loop. 
the d i v i d e  was being performed every t i m e  the r o u t i n e  was entered, even 
when the statement i t  was being used i n  was bypassed by an I F  t e s t .  
There were a couple o f  poss ib le  so lu t i ons  t o  t h i s  problem. 
change the compi ler  so t h a t  the d i v i d e  was no t  moved. 
was t o  i n i t i a l i z e  the v a r i a b l e  to  something o the r  than 0.0. 
the second o p t i o n  as the bes t  f i x  for  our case so t h a t  the cholce of 
compi lers would n o t  mat te r .  This i n fo rma t ion  was passed on t o  Noel 
Nemeth a t  NASA. 
was n o t  hav ing the problem ( i . e . ,  he was us ing  a d i f f e r e n t  compi ler ) .  
He d i d  have another CARES user r e p o r t i n g  d i v i d e  checks and was going t o  
prov ide  t h a t  person w i t h  the poss ib le  f i x e s  we prov ided.  

We a l s o  discovered t h a t  the p r i n t  f i l e  generated by NASTRAN could 
n o t  be read by CARES. We examined the format  statements used by CARES 
and found t h a t  they were one column o f f .  By adding a b lank  column t o  
the e n t i r e  f i l e ,  we were  ab le t o  ge t  CARES t o  read the  f i l e  and run  cor-  
r e c t l y .  A f t e r  t a l k i n g  t o  NASA again, we decided t h a t  the program was 
expect ing t o  have a car r iage c o n t r o l  character  i n  the  f i r s t  column, 
which we d i d  n o t  have. We found t h a t  t h i s  car r iage c o n t r o l  character  
could be go t ten  i n  the f i r s t  column i f  a READPRT command was used 
ins tead of a READ command t o  get  the f i l e  from the reader where NASTRAN 
p u t  i t .  This works o n l y  i f  you change the RECFM t o  f i x e d  (F)  ins tead o f  
v a r i a b l e  ( V I  format .  I n  a l l  cases you must modify the NASTRAN-generated 
p r i n t  f i l e  for CARES t o  read i t .  NASA i s  aware o f  the  problem and we 
have discussed changing the i n p u t  formats t o  account for  t h i s  column 
d i f f e r e n c e .  

A t  present  CARES w i l l  o n l y  run  on CMS bu t  can be made t o  run  i n  

These messages were  a p o i n t  o f  concern even though they d i d  

This meant t h a t  

One was t o  
Another choice 

We chose 

He was no t  aware the compi ler  cou ld  do t h i s ,  because he 
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After these problems were overcome, the example problems sent with 
the source code and manual were run and checked against the results in 
the manual. All of them agreed with the manual. The next step was to 
run one o f  the same problems using Allison's in-house proprietary code 
STRATA. Since the CARES program is public domain software, it will be 
the analytical tool used for this project. All of Allison's past exper- 
ience i s  based on STRATA, and, therefore, we first wanted to get a cor- 
relation between the two programs. The example chosen for this compari- 
son used the Principle o f  Independent Action as this is the only method 
available in STRATA. 
constant thlckness. The NASTRAN/CARES solution used 8 hex and 18 shell 
elements to model a 15-deg sector of the disk. The shell elements are 
placed on the surface of the model with no stiffness to obtain the sur- 
face stresses used to calculate surface probability of survival. Two 
different models were generated for STRATA, one using axisymmetric ele- 
ments and one using solid hex elements. 
for NC-132 silicon nitride material properties are shown in Table 2.  

The problem involved a simple rotating disk o f  

The results from these analyses 

Table 2. 
Comparison of CARES and STRATA probability of survival calculation. 

Probabi 1 i tY of surviv! 

Tvpe of  analvsi I___ vo 1 .urn &face Total 

NASTRANICARES 84.68 96.96  82 .10  

STRATA solids 86.52 97.17 84.08  

STRATA axisymmetric 86.52 97.20 84.10 

As shown i n  Table 2, the two types o f  elements from STRATA get the 
same results but these do not agree exactly with CARES. Exploring the 
reason for the difference, we found that the volumes o f  the structures 
were not the same and the number of subvolumes used in the analyses were 
different. STRATA uses nine subvolumes, one for each integration 
point. CARES uses 27 equal subvolumes for the solid elements. To 
determine what effects these two things had on the probability calcula- 
tions, we made a number o f  different analyses using both STRATA and 
NASTRANICARES. In NASTRANICARES we varied the sector size as well as 
the number o f  elements in the sector. In STRATA we ran a number of dif- 
ferent element types, changed the sector size, and also changed the num- 
ber of elements in the model. The results from these runs are presented 
in Table 3 .  
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Table 3. 
_Aced! tional comparison of CARES a~d.=hTL 

Program Type of .._- prob 

NASTRAN/ 
CARES 15 deg sector 

5 deg sector 

1 deg sector 

20 deg sector 

15 deg sector 

1 deg sector 

___..____ 

STRATA Cubes 15 deg 

Cubes 5 deg 

Tri 10 nodes 

T r i  6 nodes 

Tri 6 nodes 

Quad 12 

Quad 8 

No. 
o f  Volume-- 

e l e m  (in.3) 
_I__ 

8 0.05004 

8 0.05055 

8 0.05061 

8 0.04960 

12 0.05005 

12 0.05062 

8 0.05062 

8 0.05062 

16 0.05Q62 

16 0.05062 

66 0.05062 

8 0.05062 

8 0.05062 

Max 
hoop Pmbbility o f  survival--% 

stress Vol Surf Total - __ -- ~ 

61667 84.68 96.96 82.10 

61173 85.79 97.29 83.47 

61094 85.95 97.33 83.66 

61969 83.91 96.65 81.00 

61132 85.87 99.05 83.33 

60839 86.81 37.39 84.54  

61589 86.52 97.17 84.08 

61599 86.52 97.17 84.08 

61441 86.53 97.18 84.09 

61608 86.56 37.17  84.12 

61739 86.54 37.17 84.03 

61449 86.52 97.20 84.10 

61599  86.57 97.18 84.12 

As shown in Table 3, the STRATA results for all runs are  nearly the 
same. It does not matter i f  it is a sector or axisymmetric m d e l ,  or 
how big the sector i s ,  or the number o f  elements in the model. The 
answers are always essentially ideritical. 
the NASTRAN/CARES analyses. The? volume o f  the model changes with sector 
s i z e .  
of the sector g e t s  smaller. This seeins ta indicate that NASTRAN calcu- 
lates the volume using the chord length o f  the sector instead o f  the arc 
length. These same incorrect volumes are then used in CARES. The sec- 
tar size also has some effect on the  stress values, which, when comblned 
with the volumes, causes some o f  the d i f f e r e n c e  i n  the  probability of 
survival calculation. Running ~ A S ~ ~ A ~  with 12 elements in the sector 
instead of 8 does not change t h e  volume b u t  does cause a small change in 
stress, making the probability o f  survival different. Using t h e  12 ele- 
ments in one degree sector, the probability o f  survival calculation 

The same cannot be said for 

This volume approaches the correct number (0.05062) as the size 
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agrees very well with STRATA. Except for the way NASTRAN calculates 
volumes, we feel both CARES and STRATA are working correctly w i t h  the 
difference being in the way the subvolumes are determined and the stress 
assigned to each subvolume. This difference could cause the two pro- 
grams to give slightly different answers with the same model, as shown 
in Table 3 .  However, with a fine enough finite element mesh, the two 
programs will gfve essentially the same probability o f  survival results. 
We have talked with Noel Nemeth o f  NASA about this problem with the 
volume calculation. He was unaware of it, and i s  not sure what he can 
do about it since the problem i s  in MSCINASTRAN, and not CARES. 

CARES also has the capabllity of calculating the Weibull material 
constants from modulus o f  rupture (MOR) test results. 
material data (not the material to be used in this project) was 
regressed with STRATA and with two different methods in CARES. 
results are presented i n  Table 4.  Effort continues to understand the 
differences. 

A set o f  raw 

The 

Table 4 .  
W c u l a t i o n  of Weibull material constau-~t~ 

!&i%SitX&.!%!lkX Max 1 I kel i h0Q-d 
Mater 1 a 1 
sonstant Volume Surface Volume. Surface Volume Surface 

Wlei bull 
s 1 ope 15.72 8.39 13.24  7.51 12.79 7.95 

Charact 
strength 111.0 115.3 112.2 117.2 112.3 116.9 

Unit 
charac t 
strength 70.19 96.21 65.98 95.87 64.93  96-64 

Status.ofmilestones 

The program I s  currently on schedule. 

-. Pub1 icat ions 

None 
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Life Prediction Methodoloav 
D. Carruthers, A. Comfort, J. Cuccio, and H. Fang (Garrett Auxiliary Power Divisions, Allied-Signal 
Aerospace Company 

Objective/Scope 

The feasibility of using ceramic components and the application of probabilistic 
design methods were first demonstrated by Garrett  in the DARPA/Navy Ceramic 
Engine and DOE/NASA AGTlOl programs. These programs highlighted the need 
for improved material properties and advanced design methods to assure adequate 
ceramic component life in engine use. Ceramic manufacturers are improving 
material properties through their own R&D efforts as well as government-funded 
programs in processing ceramics (e.g., DOE/ORNL Ceramic NDE/Processing pro- 
gram). Garrett  Auxiliary Power Division (GAPD) has defined a program to develop 
the methodology required to adequately predict the  useful life of ceramic 
components used in advanced heat engines. 

GAPD's approach consists of materials characterization and behavior modeling, 
combined with component analysis and risk integration tools. Uniaxial and biaxial 
stress s ta tes  will be evaluated to develop models for fast fracture, slow crack 
growth, creep deformation, and oxidation. The accuracy of the methodology will 
be verified by testing simulated components under stress and temperature condi- 
tions representative of gas turbine engine operation. 

Technical Highlights 

Material Testing and Analysis 
H. Pang and D. Carruthers 

Material Selection 

NT154 sintered silicon nitride from NortordTRW Ceramics is the material selected 
for this program. NT154 fulfills the requirements of being produced by a domestic 
ceramic supplier and of being a material suitable for an Advanced Turbine 
Technology Application Project (ATTAP) component. 

Test Matrix 

Milestone 2, Finalize Specimen Test Plan was completed and a purchase order has 
been sent to Norton/TRW Ceramics. To aid in finalizing the test matrix, GAPD 
consulted a number of experts in ceramic behavior modeling and testing. The 
General Electric Corporate Research and Technology Center (GE-CRD) and Dr. D. 
Shetty (University of Utah) aided in determining the quantities and geometries 
required to accurately model material behavior and predict component lives. The 
Oak Ridge National Laboratory High Temperature Materials Laboratory (ORNL- 
HTML), Dr. S. Wiederhorn (National Institute of Standards and Technology), Norm 
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Hecht (University of Dayton Research Institute), Dr. S. Suresh (Brown University), 
and Dr. D. Shetty (University of Utah) were consulted regarding test methods to 
ensure accurate test results are obtained. In addition, reviews of material 
processing and machining plans to provide uniform material properties throughout 
the test matrix were held with Norton/TRW Ceramics. The finalized test matrix is 
shown in Tables 1 and 2. 

Material Testing 

All test procedures are being reviewed to ensure the procedures are complete and 
will generate accurate data. Current efforts are being focused on the flexure 
testing procedure. Lessons learned from the IEA Annex41 round-robin flexure 
testing have been incorporated into the flexure test procedure. 

Data Analysis and Methodology Development: 
J. Cuecio, N. Menon, A. Obabueki, and D. Wu 

Analyses were performed to support final definition of the test matrix. Specimen 
quantities and geometries have been finalized based on these analyses, as discussed 
in the following paragraphs. 

A study was conducted to determine the number of flexure and tensile specimens 
required to generate volume flaw strength data for NT154. A target of 20 percent 
internal failure for censored data analysis was selected from numerical simulations 
of bimodal data sets. These simulations indicated that censoring techniques cannot 
accurately be used if the material exhibits less than 10  percent internal failures. 
The analyses also showed that greater than 30 percent internal failures provides 
little advantage over 20 percent internal failures. 

The study also showed that the number of specimens tested influences the 
probability of observing 20 percent or more internal failures. While an entire 
population of specimens may have more than the needed 20 percent internal 
failures, a sampling of n specimens from this population may exhibit less than 20 
percent internal failures. The probability P(x) of observing x fraction of internal 
failures is: 

P(x> = (Pint)r (Ps,,f)"-' 

Gr = n! (r! * (n-r)!) 

n = sample size 
r = number of samples from n that will  fail from internal flaws 

Pint = fraction of the population that will fail from internal flaws 
Psurf = fraction of the population that will fail from surface flaws 

This equation was used to generate the frequency versus percent internal failures 
plot shown in Figure 1. These analyses indicate that a sampling of ti-0 or more 
specimens is needed to be reasonably confident that 20 percent or more internal 
failures will occur from a sampling taken from a population with 25 percent 
internal failures. 



TABLE 1. FINALIZED SPECIMEN TEST MATRIX 

Temperature, C 
Room 1 1093 I 1205 I1260 11315 11370 

Type of Test 
FAST FRACTURE 

4-pt Bend Size A (Longitudinal) 
4-pt Bend Size B (Longitudinal) 
4-pt Bend S i z e  B (Transverse) 
4-pt Bend Size B (45 Degree) 
4-pt Bend S i z e  E (Longitudinal) 
Tens i le 

60 
60 
40 
4 0  

100 

Ha 

30 

100 

Time, hr 
1 

TOUGBNE S S 

S!PRESS RUPTL?RE 

"Pensile,  Rectangular In A i r  

Inert Gas 

Tensile, Square Gage In Air 
a2 U3 I 

OXIDATION 
10 
10 
10 

of E 

6 0  

10 
28 

10 
10 

5 
5 

3 
3 
3 
3 
3 
3 

10 
10 
10 

ecimE 
__I 
L__ 

30 

40 

10 
14 

10 
10 

5 
5 - 
3 
3 
3 
3 
3 
3 - 

10 
10 
10 - 

W 
4 
N 

I *Strain will be measured on 2 specimens from each s e t .  



3
7

3
 

J. 
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The effect of specimen size on percent internal failures was also calculated. The 
percent internal failures for NT154 tensile and flexure specimens is plotted in 
Figure 2. The Weibull parameters used to generate these curves were calculated 
from tensile data provided by Norm Hecht at the University of Dayton Research 
Institute. The flexure data points included on the plot were obtained from NT154 
data at GAPD. 

From these analyses, flexure and tensile specimen quantities and sizes were 
defined, as  reported in Table 1. 

In support of test procedure development for fast-fracture testing, analyses were 
performed to determine the percentage of chamfer failures that is acceptable in 
flexure specimens. Excessive chamfer failures could mask the surface failures of 
interest, and severely hinder the verification of size scaling methods. An excessive 
amount of chamfer failures could result from incomplete testing procedures, debris 
in the test fixture, fixture wear, or poor chamfer machining. Analyses have been 
performed to determine the percentage of chamfer failures that should occur if the 
chamfer has the same flaw distribution as the tensile surface of a flexure 
specimen. 

Analysis indicates that the geometry of the chamfer does not produce a significant 
stress concentration. The stress distribution in the chamfer was determined in 
order to calculate chamfer failure probabilities. A 3-dimensional finite element 
stress analysis was performed for three flexure specimen sizes with a 0.005 inch 
chamfer. The results verified that the stress gradient varies linearly from the 
tensile surface to the center of the specimen, without any influence from the 
chamfer. 

After verifying the stress field in the chamfer, the percentage of surface failures 
that should initiate in the chamfer was  calculated using Weibull theory. The 
percentage of chamfer failures for a range of Weibull surface moduli are plotted in 
Figure 3. The chamfer was assumed to have the same strength distribution as the 
rest of the specimen surface, and the effect of internal flaws was assumed to be 
negligible. These plots can be used to determine if a data set is contaminated by 
non-representative chamfer failures. 

Non-representative chamfer failures can be caused by either improper testing or 
machining damage. The flexure test procedure is being reviewed and refined as 
needed to ensure accurate test results are obtained. The chamfer machining 
procedure has been reviewed and modified, using a slower downfeed rate to 
machine the chamfer. Thirty NT154 bars were machined using this modified 
procedure, and testing is in progress. 

NDE Methods Development and Application: 
J. Minter 

Nondestructive evaluation (NDE) is an integral step in applying life prediction 
methodologies because it can be used to characterize the material and to assess 
the initial flaw distribution of the material. Selected NDE techniques will be 
quantified such that the minimum detectable flaw size and probability of detection 
are known. These techniques can then be used to reduce the component failure 
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25% POPULATION 
INTERNAL FAILURES 

>- 
V z 
W 
3 
0 
W 
CL 
LL 

PERCENT INTERNAL FAILURES 

Figure 1. These frequency functions for various sample sizes N taken from 
a population with 25 percent internal failures demonstrate the need 
for testing a sufficient number of samples to ensure that 20 percent 
or greater internal failures occur. 
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00 

HEIGHT OR DIAMETER, INCHES 
Figure 2. The effect of specimen size on percent internal failures was 

calculated for NT154. 
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WEIBULL MOOULUS 

Pigme 3. Less t 5 percent of all surface failures should initiate from 
the ehamfep of 8 flexure specimen with a 8.501 x 0.25 inch 
cross section. 

probability, by eliminating components with defects larger than a critical size. In 
addition, NDE techniques will be used to characterize material conditions that 
cause a reduction in material properties but may not be discrete flaws. 

NDE techniques that will be studied include: ultrasonic, radiovaphic, flourescent 
penetrant inspection (FPI), computed tomography, surface acoustic waves (acoustic 
microscopy), and acoustic emission techniques. Our initial efforts are focused on 
acoustic emission and acoustic microscopy. 

Acoustic emission experiments were initiated 1/4 x 1/4 x 2 inch chevron notch 
specimens to deterrni,ne whether acoustic emission can be correlated with crack size 
during growth. The experimental procedure used controlled load flexure testing to  
break the  bars. Acoustic emission events were monitored directly on the test bar 
and through the fixture to assess the attenuation effects of the fixture interface. 
The results indicated that further evaluation of transducer coupling to the 
specimen and improved data filtering techniques are required. Efforts are 
continuing in this area. 

An acoustic microscopy study has been designed to evaluate the effect of different 
surface finish conditions on the ability of t h e  acoustic microscope to  detect 
surface and near surface defects. The data from the experiment will be used to 
correlate acoustic microscopy data to surface condition, defects, and material 
strength. The study has been divided into two tasks; the first will identify the 
effect of surface conditions on defect detectability, and the second will  correlate 
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defect size and material strength with acoustic microscopy data. The study will 
use NT154 with Vickers indentations as shown in Figure 4. The matrix for the  first 
task is defined in Table 3. The study will be reviewed with General Electric (GE) 
N D E  Systems and Services once they a re  under subcontract, prior t o  conducting the 
study. 

0.5 INCH -1 I 
VICKERS INDENT LOADING (KG) 

Figure 4. Vickers indent positioning for acoustic microscopy study- 

TABLE 3: SPECIMEN MATRIX FOR ACOUSTIC MICROSCOPY SURFACE 
FINISH STUDY. 

Status of Milestones 
Milestones 1 and 2 have been met. All other milestcnes are on schedule. 

Publications 

None. 
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Environmental Effecfs in Toughened Ceramics 
N. L. Hecht (University of Dayton) 

Object i ve/scope 

Since 1985, the University o f  Dayton has been involved in a 
three-phase project to investigate the effects o f  environment on the 
mechanical behavior o f  commercially available ceramics being 
considered for heat engine applications. 
project, the effects o f  environment on the mechanical behavior o f  

t ransformat ion- toughened Zr02 ceramics were investigated. In the 
second phase, two Si3N4 ceramics (GTE-PY6 and Nortun/TRW-X1144) an 

In the first phase o f  th 

one S i c  ceramic (Hexoloy-a-Sic) were evaluated. 
the tensile, flexural, and fatigue strength o f  nine S i c  and Si3N4 
ceramics (see Table 1) were evaluated at temperatures ranging from 
20°C to 1400°C. 
were also investigated. 

In the third phase 

Microstructure, chemistry, and physical properties 

During the past s i x  months (April 1989 through September 1989) 

In evaluations of three Sic and six Si3N4 ceramics were completed. 
addition, the development o f  optical interferometry techniques t o  
monitor strain was completed. 

Experimental procedures 

Flexural strength measurements are made using two Instron 
Universal Testing Machines (Model 1123) following MIL-STD-l942(MR). 
Elevated temperature measurements (1000°C to 1400°C) are conducted in 
two ATS #3320 high-temperature furnaces. 
measured on test specimens 3 x 4 x 50 mm with the tensile surface 

Flexural strengths are 

"Research sponsored by the U. S .  Department of Energy, A s s  i s t a n t  
Secretary for Conservation and Renewable Energy, O f f i c e  o f  
Transportation Systems, as  part o f  the Ceramic Technology for 
Advanced Meat Engines Project of the Advanced Materials Development 
Program under contract DE-AC05-840R21400 with Martin Marietta Energy 
Systems, Inc., Work Breakdown Structure Subelement 3.3.1.4" 
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Table 1. Candidate Sic and Si3N4 Ceramics Selected for Evaluation 
1_11..- 

Carborundum 
Hexol oy & - S i  C 

Carborundum 
Hexoloy ST 

GI E 
PY 6 

Norton/TRW 
NT154 

CVD 
Si C 

Hownie t 
SN-4 

Ce r ady n e 
Ceralloy 147-3 

Ky o c e r a 
SN252 

Cold formed (injection molded or 
i sostat ic pressing) and pressure1 ess 
sintered a-Sic with additions of B 
and A1 (200 tensile and 200 flexure 
specimens) 

Cold formed and pressureless sintered 
a-SiC and T i B 2  (60 flexure specimens) 

Injection molded and hipped f l  Si N 
with additions of Y 0 
and 200 flexure speziaens) 

(200 tens?l! 

Sintered and HIP'ed Si N (100 
flexure and 100 tensil8 fpecimens) 

Sic prepared by chemical vapor 
deposition techniques (60 flexure 
specimens) 

Col d formed (d i e press i ng/ i so s t a t i c 
pressing) sintered and HIP'ed Si N 
with 10% oxide sintering aids 
and Y203) (60 flexure specimens) 

Cold formed (isopressing/sl ip 
casting/injection molding) sintered 
Si3N4  with additions of Y 0 
Al 203 (60 flexure specimek? 

Cold formed (isopressed/slip cast/ 
etc.) and sintered Si3N4 with 
additions of Yb 0 3 ,  Y 0 , and 
A1 0 (Note: tke sin?e?ing 
prgcsss i s  controlled t o  promote 
the growth of a B S i  N whisker phase 
in the S i  N~ rnatrix)3(8~ flexure 
spec i mens j 

and 

NGK Spark Plug 
EC-152 additions of A1 0 and Y203 (60 

Gas pressure sintered Si3N4 with 

flexure sgecimeksf 
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ground and polished to a 16-microinch finish [MlL-STD-1942(MR) 
specimen size 81. 
and polished to minimize edge failures, Flexural strength is measured 
using four-point bend test fixtures, and the test specimens are loaded 
a t  machine crosshead speeds o f  0.004, 0.0004, and 0,00004 cm/sec. For 
room temperature measurements, the bend fixtures are made a f  steel. 
For measurements a t  100e)'C, 1206"C, and 1400°&, the bend fixtures are 
made o f  S i c .  The four-paint bend fixtures have an outer span o f  4 cm 
and an inner span o f  2 cm. 

The long edges a f  the tensile surface are rounded 

the f a s t ,  m 
fatigue can 
versus load 

The dynamic fatigue analysis of each aterial i s  determined from 
dium, and slow loading r a t e  strength dat.a. The dynamic 
be characterized by a In-ln plat of fracture strength ( a f )  

ng ra te  (5) which i s  expressed by the relationship: 
1 (-------I 

(1) of T A'; ' 
where A '  i s  a constant, The constant, n, i s  a measure o f  the stress 
corrosion susceptibility of the material. 
synonymous with lower stress corrosion or fatigue. 

Large values o f  n are 

The tensile strength measurements are made using an Instron 
Electrs-Mechanical Test System (Model 1361) equipped with Instron 
"Super-Grip" universal coup1 ing and water-cooled holders f a r  high- 
temperature tensile testing. Fqr high-temperature measurements an 
Instron high-temperature short furnace i s  used. 

Tensile stress rupture has been initiated t o  evaluate the fatigue 
behavior of the NT-154 and Hexoloy SA materials, These measurements 
are made using the Instron Electro Mechanical Test System 
tures f rom 1200°C to 1400°C. For the NT-154 Si3N4  tensile 
rupture i s  being measured at 1200"C, 1250°C, and 1388°C at 
stress levels a f  300 MPa. A t  1400'C appl i e d  stress levels 
were used because o f  premature failure by the NT-154 mater 

t tempera- 
stress 
applied 
o f  200 MPa 
a]. 



Fracture origins are determined by optical microscopy and SEM 
(JEOL/SM-80 with EG&G Ortec System 5000 Microanalysis System). 
strength values are evaluated to determine Weibull parameters. 
Maximum likelihood estimates of the shape parameter, m (modulus), and 
the scale parameter, j?, (the 63rd percentile for the d stribution of 
breaking strength), are determined in this analysis. 

The elastic modulus o f  the candidate materials is measured by a 

The hardness of the candidate materials is measured by a 

The 

Grindo-Sonic (Model MR35T) Transient Impulse/Elastic Modulus 
Apparatus. 
Vicker's microindent hardness tester. 

The microstructure and'chemistry of the candidate materials are 
also studied. 
viewed by optical microscope (Nikon Epiphot), and freshly fractured 
sections are viewed by scanning electron microscope (JEOL JSM-840). 
X-ray fluorescence (EDXA) spectra are obtained using an EG&G Ortec 
System 5000 attachment to the JSM-840. Test specimens are examined by 
x-ray diffraction with a Norelco/Philips Electronic Instruments XRD 
System using CuKa radiation (40 KV,  25 PA) for analysis from 20" 28 to 
58" 28. In addition, further chemical analysis o f  selected specimens 
is obtained using high-resolution scanning Auger spectroscopy (JEOL 

Polished sections from representative specimens are 

JAMP-30). 

Thermal expansion is measured from 25"-14OO0C using a Theta 
Industries Dilatronic I1 (Model 6024).  Fracture toughness i s  measured 
by both the controlled flaw method and the microindent method. 
indent load of 2000 grams is used in both methods. 

An 

Technical proqress 

In the past s i x  months, the flexural strength and dynamic fatigue 
measurements for  all nine candidate materials and the tensile strength 
measurements for Hexol oy SA and NT-154 have been completed e Computer- 
generated graphs summarizing the flexural strength results have been 
compiled and are presented in Figures 1 through 9 .  The results of the 
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tensile strength measurements for the Hexoloy SA and NT-154 are 
presented in Figures 10 and 12. 
strength measurements obtained for Hexoloy SA and NT-154 are 
presented in Figures 11 and 13. 
Figures 11 and 13 denote the specimens which failed from volume- 
initiated flaws. The results of the Weibull analysis obtained from 
the flexural strength measurements are presented in Table 2. The 
results of the dynamic fatigue analysis obtained from the flexural 
strength measurements are presented in Table 3. 
summary of the physical property measurements made, and Table 5 i s  
a summary o f  the semiquantitative chemical analysis obtained for 
the candidate materials. 

Weibull plots for the tensile 

The darkened symbols shown in 

Table 4 is a 

During this reporting period tensile stress rupture measure- 
ments of NT-154 specimens were initiated. 
specimens have been evaluated. Six specimens (#I  through #6) have 
been evaluated at 1400°C. 
loaded at 300 MPa for an exposure time of 100 hours. However, all 
three specimens failed during loading before reaching 300 MPa. As 
a result, three additional tensile specimens were loaded to only 
200 MPa for planned exposures up t o  100 hours. Four specimens (#7  
through #lo) were loaded to 300 MPa for tensile stress rupture 
testing at 1200°C for 100 hours. Three of the specimens (#7, #8,  

#IO) endured the 100-hour exposure and were subsequently loaded to 
failure. In addition, three specimens (#ll, #12, #13) were tested 
at 1250°C and five specimens (#14 through #18) were tested at 
1300°C. 
The results of these tensile stress rupture tests are compiled i n  
Table 6 and displayed graphically in Figure 14. All of the frac- 
tured specimens are being examined optically. Typical fractographs 
obtained at the different test temperatures are shown in Figures 15 
through 18. 

Eighteen tensile 

The first three specimens were to be 

None of these tensile spedimens survived the 100 hours. 



393 

I
'
 . 

;
I
:
 

1
;

 

,. . 
;I: 

i 

I 
I 

t 
I 

I 

0
 

0
 

0
 

0
 

0
 

8
 

0
 

0
 

0
 

cu 
8
, 

0
 

0
 

0
 

0
 

a0 
QD 

* 
cy 

P
 

F
 



1 .oo 

- 
8-80 

m 
m 4 

0 
p~ 0.60 
e 
w > 0.40 
6 
J 
3 
f 0.20 

0 

A 

m uo 
5.08 254 0 -  2 

o - 1000 8-04 265 
A - 1200 10.45 281 
6 - 1400 11.52 261 

1 I I I 

‘“CJ 

I I I I I 

5 300 350 400 450 

TENSILE STRENGTH - MPa 
Darkened symbols - volume fa i lures  

Figure 1 1 .  Weibull plots o f  Carborundum Hexoloy SA - tensile strength i n  a i r .  
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Figure 12.' Tensile strength o f  Norton/TRW NT-154, actuater speed - 0.004 cm/s. 
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Note: Weibull statistics were not calculated for t e s t  conditions with 
s i x  or fewer tes t  results. 



397 

Table 2. Weibull Statistics for S i c  and Si3N4 Flexural Test Specimens 
(Concl ~dled) 

-.-- ._.I____. . - . ~ . - l _ _ _ _ _  

Material Temperature L o 4  ing Weitull Weibull Weibull 
Des ignat inn Rate M d i n  I u s  Scale -deita Scale-area 

c Mpajsecr w. so - MPa - MPa 
.---ll--l--l.-.l--__ - - _ _ _ r _ X _ _ I _ _ _ - -  -- _-__ _ _ _ - _  

GTE PYS 2 1  143 1 2 . 2 5  9 00 418 ----------- ..-__ 

1000 1.33 47.11 699 572 
13.3 10.18 732 298 

133 18.72 7 56 457 

1000 1 . 7 1  4 . 8 4  5633 59 
171 4.84 7 19 105 

1200 1 . 4 3  4 .  SQ 56 72 
143 14 .59  513 289 

1400 1.33 12.54  611. 289 
133 547 143 

140 114 8.01 
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Table 3. Slow Crack Growth Parameter (n) Values 

Materi a1 Temperature n Values 

Sohio Hexoloy SA 21 Slope no t  s i g n i f i c a n t l y  

g r e a t e r  than ze ro  

1000 

1200 

1400 

Slope no t  s i g n i f i c a n t l y  
g r e a t e r  than ze ro  

S1 ope no t  si gni f i cant1  y 
g r e a t e r  than ze ro  

41 

Kyocera 94-252 1000 

1200 

37 

Slope not s i g n i f i c a n t l y  
g r e a t e r  than  ze ro  

1400 Slope s i g n i f i c a n t l y  less 
than  ze ro  (n = -58) 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ L _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Howmet 94-4 1000 12 

1200 17 

Norton NT-154 21 25 

1000 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ L _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

S1 ope not  s i g n i  f i c a n t l  y 
g r e a t e r  than  ze ro  

1200 

1400 

46 

7.6 

GTE PY6 1000 

1200 

73 

30 
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Table 3. Slow Crack Growth Parameter (n) Values 
(Concl uded) 

Material Temperature n Values 

Sohio Hexoloy ST 1000 

1200 

1400 

Slope not significantly 
greater than zero 

Slope not significantly 
greater than zero 

Slope not significantly 
greater than zero 

CVD Inc. Sic 1000 

1200 

1400 

Slope not significantly 
greater than zero 

Slope not  significantly 
greater than zero 

Slope not significantly 
greater than zero 

1200 15 
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Table 4. Property Data Obtained for Candidate Sic and Si3N4 Ceramics 

Materials 

Property Hexoloy Hexol oy GTE Norton/TRW Howmet Kyocera 
Measurement SA ST PY 6 XL- 154 SN-4 SN-252 

Density g/cc 

Young's Modul us 

Hardness (kg/mm ) 

Coefficient o f  
Thermal Expans i on 
( I O - ~ / O C  from 

(GPa) 
2 

20"-14OO'C) 

3.17 - 3.27 3.23 3.23 

427 - 301 310 294 - 

2727 2619 1513 1620 1605 1537 

5 - 3.3 - - 

Fracture Toughness 
CF/MI* (MPa *Jm) 

20°C 2.6/3.4 -/4.4 3.2/5 3.2/4.3 3.7/6.8 -/5 

1400°C 3.1/3.0 - - 3.6/5.6 - - 

*CF - Controlled Flaw Method 
MI - Microindent Method 
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Table 5 .  Semiquantitative Chemical Analysis o f  the As-Received Candidate 
Materi a1 s 

_ _  _ _  

Materi a1 Si3N4 '' 2'3 y2°3 Yb203 S i c  T i  B2 

Kyocera SN-252 

Howmet SN-4 

NTK-EC-152 

GTE PY6 

Norton/TRW NT- 154 

Hexoloy SA 

Hexolay ST 

Ceradyne 147-3 

CVD s ic  

93.06 

90.65 

90.65 

76.23 

84.34 

-.. 

84.48 

0.40 

5-26  

4.40 

0.30 

4.18 

4.94 

23.77 

15.66 

- -  

- -  

13 I 75 

- -  

- -  - -  

100 - _  

79.3 20.7 
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Table 6. Interim Results of Tensile Stress Rupture Testing for NT-154 

Test  Stress Stress Q 
Sequence Temperature Level Time Fai 1 ure Fai 1 ure 
Number ("C) (MPa) (min) (MPa) Mode 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

16 

17 

18 

1400 

1400 

1400 

1400 

1400 

1400 

1200 

1200 

1200 

1200 

1250 

1250 

1250 

1300 

1300 

1300 

1300 

1300 

- 

- 

200 

200 

200 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

Of 

O* 

Of 

4.3 

0.6 

0.2 

6000 

6000 

3379 

6000 

5040 

3372 

702 

184 

226 

31 

48 

72 

290 

279 

216 

200 

200 

200 

388 

485 

300 

572 

300 

300 

300 

300 

300 

300 

300 

300 

Vol ume 

Vol ume 

Vol ume 

Surface 

Surf ace 

Surface 

Vol e @ Inclusion 

VOI. @ '  Inclusion 

Surface 

vol. @ Inciusion 

Surface 

Vol urne 

Volume 

Surface 

Volume 

Vol ume 

Vol ume 

Vol ume 

"Failed during loading. 
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Figure 1 5 .  NT-154 @ 12OO0C, tensile stress rupture @ 300 MPa. 

-- . 

Figure 16. NT-154 @ 1250°C, tensile stress rupture 8 300 MPa. 
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Figure 17. 

I - 
- - - :---I 

! 

Figure 18. NT-154 (3 1400°C, ( a )  tensile stress rupture (3 -300 MPa, 
(b) tensile stress rupture (h '200 MPa. 
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Discussion of results 

Strength : 

The measured flexural strength values (Figures 1 and 7) were 

The results of these measurements are presented 
compared with the tensile strength values for NT-154 and Hexoloy SA 
(Figures 10 and 12). 
in Table 7. 

Table 7. Comparison of Tensile and Flexural Strength Values Measured 
for NT-154 and Hexoloy SA 

NT-154 Hexoloy SA 
Temperature Tensile Flexural Ratio Tensi 1 e F1 exural Ratio 

( " C )  (MPa) (MPa) (%) ( MPa 1 (MPa) 

20 726 907 (83) 234 400 (59) 

1000 552 741 (74) 2 50 412 (61) 

1200 520 686 (76) 275 441 (62) 

1400 343 610 (56) 2 50 390 (64) 

As seen in Table 7, for the NT-154 material tensile-to-flexural- 
strength ratio decreases with increasing temperature (83%-56%); 
however, for the Hexoloy SA material there is a small increase in 
tensile-to-flexural-strength ratio with. increasing temperature (59%- 
64%). From a review of the literature it was observed that tensile 
strength will vary from 50 to 90% of the measured flexural strength 
for a wide range of tensile gage volumes. As shown in Table'7, the 
Hexoloy SA had an avera.ge tensile-to-flexural-strength ratio of 61.5% 
for the temperatures studied. 
average and is probably due to the poor machining that was observed 
for the Hexoloy SA tensile specimens. 
temperature tensile-to-flexural-strength ratio of 83%, a 1000°C and 
1200°C ratio of 75%, and a 1400°C ratio of 56%. It is believed that 
the high room temperature strength and high tensile-to-flexural- 
strength ratio are due to the heat treatment (50 hours @ 1000°C) given 

This value is somewhat lower than 

The NT-154 material had a room 



408 

to the NT-154 specimens after surface machining. 
blunts the surface flaws and enhances the low-temperature tensile 
strength. As the test temperature is increased, the effect of the 
heat treatment becomes less significant. At 1OOO'C and 1200'C the 
strength ratio is more typical of the average values reported. At 
1400°C the tensile strength drops significantly and the strength ratio 
also drops dramatically. These results would suggest a change in 
tensile failure mechanism versus flexural failure. 

The heat treatment 

As shown in Table 7, both the tensile and flexural strength of 
NT-154 decreased with increasing temperatures above 1OOO'C. 
the strength of Hexoloy SA does not vary greatly with temperature. 
The high-temperature behavior observed for NT-154 can be attributed to 
the viscosity of a glassy phase in the Si3N4 grain boundaries. 
strength retention observed in the Hexoloy SA test specimens at 
elevated temperatures can probably be attributed to the reported flaw- 
heal ing characteristics o f  this materi a1 at elevated temperatures. 

However, 

The 

The fracture toughness values obtained (Table 4) by microindent 

It is believed that the lower values obtained by the 
tended to be higher than the values obtained by the controlled flaw 
method. 
controlled flaw method are due to residual stresses introduced into 
the surface of the controlled flaw specimens [l]. 
the 1 iterature indicates that fracture toughness values for Si3N4 
range from 3-6 MPa 6. 
2-4 MPa h. 
the controlled flaw method. 
indentation. 
NT-154 by controlled flaw is due to the generation of smaller crack 
size in our test procedure. Evans has suggested that the different 
values reported for fracture toughness of the same material may be due 
to R-curve behavior. Similar results have also been reported by Cook, 
et al. [2] showing the variation of KIc with indent load. 
apparent that KIc can vary significantly depending on test method. 

A limited review of 

Fracture toughness values for Sic range from 
Norton/TRW reported a value of 5.2 MPa & for NT-154 by 

Norton/TRW uses a load of 10 kg for 
It is suggested that the value (3.2 MPa h) obtained for 

It is 
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The tensile stress rupture results (Table 6) obtained for the NT- 
154 was troubling. 
observed at temperatures above 1206°C. As shown in Figures 15 through 
18, failure at 1209°C was by brittle fracture, while at and above 
1250°C failure appears t o  be due to void formation. These results are 
consistent with the results reported in the literature [ 3 , 4 ]  for Y203- 
doped Si3Nq. 
appears to be the safe upper limit for using these Y2O3 doped Si3N4 
for structural applications, 

At 300 MPa load, severe strength degradation was 

As concluded by Wiederhorn et a l e $  [3]  in 1983, 1200°C 

Wei bwll Analysis: 

A theoretical analysis to evaluate the probability o f  volume- 
flaw initiated failures in S i c  and Si3N4 tensile and flexural test 
specimens was conducted. 
statistical strength model and assumed that test specimens were sub- 
ject to bimodal failure, originating either at surface flaws or at 
volume flaws. 
ity for tensile specimens and 3 mm x 4 mm cross-section flexural 
specimens in two orientations. The analysis employed statistical 
strength characteristics of nominal low- ,  mid-, and high-strength 
candidate materials at 1200°C. Special attention was focused on the 
effect of testing four-point bend flexural specimens with the 3-mm 
specimen dimension as the tensile surface to increase the fraction of 
vol ume-mode fai 1 ures. It was assumed that test specimens had surface- 
mode statistical strength characteristics equal t o  those determined 
from flexural test results with the 4-mm dimension as the tensile 
surface. This analysis, completed before tensile test results for NT- 
154 were obtained, employed a systematic variation of assumed volume- 
mode statistical strength Weibull parameters that covered' a wide range 
of likely values. 

The effort employed a two-parameter Weibull 

The analysis compared the volume-mode failure probabil- 

The results of tensile tests on NT-154 specimens provided the 
first useful indication o f  the surface-mode and volume-mode 
statistical strength characteristics o f  test program materials. 
Tensile test results at 20"C, 1200"C, and 1400°C indicated bimodal 
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strength characteristics. 
were initiated in the tensile gage volume. 
specimens (15 tested for a given temperature, and loading condition) 
is not large enough to support a good statistical analysis, the 
results provide the basis for preliminary evaluations of volume-mode 
Weibull statistical strength characteristics. 

All tensile specimens failures at 1000°C 
Although the number of 

The results appear to indicate that the volume-mode Weibull 
parameters, m (modulus), and poV [test statistics scale parameter, the 
stress at which the probability of specimen failure is (1 - l/e)] are 
similar to the values for the combined set of samples and for surface- 
mode strength. 
are lower than those measured for flexural specimens at the same 
temperatures. 

The results indicate that the Weibull modulus values 

The preliminary Weibull parameters determined from the test 
results were used as input values for the bimodal-Weibull model men- 
tioned above. Results obtained compared reasonably well with actual 
tensile test results, considering the large uncertainties due to the 
relatively small sample size. The results of  the analysis indicate 
that the probability of volume-mode failures in standard flexural 
specimens [MIL-STD 1942(MR), specimen size B]  is very small. This is 
consistent with the flexural test results which appear to indicate 
100% surface-mode failures. Volume-mode failures that occur in four- 
point bend specimens are likely to be initiated very close to the 
tensile surface and may be difficult to differentiate from surface- 
mode failures. The theoretical model also indicates that the use o f  
the non-standard 3-mm tensile surface orientation is not likely to 
increase the volume-mode failure fraction to a significant level for 
the materials being evaluated. 

Finite Element Analysis: 

As a result of excessive buttonhead failures during the initial 
phase of our tensile testing project, re-evaluation of  our tensile 
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testing methodology was initiated. 
head specimens and the gripping collets is in progress and a finite 
element structural analysis was completed. 

A photoelastic analysis o f  button- 

Buttonhead failures which occurred in the early part of the 
tensile testing appeared to be the result o f  high surface stresses 
acting on surface imperfections caused by machining in the buttonhead 
fillet. A finite element structural analysis [5] was conducted t o  
determine the state of  stress in the button fillet, particularly the 
location and magnitude of the principal stresses, for a variety of 

potential loading conditions which the collet could impose on the 
specimen. 

Four loading cases were considered and the applied load for each 
case results in a uniform axial gage section stress of 1000 psi (see 
Figure 19):  (1 )  uniform axial tension, in which 159 psi pulls at the 
ends of the specimen (to serve as an ideal baseline case); 
(2) hydrostatic pressure, in which 364 psi is applied to fillet and 
shank over the region bounded by the collet/shank interface; ( 3 )  ring 
contact pressure, in which 6740 psi is appl 
0.0055-in-wide ring representing the initia 
the collet and specimen fillet, are due to 
and a large (10%) mismatch in collkt and f i  
Instron collet pressure in which 524 psi is 

ed uniformly over a 
contact region between 
a slight (1.67%) mismatch 
let radii; and ( 4 )  ideal 
appl ied uniformly over 

those interface regions which should ideally contact the. collet radius 
and specimen fillet and the collet and specimen shanks, but not the 
region bounded by the collet flat. 

Several assumptions are made in performing these analyses: 
(1 )  the problem is axisymmetric; (2) the material behavior is linear 
elastic; ( 3 )  friction forces may be ignored, providing conservative 
results; and ( 4 )  the failure mode is that of surface tensile stresses 
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Case 2 

Hydrostatic 

Case 4 
Ideal 
Instron 

F i g u r e  19. Buttonhead l o a d  d i s t r i b u t i o n s .  
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pulling open a surface flaw, thereby initiating and propagating 
crack which leads to failure in the button head fillet., 

The finite element models consist of a large number (6000- 

a 

o f  4-node axisymmetric elements to ensure good resolution of stresses. 
Material properties for S i c  (E  = 62 Msi, v = 0.14) were used for this 
model, 
cross section is explicitly modeled (see Figure 20). 

Because of symmetry conditions, only half of the specimen 

The modeling and analyses were performed using the Algor SuperSAP 
finite element analysis system running on an Everex 386 personal 
computer. 
printer and HP 7550A plotter. 

Hardcopy output is obtained on an HP LaserJet Series I 1  

From the maximum principal stress contour plots (Figures 21 
through 2 5 ) ,  it was found that for all four loading cases, the highest 
surface tensile stresses occur at the base of the button head fillet 
adjacent to the specimen shank, which coincides with the  region o f  
stress concentration predicted by elasticity theory. 
concentration factors for each load case are presented in Table 8, The 
factors are the ratio of the maximum surface tensile stress in the 
fillet (uCr) to either the gage section axial stress or the shank axial 
stress 

Table 8. 

Stress 

Stress Concentration Factors Obtained for  the Buttanhead 
Tensile Specimens 

Case Kshank 

1 440 0 . 4 4  1.59 

2 530 0.53 1.89 

3 740 0.74 2.64 

3b 760 0.76 2,71 

4 850 0.85 3 . 0 3  
r_. 
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Figure 20. Buttonhead axisymmetric mesh. 
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Figure 22.  Maximum principal s t ress  contours for  the hydrostatic load case. 
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values are less than 1.0, indicating that the gage *11 Kgage 
section axial stress is higher than the fillet surface tensile 
stress, so that failure should occur in the gage section. 
in the button fillet indicate that factors other than the state of 
stress, such as machining marks, are contributing to such 
undesi rabl e fai 1 ures . 

Failures 

As expected, the uniaxial tension case (Case 1) results in the 
least surface tensile stress on the fillet. 
tensile stresses on the fillet occur for the ideal Instron collet 
loading (Case 4 ) .  loading through the collet radius and shank (but 
not through the flat) results in an additional tensile stress (a 
bending or membrane stress) at t h e  base of  the fillet opposite the 
collet flat. This additional stress adds to the surface tensile 
stress due to the axial loading and the stress concentration, 

The highest surface 

producing the highest surface tensile stresses of any of the four 
load cases. In addition to the above results, an unforeseen result 
was found during the course of this analysis. The centers of  the 
radius of curvature for the collet and the fillet of the buttonhead 
specimen do not match. Due to the mismatch, an initial point con- 
tact is generated, as shown two-dimensionally in Figure 26. 

In compar 
tatic pressure 
over a broader 
collet flat). 
o f  the fillet 

son to the ideal Instron collet loading, the hydros- 
loading (Case 2) uniformly applied a smaller pressure 
area (including the region opposite the Instron 
As a result, the tensile surface stress at the base 
s less than that for the Instron collet case, even 

though loads are being applied directly to the fillet base. 

Although the most likely tensile failure location for the ring 
loading case i s  at the base of the fillet, a different failure mode 
could be induced by the ring load. 
loads induce large compressive stresses in the specimen, which may 
lead t o  local bearing failure of the specimen. In addition, the 
ring loads induce a high shear stress in the specimen, which could 
result in a cleavage failure. Classical contact stress analysis 

The highly localized compressive 



421 

.013+ .Q57 

- 

CONTACT POINT 

BUTTONHEAD 
SPECIMEN 

COLLET 

_1_1 

f 

Figure 26. Buttanhead/callet i n t e r f a c e .  
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also indicates that the maximum shear stress occurs below the sur- 
face, so that it is possible for failure to initiate internally (if 
the shear stress exceeds the material's shear strength). 

Based on the results to date, it is recommended that the load 
applied to the buttonhead specimen fillet by the collet be as 
uniformly distributed as possible. 
(a) use ductile collet materials (such as the malleable copper 
collets now used for all tensile testing); (b) eliminate the Instron 
collet flat (i.e., continue the radius around tangent to the collet 
shank); and ( c )  match the collet and specimen radii as closely as 
possible (especially for hard, high-modulus collet materials, like 
steel). Further, it is recommended that a failure analysis of the 
failed buttonhead specimens be conducted to determine the location 
and mode of failure. Correlating these results with the finite 
element analysis results could ascertain the cause of the un- 
desirable buttonhead failures and provide guidance in choosing 
potential solutions to the problem. 

Means of accomplishing this are 

The modification of our tensile test methodology to using 
properly annealed copper coll ets has el imi nated a1 1 buttonhead 
failures for the NT-154 material. In addition, approximately 80% of 
buttonhead failures for the Hexoloy SA have also been eliminated. 
The 20% failure rate for the Hexoloy SA was attributed to the poor 
machining at the root radius of the buttonhead. 
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Low Heat Reiection Diesel C O U R O ~  Test 
C. R. Brinkman, G. M. Begun, R, L. Graves, 5. H. West, and K. C. Liu (Oak Ridge National 
Laboratory) 

Object ive/scope 

The objective of this task is to expose various structural ceramics to conditions found 
in small diesel engines. Commercially available ceramics, as well as new candidate 
monolithic and whisker-toughened ceramics, will be fabricated into small MOR bars, 
nondestructively examined, and exposed to a variety of operating conditions within small 
diesel engines. 
examined and the results compared to an unexposed data base. 

Subsequent to exposure, the bars will be nondestructively and destructively 

Technical woqress 

PSZ-TS (Lot 1). Work was concluded covering the exposure of this material to the 
combustion conditions of diesel engine No. 2 (Le.! a two-cylinder indirect-injection and air 
cooled unit) for 100 h. The engine burned a synfuel 50/50% blend of Philip’s 0-2 diesel fuel 
(reference) and an aromatic. The aromatic blend was a 53.5% (wt) Philip’s Light Cycle Oil 
(LCO), and 46.5% (wt) Exxon Heavy Aromatic Naptha (HAN). Subsequent to exposure, the 
bars were subjected to Raman spectroscopy scans to determine any localized increases in 
apparent monoclinic content as was previously reported’ for an engine which burned 
reference D-2 diesel fuel. A localized increase was found in monoclinic content some 12 to 
15 rnm from the clamped end of the bar as previously shown.2 

Results from four MOR tests are compared in Table 1 with the MOR control specimens 
(as fabricated) and 14 MOR results from bars exposed to the control diesel fuel environment. 
The results are limited, but they show that the synfuel environment was somewhat less 
deleterious tQ the strength (Le., specimens exposed lo a synfuel combustion environment 
showed a 15% decrease while specimens exposed to the control or reference combustion 
environment showed a 32% decrease in strength) in comparison to the as-fabricated 
material. 

PSZ-TS (Lot 21. Exposure of a total of eighteen bars of this material was completed in 
either engine No. 1 (single cylinder) or engine No. 2 (two cylinder). The objective of this 
effort was to determine if specific engine conditions (Le., single versus two cylinder) made 
any significant difference in the post exposure strength of a material known. to be sensitive 
to the environment.’ The exposure time was again 100 h. Results of subsequent room 
temperature four-point bend tests are compared with control specimens in Table 1 and 
plotted as Weibull curves in Fig. 1. Results given in Table 1 indicate a 34 and 29 percent 
reduction in strength after exposure in engines No. 1 and 2, respectively, in comparison to 
as-fabricated or control specimens. 

Figures 2 and 3 show Raman spectroscopy profiles of apparent monoclinic content as 
a function of distance from the fixed end of bars both before and after exposure for 100 h in 
engine No. 2. Note the increased monoclinic content some 10 to 18 rnm from the fixed end 
of the bar subsequent to exposure. 

No. 218 and 219. These bars were scheduled for insertion in engine No. 1, Exposure of 
specimens 218 and 219 was begun but halted after 62 h of exposure due to catastrophic 
failure of the specimens in the engine. This was most unfortunate as results from these 
tests were expected to give definitive evidence of any engine-to-engine variations in the post 
exposure behavior of this material. It was not clear what caused premature failure of these 
specimens. All installation procedures were identical to previous procedures, with no noted 
anomalies. Engine repairs are undeway and expected completion is mid-October, 

Figure 4 shows similar Raman spectroscopy scans prior to engine exposure for bars 
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Figure 5 compares the fracture locations of bars exposed in engines No. 1 and 2. 
Note that fracture locations of bars inserted in engine No. 1 tend to be random, but in 
contrast, nine out of twelve (75%) of the bars exposed in engine No. 2 failed approximately 
15 to 20 mm from the fixed end of the bar (i.e., near attachment locations within the engine). 
These differences suggest that somewhat different environments existed in the two engines. 
Additional temperature measurements are planned to help define these differences. Figure 6 
shows locations of failure of specimens 218 and 219 that failed during exposure in engine 
No. 1. 

Silicon Nitride NVESGO SNW-100). A total of 32 bars have now been exposed for 
100 h in the reference diesel fuel combustion environment. These bars have all been 
subject to four-point bend rupture at room temperature, and results are compared in Table 1 
with unexposed or control fracture data. The comparison given in Table 1 shows only a 
slight (1%) increase in mean fracture strength in comparison to the unexposed material, 
which is not significant and probably within scatter of the data. Figure 7 is a Weibull plot 
comparison of the exposed and unexposed rupture strengths. While Figure 8 is a 
photograph of the post exposed specimens, note the lack in any preferential failure location. 
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Table 1. Results of four-point bend tests' conducted on MOR bars of several different materials 

Reduction 
Average Standard in 
strength deviation averageb 

I M W  WPa> strength 

Weibulf modulus y-intercept 
Material 
condition Linear Maximum Linear Maximum 

likelihood regression likelihood 

Number 
of 

observations 
(%> 

regression 

53 As-fabricated 31.7 
4 Engine-exposed 10.4 

for 400 hc 

for 1100 hd 
14 Engine-exposed 3.5 

48.6 -202.7 
15.3 -65.3 

-31 0.2 587.3 
-955 501 .0 

20.3 
52.6 

0 
15 

4.2 -21.6 -25.4 401.8 120.5 32 

40 
4 

29.7 
100.0 rp 

c3 
Ln 

682.9 28.6 0 
626.7 8.2 8 

625.0 38.7 9 

As-fabricated 29.2 
Engine-exposed 85.4 
for 100 h' 
Engine-exposed 19.8 
for 100 hd 

-191.1 
-550.8 

-1 94.5 
-644.4 

20 22.0 -124.7 -141.9 

20 
6 

As-fabricated 24.7 
Engine #I 4.9 
exposed for 
100 hd 

25.6 
5.2 

629.6 
413.9 

30.9 0 
91.4 34 

-1 59.8 
30.0 

-1 65.6 
-31.8 

Engine #2 5.5 
exposed for 
100 hd 

12 

18 

6.7 

6.0 

-34.0 

-34.7 

4 1  .0 

36.8 

444.3 83.3 29 

434.2 87.9 31 Engine #l and 5.6 
#2 combined 
exposed for 
100 hd 



Table 1. (continued) 

Reduction 
Average Standard in 
strength deviation averageb 
(MW (MW strength 

Weibull modulus y-intercept 
Material 
condition Linear Maximum Linear Maximum 

likelihood regression likelihood 

Number 

observations 
of 

(%I regression 

GTE WESGO SNW-1000' 

40 As-fabricated 10.8 11.2 
32 Engine-exposed 9.9 14.2 

for 100 hd 

-67.8 -70.5 506.5 56.3 0 
-62.3 -89.3 51 2.7 54.6 1' 

"Tests were conducted with a crosshead speed of 8.47 x lD3 mm/s or a strain rate of 1.1 x lo4  s-'. 
Reduction in strength in comparison to as-fabricated material. 

"Fuel was a 50/50 percent blend of Phillip's D-2 Diesel Fuel (reference fuel) and an aromatic blend. 
dFuel was control diesel (reference fuel). 
'Material from Lot Number 174-MA-1 607 and re-heat-treated to sintering temperature. 
Increase 

b 

f 
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Fig. 1. Weibull plot comparing fracture strength of Nilcra, 
PSZ-TS grade (Lot 2), previously exposed for 100 h in a single 
cylinder (#1 and two cylinder (#E) diesel engine in a reference diesel 
.fuel combustion environment with similar results from unexposed 
material. 
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Fig. 2. Raman spectroscopy profiles before and afler 
exposure showing apparent monoclinic content as a function of 
distance from the fixed end of a bar inserted in engine No. 2 for 
the time indicated. 
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I 

SUBJECTED TO DlESEL FUEL E W E  
NS IN TWO DIESEL ENGINES, FUW WAS 

I 

Fig. 5. Comparison of the fracture locations of PSZ-TS bars exposed in two engines. 
Note preferential four-point bend fracture locations of specimens exposed in enging No. 2. 
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Fig. 6. Photographs of several specimens that failed 
during exposure. 
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Fig. 7. Weibull plot comparing fracture strengths of 
thirty-two silicon nitride (WESGO SNW-1000) bars exposed 
for 100 h in a reference diesel fuel combustion environment 
with similar results from unexposed material. 
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3.4 FRACTURE MECHANICS 

Testing and Evaluation of Advanced Ceramics at High Temperature in 

Uniaxial Tension 

J. sank=, A. D. Kelkar, V. S. Awa, and Jun Gao (Department of 
Mechanical Engineering, North Carolina A & T State University, 
Greensboro, North Carolina 27411) 

0b.iec t i ve/Scope 

The purpose of this effort will be to test and evaluate advanced 
ceramic materials at temperatures up to 1500 OC in uniaxial tension. 
Testing may include fast fracture strengths, stepped static fatigue 
strength along with analysis of fracture surfaces by scanning electron 
microscope. This effort will comprise of the following tasks: 

Task 1. 

Task 2. 

Task 3. 
Task 4. 

Task 5. 

Task 6. 
Task 7. 
Task 8. 
Task 9. 

Specifications 
(procurement) 
Identification 
specimens) 
Identification 
Specifications 
(Procurement) 
Specifications 
controls 
Development of 

for Testing Machine and controls + 

of Test Material (SI + (procurement of 

of Test specimen configuration 
for Testhg grips and Extensometer + 

for Testing Furnace (Procurement) and 

Test Plan 
High Temperature Tensile Testing 
Reporting (Periodic) 
Final Report 

It is anticipated that this program will help in understanding the 
behavior of Ceramic materials at ‘very high temperatures in uniaxial 
tension. 

Technical Progress 

During the reporting period, efforts were undertaken to study the 
accuracy of the laser extensometer measurements from room temperature to 
very high temperatures. This was done by comparing the gap measured by 
the laser extensometer against the same gap as measured by a standard 
micrometer which was located outside the furnace. A pair’of alumina rods 
were used, one of which was held in a standard micrometer. The gap 
between the tips of the two rods could be increased or decreased by 
turning the micrometer wheel. Calibration of the laser system was done 
at room temperature, 500, 800, 1000,1100,1200,1300, and 1400 deg. C. 

Figure 1 shows the set up used to verify the accuracy of the laser 
extensometer. Figure 2 shows the close up view of the set up. Figures 3 
through 7 show the micrometer and zygo readings taken simultaneously at 
the temperatures of 25, 1100, 1200, 1300 and 1400 deg.C. The time 
between each reading was approximately 2 to 3 minutes. The readings were 
taken after about 45 minutes of stabilization time at the test 
temperature. This helped to accommodate the thermal expansion of the 

, 
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alumina rods, if any, at these temperatures. It was observed that the 
gaps measured simultaneously by the laser system and the standard 
micrometer moatched up to temperature of llOO°C (Figure 4 ) .  Tests carried 
out at 1200 and above indicate (Figures 5-71 that there is a slight 
variation between the Zygo and micrometer readings. It is thought that 
above 1200°C, the air density fluctuations that develop in the path of 
the laser beam during the tests probably attributed to this variation in 
Zygo readings. 

During this reporting period, tests were also carried out to 
evaluate the stability of laser system over a long period of time at 
high temperatures since our task this year is to conduct high 
temperature creep tests on Si N . It is thought that this kind of 
evaluation is essential to see the effectiveness of laser system at very 
high temperature over a long period of time. The results obtained for 
120OoC and 130OoC are given in Figure 8 .  It can be observed that gap 
measured by the laser extensometer increased with time. After a period 
of 3-4 hours, the variation becomes more stable. Tests were also 
carried out to evaluate the effect of having a steady flow of air near 
the testing furnage on the Zyzo laser extensometer readings at elevated 
temperature (1200 C and 1300 C). A fan was placed near the furnace to 
create the steady flow of air. The results are given in Figure 9. It can 
be observed that in case of the air flow, the stabilization time is 
shorter and the deviation of the readings are much less. 

An inhouse testing program for the creep test was also developed. 
The verification of the program, which can be run on the Micro-PDP/11 
computer attached to the MTS 880 testing machine 
has been completed. 

3 

Status of Milestones 

Tasks 1-7 are complete. 

Communications/Visitors/Travel 

Dr. Ken Liu of ORNL visited A&T to help set up the laser 
extensometry calibration. Progress of the present research were also 
discussed during this time. 

Problems Encountered 

None 

Publications & Presentations 

None 

Research sponsored by the U. S. Department of Energy under prime 
contract DE-AC05-840R21400 with the Martin Marietta Energy Systems, 
Inc., subcontract 19X-89867C. 
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Figure 3. Laser Extensometer characterization 
comparison at 25" C 

1 3 5 7 9 11 
2 4 6 8 10 

Figure 4. Laser Extensometer characterization, 
comparison at 1100" C. Same results were obtained 
at 500,800 and 1000" C 
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Figure 8. Laser Extensometer c h a r a c t e r i z a t i o n ,  Gap reading vs.  Time 
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F i g u r e  9. Laser E x t e n s o m e t e r  c h a r a c -  
t e r i z a t i o n ,  c o m p a r i s o n  with and without 
a i r  flow. S a m e  result w a s  obtained 
at 1300 C 
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Standard Tensi 1 e Test Development 

S .  M. Wiederhorn, T.-J. Chuang, Weijun Liu and D. E. Roberts 
(The National Institute of Standards and Technology) 

Objective/Scope: 

and test procedures for measuring the tensile strength and creep 
resistance of ceramic materials to tensile stresses at elevated 
temperatures. Inexpensive techniques of measuring the creep and 
strength of ceramics at elevated temperatures are being developed and 
will be used to characterize the mechanical behavior of structural 
ceramics. The test methods will use self aligning fixtures, and simple 
grinding techniques for specimen preparation. Creep data obtained with 
tensile test techniques will be compared with data obtained using 
flexure and compressive creep techniques. The ultimate goal of the 
project is to assist in the development of a reliable data base and a 
methodology that can be used for structural design of heat engines for 
vehicular applications. 

This project is concerned with the development of test equipment 

Technical hiqhliqhts 

During the past six months, work continued to characterize the 
creep and creep rupture behavior of hot-pressed silicon nitride, 
reinforced with Sic whiskers was studied as a function of applied stress 
and temperature. This work is being conducted in collaboration with Dr. 
J.G. Baldoni of the GTE Laboratories in Waltham, MA, The objective of 
this work is to evaluate the effect of silicon carbide whisker re- 
enforcement on the creep behavior and the lifetime of these composite 
materials. 

Experimental Technique - The silicon nitride matrix was similar t o  the 
AY6 grade sold'by GTE. The composite contained approximately 30 volume 
percent silicon carbide whiskers which were used for reinforcement. 
Dog-bone specimens, figure 1, developed as part of our tensile creep 
program were used in this study. The hot pressing direction of the 
billets used to make the test bars was perpendicular to the tensile 
axis. To assure failure of the test specimens within the gauge section 
of the tensile specimens, the gauge section was defined by surface 
grinding the central portion of the specimen with a 38 mm diameter 
grinding wheel so as to reduce the total thickness of the gauge section 
to =2m. This reduction of gauge section represents a minor 
modification of the specimen geometry discussed in previous reports, 
figure 1 .  The width and length of the gauge sections were approximately 
2.5rnm and lorn respectively. 

in an earlier phase of the project. The gauge length of the test 
specimen was monitored by placing small a-SiC flags on the central 
portion of the test specimen. The position of the flags were monitored 
as a function of time with a laser extensometer, which was capable of an 
accuracy of better than *lpm in the measurement of distance between the 
two flags. This level of accuracy resulted in an accuracy of +2pm in 
the displacement measurements during the evaluation of creep curves for 
each specimen. Details of the experimental apparatus were published 
during the current period (D.F. Carroll, S.M. Wiederhorn and D.E. 
Roberts, "A Technique for Tensile Creep Testing of Ceramics,'' J. Am. 
Ceram. Soc. 7 2 [ 9 ] ,  1610-1614 (1989)). 

In these studies, the test temperature ranged from 1100°C to 
1250". Tests were conducted in air, with a short 224 hour anneal to 
assure thermal equilibrium within the test furnace prior to application 
of the stress. Within a 500 hour test period, specimens were permitted 

Creep tests were conducted using the tensile equipment developed 
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1. The major and minor faces of the flat dogbone-shaped tensile 
specimen. All dimensions are in millimeters. This figure is not 
drawn to scale. 
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to creep to failure so that both the creep and creep rupture behavior as 
a function of applied stress and temperature could be determined. For 
test periods exceeding 500 hr runs were terminated and specimens were 
retested under new experimental conditions. Transient effects were 
observed for periods exceeding ~ 5 0 0  hours; hence, some tests were 
conducted on specimens that were pre-annealed in air for ~ 5 0 0  hours. 

After testing, specimens were examined by optical and transmission 
electron microscopy to clarify the modes of deformation and fracture of 
this material. The results of this microstructural analysis is 
presented in a companion to this report [ 3 . 1 ,  Microstructural Analysis 
of Structural Ceramics (NIST)]] and will not be discussed in detail 
here. 

Results and Discussion - During the past 6 months studies were conducted 
on both whisker reinforced and whisker free hot-pressed silicon nitride, 
in both the annealed and unannealed state. Tensile creep results have 
also been compared with results obtained on material subjected to 
compressive creep deformation. Characteristic of the deformation of 
this material is transient creep behavior, especially on specimens that 
sustained creep loads for times approaching 1000 hr. This behavior is 
observed on both whisker reinforced and whisker free material. An 
extreme example of this behavior is shown in figure 2 for a whisker free 
material that was subjected to a tensile load for =lo00  hr. As can be 
seen, there is no steady state region on this curve, For shorter test 
periods, ~ 1 0 0  hr., "apparent" steady state creep is achieved before 
failure, however, microstructural examination of the specimens by 
transmission electron microscopy suggests that this "steady state creep" 
is merely a balance between work-hardening, and the cavitation that 
eventually leads to component failure. 

Whisker reinforcement in this material appears to have little 
effect on the creep resistance of the material. Thus, in figure 3,  
whisker reinforced materials creep more readily than materials lacking 
reinforcement. Results for specimens tested in the unannealed state, 
indicate that the creep rate for both sets of material are almost 
identical for high creep rates. For low creep rate tests, tests that 
last =lo00  hr., annealing occurs in both types of materials. In this 
case, the creep resistance of the whisker free material is 
approximately ten times that of the whisker reinforced material. 
Similar results are obtained on materials that have been annealed for 
extended periods before testing; the whisker free material exhibits a 
higher resistance to creep. 

microscopy suggest that many of the observations discussed above are due 
in part to phase transformations that occur during high temperature 
exposure. In the as-received state, the whisker reinforced material 
contains glass at the Sic whisker interface. This glass is introduced 
into the composite as a consequence of an amorphous layer on the silicon 
carbide whiskers before processing the composite. Glass is also present 
at Si3N interfaces. In the unannealed specimens, this glass promotes 
def ormaf ion, by enhancing grain boundary sliding and solution re- 
precipitation at contact sites between grains. Glass at the interfaces 
of the silicon carbide whiskers appear to nullify the beneficial effect 
of the whiskers on the creep rate, so that creep in the as-received 
composite is no better than that of the whisker free material. GTE is 
currently changing the composition of the composite to reduce or modify 
the glass at the whisker interfaces, which hopefully will improve the 
creep resistance of this material. 

Annealing improves the creep resistance of both the whisker free 
and the whisker reinforced materials, due, in part, to devitrification 
of the glass within the materials. 
during annealing can also modify the composition of the composite and 
hence the creep behavior. Crystalline materials tend to be more 

Investigations of these materials by transmission electron 

Oxygen penetration into the material 
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2, Whisker free specimen tested in the as-received state, Extended 
deformation gives no indication of a steady state region of 
deformation. 
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resistant to creep than amorphous materials of the same composition. 
Therefore, devitrification is used as a method of improving the creep 
resistance of nitride ceramics. Enhancement of creep resistance is more 
apparent for the whisker free material, where a factor of 10 reduction 
in the creep rate is observed for short failure times. Improvement in 
the creep resistance of the whisker reinforced material QCGUPS primarily 
at low creep ratesp where cavitation does not control the creep 
behavior. At high creep rates, cavity formation and crack growth 
dominate the behavior of both the annealed and unannealed, whisker- 
reinforced specimens, so that devitrification due to annealing had no 
effect on the creep rate. 

A comparison of the creep behavior of whisker reinforced materials 
in tension and compression indicates a much greater resistance to creep 
in compression. To achieve the same creep rate, the applied stress must 
be twice as high in compression as in tension, figure 4 .  Furthermore, 
the stress exponent of the creep rate is less in compression, = 2 , 5 ,  than 
in tension, 2 4 .  This difference in behavior indicates a difference in 
creep mechanism in the two modes of loading. Based on microstructural 
analyses of tensile specimens, cavitation cracks form during the creep 
of this material in tension. Cracks are more prevalenk at the higher 
creep rate, Since crack formation enhances the rate of deformation, the 
fact that more cracks are formed at the higher creep rates suggests that 
the higher stress exponent in tension is a consequence of the cavitation 
process. In compression, the slope and position of the creep curve is 
almost identical to data obtained by Davis and his colleagues 131 on 
this material at North Carolina State University. Also made by GTE, 
their material was identical to our  own. Microstructural analyses o f  
the deformed material gave no evidence of significant cavitation or 
crack formation [ 3 ] ,  suggesting that the deformation process did not 
depend on cavity formation, Based on their observations, Davis and his 
colleagues identify grain boundary sliding as the primary mechanism of 
deformation for this material. However, additional experimentation is 
needed to establish modes of accommdation during compressive creep, 

Differences in creep behavior in tension and compression are not 
only of interest scientifically, but have important practical 
implications, Normally materials at high temperature are loaded neither 
in states of pure tension nor pure compression, in which case both 
states of stress contribute to the rate of deformation. When rates of 
creep in tension and compression differ substantially, then time 
dependent shifts in the stress distribution occur, shifts that can lead 
to a factor of two error in the estimated maximum stress within a 
component. To assure the reliability of engine components, these creep 
induced modifications in the stress distribution must be ascertained: 
hence the need far creep data in both tension and compression. 

References: 

1. S.M. Wiederhorn, T.-J. Chuang, D.E. Roberts and L. Chuck, "Damaye 
Enhanced Creep in a Siliconized Silicon Carbide: Phenomenology, 
J. Am. Ceram. Soc. 7l, 602-608 (1988).  

2. B.P. Carroll and S.N. Wiederhorn, ''A technique for Tensile Creep 
Testing of Ceramics," J. Am. Ceram, Soc. 72193, 1610-1614 (1989).  

3 .  D . A .  Koester, R.D. Nixon, S. Chevacharoenkul and R.P, Davisp Proc. 
Intern. Conf. on Whisker- and Fiber- Toughened Ceramics, June 7-9, 
1988, Oak Ridge National Laboratory, Oak Ridge, TN, i n  press. 

Status of Milestones 

All milestones are on Schedule. 
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Fracture Toughness o f  Thin Coat iw 
J. J. Wert and B. N. Lucas (Vanderbilt University) 

tive/Scqpe 

The goal of this program is to develop the scientific base and 
technology required to obtain the fracture toughness of thin coatings 
using displacement measurements obtained from microindentation 
techniques. 

The previous six-month period held many unexpected delays for this 
project, the first coming in the early stages of the reporting period 
with the departure of the original research assistant. 
during this period of transition, most work was at a virtual standstill 
due to the lengthy delivery time for the machined parts necessary 
for the assembly of the new equipment. It is estimated that these 
problems encountered with hardware acquisition set the project back 
approximately 4 months. 

However 

The preliminary tests of the new hardware were conducted during 
the first week of August with excellent results. Most of the .tests 
conducted during this time were geared at testing the limits of 
resolution of the hardware and the reproducibility of the  data 
obtained with the new system. After final calibration of the 
electronics and some hardware redesign, i t  was possible to acquire 
meaningful data at loads from 10 g to 1 kg. 
data at such low loads was very well received since it allowed 
overlap with data obtained from the Nanoindenter. 

The ability to obtain 

During the last month, strides were made toward characterizing the 
response of (100) silicon to indentation testing. In past tests 
conducted with the Nanoindenter, a characteristic "pop" had 
appeared during the unloading portion of the silicon load- 
displacement curve. However, with the limited loading capabilities 
of the instrument, no information had been gathered at loads above 
10 grams. 
apparatus at ORNL, this wpop" was found to occw at loads up to 20 

In recent tests with the new high load indentation 
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grams and the load at which the "pop" occurred was found to 
increase quite linearly with the applied load (Figure 1). Work is 
ongoing at this time to provide further insight into this materials 
properties. 
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The major disappointment of the project is that insufficient 
experimental time as not allowed any detailed look at transga-ent 
materials and therefore the correlation between visible fracture 
during indentation and 
displacement curve+ The possibility still exists that future w6rk in 
this area will bring about in€orrnation that will lead to a new rnodel 
for fracture toughness of thin films, but there is still muck work to 
be done before this goal is attained. 

events on the corresponding load 
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cfs of Im purities on the Ad hesion of Thin Meta llic Films to Ce ramic Subst r w  
J. J. Wert, C. J. McMargue, and J. E. PaweI (Vanderbilt University) 

The goal of this program is to study the effects of impurities (placed by ion 
implantation) on the adhesion of thin metallic films to ceramic substrates and to predict 
impurities that will increase the adhesion of the systems. 

Technical g r o w  

Ion implantation techniques will be used to accurately place impurities at the 
desired locations for the experiments. During this reporting period, a comprehensive 
literature review of ion implantation and its effects on the adhesion of thin films to their 
substrates was completed. Computer simulations of the ion implantation process that 
include ion range, nuclear damage, and electronic damage information are in progress. 
This information will be used to choose suitable ion/film/substrate combinations for 
study. 

Preliminary investigations (using chromium metal films and soda lime glass 
substrates) to determine the optimum sputter deposition parameters for the metal films 
to be used in this work have been completed. The most important parameters are 
working gas pressure, working gas flow, target voltage, target-substrate distance, and 
substrate temperature. The requirements for the experiments are low target voltage, 
maximum film uniformity, and a reasonable deposition rate (to avoid excessive target 
heating). The chosen parameters result in good thickness uniformity (small standard 
deviation of thickness measurements made by surface profilometry) and consistent 
growth as a function of time. The latter is important because the sputter chamber has no 
in situ thickness monitor. The target voltage remains under 400 V during the process. 
Under microscopic examination, the film surfaces appear smooth and generally 
featureless, showing only a few discontinuities that may be largely superficial. 

Adhesion testing was done on these preliminary specimens using both the pull test 
and the scratch test. In most instances of pull testing, the failure was indicative of high 
compressive stresses in the surface of the substrate resulting from the film growth. In 
cases for which the interface did fail, there was large scatter in the adhesion values. 

The scratch testing of 'the chromium/glass system was also inconclusive. Normal 
s varying from 20 to 500 g were used but the film was only thinned, not removed, 

under the stylus. In previous experiments using (evaporated) chromium/sapphire, 
normal loads of 20 g resulted in film removal. There are several possible explanations 
for this difference. Because AI203 is both harder and stiffer (higher elastic modulus) 
than glass, the stress state under the stylus is different. The coefficients of friction 
between the moving stylus and the sputter-deposited films were different from those 
measured previously on the evaporated films and this would also result in a different 
stress state at the interface. The chromium/glass interface (and its adhesion) may be 
very different from the chromium/A1203 interface, both because of the different 
chemistry involved and because the previous specimens were made by evaporation 
rather than sputtering. Another explanation is that the sputtered chromium gettered 
sufficient oxygen during the deposition process to form a chromium oxide, rather than a 
chromium, film. 
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Status of mileslones 

All milestones are proceeding on schedule. 

Publications 

The paper presented at the Radiation Effects in Insulators5 Conference will be 
published in the conference proceedings, a special issue of the Journal of Nuckar 
Instruments and Methods in Physics Research, Section S, Beam Interactions with 
Materials and Atoms. 
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Nondestructive ~ ~ ~ ~ ~ c t ~ ~ ~ ~ a t j Q n  
Q. J. McGuire (Oak Ridge National La 

Ob jectiveJscope 

ose of this program is to conduct nondestructive evaluation (NDE) 
reclted at i d ~ ~ t ~ ~ ~ n ~  approaches for quantitative detemination of conditions 

(including both properties and flaws) in ceramics that affect the structural perliormance. 
Those materials that have been seriously considere for a ~ ~ ~ ~ c a t i o n  in advanced heat 
engines are all brittle materials whose fracture is affected by structural features whose 
dimensions are an the order of the dimensions of their microstructure. This work seeks to 
characterize those features using high-frequency ultrasonics and radio~ra~hy to detect, size, 
and locate critical flaws and to measure nondestructively the elastic properties of the host 
material. 

Technical prowess 

Ultrasonics - W. A. Simpson, Jr., and K. V. @oak. Two sets of cornmescisilly fabricated 
ceramictiles were received for nondestructive evaluation. The first set consisted of four tiles, 
designated 89003-6, 89007-13, 890086-1 1 , and 89008-1 7, which were 10.8 cm square and 

and which were to be made into modulus of rupture (MOR) bars following 
The tiles were formed by hot isostatic pressing, and thus we anticipated that few 

flaws exceeding the 20-pm detection limit of our ultrasonic system would be found. All four 
tiles had been inspected r ~ d ~ o ~ r a ~ ~ i c a ~ i ~  by the vendor who reported that no flaws were 
detected in 89003-6, while a very small crack was found in 890006-1 1. Tiles 89007-13 and 
89008-1 7 supposedly contained a single detectable v id and inclusion, respectively. The 
position of each indication was marked with ink by the vendor. 

was examined from both sides using a 75-MH2, 25-mm focal length traiisducer that was 
focused about one-third of the way through the thickness. This approac 
expected ta find volumetric flaws that did not lie too close to either surfa 
The parameters were chosen to provide good coverage throughout the depth of the tile. In 
the examined with a 58-MH2 radially 
Pro on or within about one 
wavelength (-120 pm) of the surface. This procedure has a high sensitivity to surface or 
near-surface cracks that are perpendicular to the surfaces, regardless of their orientation. In 
the third procedure, each tile was examined in through-transmission with a 75-MHz 
transducer. This latter procedure has been effective in detecting cracks that are too deep 
for surface-wave detection and that are only weakly scattered in a plane parallel to the 
surfaces. 

All of the indications found by the vendor’s radiography were easily detected except 
for the small crack. Visual inspection at 30X magnification of the area around the ink mark 
designating the location of the crack revealed no discernible flaws. However, 011 the 
opposite surface and lying approximately beneath the ink mark, a very shallow, siriuous rille 
was found. The depth of this rille was about 10 pm, which is probably too sinall for 
detection by the surface wave. No evidence of a crack extending down into the tile from the 
bottom of the rille was seen, but it is possible that residual surface stresses had closed such 
a crack. Another possibility is that the crack does not extend to within a wavelength of 
either surface and is very nearly perpendicular to the surfaces. This configuration would be 
ideal for radiography but very difficult for ultrasonics, If the crack lay at an angle to the 
surfaces, however, the reverse would be true, This emphasizes the importance of a 
~ ~ ~ t ~ d i ~ c ~ ~ l i n a ~  attack on the problem of flaw detection in ceramics. 

The tiles were inspected ultrasonically using three procedures. In the first, each tile 

procedure, both surfaces sf each sample w 
surface wave, that is sensitive to defects ly 
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The cracked tile was also examined using a low-frequency ultrasonic angle beam 
technique, and the crack was easily detected. Since this approach requires a priori 
knowledge of the orientation of the crack, however, it was used only to confirm the presence 
of the crack and would not be employed during routine evaluation. 

The second set of samples consisted of six silicon nitride tiles which were ostensibly 
similar to the first set of four tiles described above. These tiles were also fabricated by hot 
isostatic pressing and were designated 89109-1 and -2, 89110-1 and -2, and 89117-1 and - 
2. Each tile was approximately 11 0-mm square, and the thicknesses ranged from about 7.5 
mm to 10 mm. Following the technique described above, each tile was inspected using two 
procedures. In the first, the tiles were examined from both sides using a 75-MH2, 25-mm 
focal length transducer. In this material, the stated focal length is sufficient to allow defects 
as small as perhaps 25pm to be detected at depths up to about 3 mm. For the present 
case, however, the transducer was focused at a depth of about 2 mm, and the two-sided 
inspection insured that good coverage of the total volume would be maintained. This 
procedure is not sensitive to flaws lying very near (e200 pm) either surface, but these flaws 
are normally detected using a high-frequency surface wave inspection, which was omitted 
because of our findings on the earlier set of four samples. 

In the second procedure, all tiles were inspected from one side by monitoring the 
amplitude of a 75-MHZ wave reflected from the opposite surface of the sample. This test is 
sensitive to cracks which lie at any depth within the sample and is effective regardless of the 
crack orientation. it has poor sensitivity to small flaws such as voids, but the presence of 
such defects will be detected by the first procedure. 

As expected for hot pressed material, most of the samples appeared to be very clean; 
that is, there were few ultrasonic flaw indications. No documentation was received with the 
samples, but one tile, 891 10-1 , had a small circle which had been inscribed with an ink pen 
on one surface. No visible marks could be discerned within this circle, but the volumetric 
flaw test revealed that a very intense scatterer, probably a void, lay within the inscribed area. 
The flaw was about 2-mm deep, or very nearly at the focal point of the transducer. This 
defect was sufficiently large that it could be detected from either side of the sample, 
however. 

The only other indications obtained on the volumetric flaw tests were several which 
occurred very near the edges of two of the samples. These could possibly have been edge 
effects; however, a thin linear discoloration of the surfaces, which was coincident with the 
ultrasonic indications, was present in several of the samples. This line extended all the way 
around the samples and appeared to demarcate the mold in which the samples were 
pressed. 

Following the 75-MHz inspection, an additional flaw test was performed on sample 
891 10-2 using a 25-MHz, f/6 transducer. Although this unit has less sensitivity than the 
higher frequency one for flaws smaller than about 50 pm, it produces considerably more 
energy in the 20- to 50-MHz range and insonifies a much larger volume of the sample. All 
of the indications obtained in the first inspection were present in the lower frequency test; in 
addition, a definite pattern of indications, which correlated exactly with a pattern of 
discoloration of the surface of the sample, emerged near the center of the sample in the 
latter test. The discoloration was not produced by machining or by slight changes in the 
elevation of the surface of the sample but appeared to be intrinsic to the sample. Since we 
could not subject the samples to any type of destructive analysis, the source of these 
indications is not known. However, the effect appears to extend throughout the sample 
thickness, and the fact that it is discernible in a backscattering test of this sort would 
suggest changes in the sample microstructure, chemistry, or density in the affected areas. 

The second inspection performed on the samples was that of monitoring the 
amplitude of the back surface reflectance. No evidence of cracking was detected in any of 
the samples; however, ail of the tiles appeared to be quite inhomogeneous. In samples 
89109-2 and 891 10-2, the results were particularly striking. A very pronounced pattern of 
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variation was obt 
The pattern was 
Figure 1 shows the resubs obtained on sample 891 10-2. In the other samples, the variation 
appeared to coincide with machining marks present on tho surfaces of each of the 
specimens. Figure 2 shows this variation obtained on sample 891 17-2. FOP all af the 

which correlated with the surface d ~ s c o l o r ~ ~ ~ a ~  mentioned earlier. 
more intense in the reflectance test than in the flaw test, however. 

indication running a 
he surface discolor 

The homo~ene~y of these six 
ilar tiles examined earlier. 

We also received two sets of sil n nitride MOR bars, bearing the  
66 and 2247EX-68, for inspection. Ea set consisted of ten bars which 
the addition of silicon carbide whiskers. Three separate 
These tests were a volumetric flaw inspection using a 75 
transducer, a simple relative attenuation test in which th 
transducer was monitored, and a high-frequency surface wave test using a 58 MHz, f/0.2 
transducer. 

The volumetric flaw test was performed by focusing the transducer at a de 
2 mm, or two-thirds of the way through the thickness of a bar. The samples were then 
scanned from both sides to ensure good coverage of the total volume. From our beam 
distribution calculations on this transducer, the total depth range over which the flaw 
response is within -6 dB of the peak value is about 11 wavelengths, or abaut 1 5  mm. By 
scanning from both sides, all of the sample t h i c ~ n ~ ~ ~  (except for a region abaut 2 Q B j m  
deep from either surface) can be interrogated. The near-surface regian was then evaluated 
using surface waves. 

The volumetric test results showed rable difference betweera the two sets of 
bars. In general, the 2261-66 set exhibite and smaller indications. However, the 
number 4 bar in this set produced a large indi ion very near the  numbered end. This 
indication was quite intense, typical of that pr ed by a large (-250 ,urn) void, but 
elongated like the response elicited from a c Since it lies very near the end of the bar, 
however, it likely will be innocuous. Most of the bars in this set yielded 1-2 indications each, 
which were typical of voids in the 50-100 pm'range. 

these indications was characteristic of voids in the 100-200-pm range. The results on these 
bars were much more typical d those obtained on similar sampies which exhibit whisker 
clumping, that is, inadequate dispersal of the whiskers. Brae bar, nurnbe'r 6% contained a 
very intense indication which, if produced by a void, would imply a diameter of >25Q pm. 
This indication was detected from both sides of the bar, but this is not surprising since the 
ultrasonic A-scan shows that the indication iies near the midplane of the sample. An 
indication characteristic of cracking occurred very near the end apposite the number in bar 
number 1. Bars 6 and 10 also produced crack-like indications near the end 
number, and bars 4 and 5 yielded similar indications near the center. How 
bar number 1, which does appear to contain small cracks near the end, these indications 
are also produced by strings of voids occurring in bars exhibiting whiske 

The back-surface echo test is generally a relatively sensitive metho 
nonvertical cracks as well as density variations within ceramic samples. The results an both 
sets of MOR bars were quite similar, with both sets showing considerable variation in the 
point-to-point amplitude of the back-surface echo. The only clearly identifiable feature 
detected in either set, however, was an indication very near the end ~f bar 1 of the 2247EX- 
68 set which corresponded with the location of the indicatian detected hy the volumetric 
tests and which was likely caused by one or more small cracks. 

The surface wave tests were performed using a high numerical aperture transducer at 
normal incidence. This configuration produces a radially g surface wave which is 
sensitive to surface and near-surface flaws and to cracks 

the periphery of the data image was noted which 

es appeared to be considerably worse than for 
sumably arising from the pressing mold, 

nations 2261 - 

The set designated 2247EX-68 produced many more indications, and the intensity of 

of their orientation. 
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Since the penetration of a 50-MHz surface wave in silicon nitride is about 120 pm, this test 
interrogates most of that region not inspected by the preceding examinations. The bars 
were inspected from both sides, and only a few indications were detected. No indications 
were found in bar number 1 of the 2247EX-68 set, indicating that, if this bar is cracked near 
one end, the cracks do not extend to within about 120 pm of either surface. Void-like 
indications were found in bar number 9 of this set as well as in bar number 1 of the 2261- 
66 set. In addition, fairly strong crack-like indications were found near the end opposite the 
number in bar number 9 of the 2247EX-68 sett. However, no visible indication of cracking 
could be seen in this bar. 

We continued to study the beam distribution produced inside a ceramic by high- 
frequency ultrasonic transducers. in particular, we were examining the effect of various 
aspherical lens designs on the focal distribution produced in cylindrical samples of alumina, 
silicon nitride, or silicon carbide. Small diameter samples of these materials are extremely 
difficult to inspect using commercial spherically focused transducers because of the severe 
astigmatism and spherical aberration introduced by the curvature of the part. We are 
currently generating beam distributions produced by lenses having both spherical and 
cylindrical corrections to offset this distorbion. We believe that we can ultimately produce a 
lens design that is capable of stigmatic imaging of internal flaws in a given ceramic of 
particular diameter with little loss in performance over a relatively wide range of specimen 
diameters. Since the elastic wave index of refraction is very similar for alumina, silicon 
nitride, and silicon carbide, such a design would perform equally well in any of these 
materials. Without such a correction, however, small diameter samples of these materials 
are currently almost wninspectable ultrasonically at depths exceeding a few hundred 
microns. 

used for inspection of small-diameter cylindricat specimens. The second design is a 
marginal improvement over the first, which was estimated to yield at least a 20-dB 
improvement over a commercial spherical lens. The estimated cost of purchasing this 
transducer from a commercial vendor remains approximately $1 0,000, however. We are 
continuing to negotiate with several vendors in an attempt to lower this cost. We are also 
examining the possibility of constructing such a transducer in-house. 

transducer to inspect small-diameter cylindrical specimens, we prepared a standard 
fabricated from a 6-mm diameter silicon nitride rod. A 1270-pm-diam flat-bottomed hole was 
drilled into the side of the rod to a depth of 4 mm. A second flat-bottomed hole, 250 pum in 
diameter, was then drilled out of the bottom of the larger hole to an additional depth of 
1 mm. This arrangement produced a 250-pm-diam penny-shaped crack standard lying 
1 mm deep in the curved specimen and a 1270-pm-diani one lying 2 mm deep. Using a 
commercial 7§-MHz, f/3 transducer, the smaller standard was detected with abaut a 2048 
loss with respect to the values obtained in flat samples. The larger standard exhibited a 
loss of almost 30 d5, indicating that the losses attributable to abberation increase with 
depth. 

samples in order to avoid the necessity of focused transducers and the problems attendant 
to their use. This approach has the great advantage of being applicable in samples of any 
thickness, whereas focused transducers lose sensitivity rapidly for flaw depths greater than 
about 3 mm in typical ceramics. However, the signal returned by small flaws (-20 pm) 
illuminated by plane waves is very much smaller than the system noise for depths greater 
than a few hundred microns, thus necessitating some form of signal processing if useful 
information is to be extracted. If this information can be obtained sufficiently rapidly, 
however, the large volume interrogated by plane waves may more than offset the additional 
processing time to yield smaller inspection times. We are examining several approaches to 
achieve this result. 

We have completed two aspherical lens designs for a high-frequency transducer to be 

In order to quantify the signal loss associated with using a commercial spherical 

We have begun examining the possible use of plane-wave insonification of ceramic 
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RadioaraDhv - B. E. FWg. Four s k o n  nitride tiles, idaWkd as 89003-6, 89007-13, 
89ooo8-11, and 89W8-27, were 
U#rasonics section. All d the in- found by thi  wmWs m#qjm@y were easily 
detected, inchding the small crack near o ~ g a g l p  W ev@w$d thdsrile using the CT 
system and desected the crack and a SarPaRvaid. 

Thtm em fhe stme lkw Ulas reported in the 

section of this line will be evaluated with the CT system in the near future’ 
The computerized x- 

and installation and 
a c c e m  team at WLwzth addbnd opmtortmWq. I W x q  mits were 
malfunctioning lntermittently, thus preventing any lengthy scans and obviwsly preventing 
accomplishment of acceptance testing. Phgiaas (the x-ray tube manufauwer) replaced the 
tubes, shortened the high voltage CaMieS, and replaced the EPROM, a31 to m avail. Then, at 
our repeated request, they replaced the negathre 225-kV generator, which solved the x-ray 
problem. The x-ray tnaMmtion had delayed checkout of the software. Operation of the 
system (atler sohring the x-ray problem) dklosed several bugs in the software, which are 
being oonected 

Anumberobaaramc * campmmis ham bwn abtainsd and sve bdng examined for 
system evaluaaion and opetatot trainftlg. We ate pleased with the higSwesdution capability 
and vematilii ofthe systemfcwiinspectkn Qicmpb ceramic patsand assemblies. 

Milestones 

Publications 
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Fig. 1, Ultrasonic transmission results on ceramic tile 891 10-2 
showing detection of large-scale inhomogeneities. 

Fig. 2. Ultrasonic transmission results on ceramic tile 89117-2 
showing detection of surface grinding marks. 
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W F  standards for 
A. W. McC4~ng (Oak R i e  National Laboratory) 

The development of standards is important for the establishment of reliability and 
acceptance of advanced Sttuctural materials. A new committee, C-28 on Advanced Ceramics, has 
been organized in the Ametlcan Society for Testing and Materials (ASTM) to address this issue. 
One of the activities of the C-28 is nondestructive examination (NDE). This initial report is to 
introduce and report the past activiiies, bringing it up to date. The Task Group on NDE, as one of 
its first adions, reviewed existing standards on NDE (prSmarily developed for metals) to determine 
potential appli i i lky for ceramics. Use of existing or modifled standards will be much more 
efficient than generation of new documents and will ensure the input of a larger body of NDE 
expertise. 

Over 90 NDE standards [most developed by ASTM Committee E-7 on nondestructive 
testing (NDT)] on all NDE methods were screened. Approximately 38 were identifiied as having 
potential applicability to ceramics. Twenty of these, related to liquid penetrant, radwraphii, and 
ultrasonic examination, were given initial review by several task group members, and comments 
were developed about probable needs for tnodiiiation. An advisory ballot (within the task group) 
on eight selected documents developed detailed recommendations for change to the 
documents for application to ceramics. These recommendations were submitted lo Committee 
E-7 through R. W. McClung, a member of both committees and official liaison between the 
committees. The comments were accepted by E-7, and ballots of document revisions began 
(January 1989). A second advisory ballot of the C-28 Task Group on NDE on eight additional E-7 
documents resulted in more detailed recommendations for changes. These were provided to the 
E-7 Committee, and revisions were begun in June 1989 for ballots in Committee E-7. 

In additinn to the review of E-7 documents (which has helped identify additional standards 
problems), work has begun on approaches for fabrication of reference flaws in ceramic 
specimens. These are used for technique development and calibration. Data is also being 
generated on densities and ultrasonic velocities for potential recommendation for insertion in 
existing E-7 documents. 
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Commted Tomwmhv 
W. A. Ellingson, T. Hentea, IC Gopalan (Argonne National laboratory), and 
H. C. Yeh, J. P. Pollinger (Garrett Ceramic Components Division of AlliedSignal Corp.) 

the full 

such as turbocharger rotors, rotor shrouds, and large individual turbine blades. 

Tecmcal D ~ O Q ~ ~ S S  

During the established a new set of test 
organic-binder content and ran a 
and other test phantoms. 

New test phantoq 

To better obtain an idea of X-ra CT sensitivity to density variations within 
the critical hub-blade region of a tur )bo charger rotor, we have developed a set of 
rotors that will be produced by Garrett Ceramic Components Division (GCC) of 
Allied-Signal Aerospace Corporation. Figure 1 shows the drawing from which 
the rotors will be made. These T-25 turbocharger rotors will be produced by 
injection molding of Garrett's GN-10 Si3N4. Three insert slugs at the critical 
hubblade region will have 2, 4, and 6.wt.Vo binder differences, which should 
result in approximately 0.08 g/cc mass density difference per 2 wt.% binder from 
a nominal 2.28 g/cc base material. The slugs will be inserted into the shaft- 
blade region so that part of the shaft-blade region will have these known 
variations and part will not. We will report OR the fabrication and test results of 
these new phantoms in the next period. 
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ITEM 9 2  
6mm DIA.SUKiS 
WITH P =Po-# 

AP = 2 w t %  

I /  

r CASE I: 
T- 25 TURBOCHARGER ROTOR A181C FITTED WITH 
(AS-INJECTION -MOLDED) INSERTS OF 

DIFFERENT BINDER 
CASE IT: 

A181C LEFT AS 
VOID 

Fig. 1. Schematic Diagram of New Turbo Rotor (or Turbocharger Rotor) X-Ray 
Computed Tomography Test Phantoms for Density Sensitivity Tests 



462 

We conducted a number of X-ray CT data sets on the second set of test 
hantoms (Fig. 2) made for this pro'ect. Thesephantoms were produced as 

the base cylinder. &e &aft portion of an existing T-25 turbocharger rotor die 
was modified to provide the required - 26---diameter cavity for molding the 
base cylinders. Defect-free cylinders were consistently obtained. The molding 
parameters were: 

kllows: A screw-ty e in'ection mo t der (Battenfeld 650/300) was used to mold 

Molding temperature: 90°F 
Material temperature: 190°F 
Injection pressure: 200 psi 
Injection speed: 25% of maximum 

Due to the extremely small hole (void) sizes required for phantom Type I I  
(Fig. 2), a novel technique was developed to produce the holes. The process 
involves the drilling of oversized holes and a wire pullout procedure. In all 
cases, hole drilling created heat that melted a small portion of the binder. The 
binder resolidified, but changed in color (see Fig. 3). Visual observation 
indicates that a slightly larger circular area around the drilled hole exhibits a 
dark color due to melting/resolidification. We believe that the dark area does 
not change composition or concentration; no binder vaporization was observed 
during processing . 

PHANTOM Iz 

VOIDS - 

I 

f 
9.5 mm 

PHANTOM IU 

28.5 - m i  

Fig. 2. 

Schematic of Second 
Set of X-ray Computed 
Tomograph Test 

II and 111) 
Phantoms ( 'c est phantoms 

-. r . -  
c. I I , . . .  
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250 pm 
WIRE USED 
IN PRODUCI!JG 
HOLE 

Fig. 3. 

Photomacrograph of 
Re ion near the 254-mm 

Phantom IlB. Note the dark 
region around the hole 
where the binder melted 
during fabrication 

Dril 7 ed Hole in Test 

To quantify hole diameters, samples were made with the various diameter 
holes drilled in them and then sectioned. The corresponding-diameter wire was 
laid next to the hole and optical micrographs were taken. Figure 3, which shows 
the melted bindsr, also is one of the micrographs used to confirm hole size. In 
this case, a 254-mm-diameter hob was compared with the 254-mm-diameter 

25.4-mm hole, in Phantom I1 th 

projections, which we know will yield some aliasing in a 2562 reconstruction. 
Figure 5 is a typical reconstructed image of test phantom 111. At1 holes are 

clearly seen, as would be ex cted. This is only one transaxial slice, but with 

this test phantom. 
the 3-0 microfocus X-ray C r system we have generated a full-volume image of 
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YlCROFOCW 
X-RAY SOURCE 

Fig. 4. Schematic of Argonne National Laboratory's 3-D Microfocus 
X-Ray Computed Tomographic Imaging Facility 

-- . I  

Fig. 5. 

Microfocus X-ray Computed 
Tomographic Image of Test 
Phantom 111 
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c o w  tonZPQraDhic imana  of West German rotoc 

We were fortunate this period to obtain a densified Si3N4 rotor from BAM of 
West Germany. The rotor was about 31 mm in diameter (blade tip to blade tip) 
and had a tapered shaft nominally of 12 mm diameter. For these studies, also 
done on the ANL 3-0 microtomograph, we used a 140-kV, 0.3-mA, 1 0-mm focal 
spot X-ray head setting; 180 pro ections; 256 x 256 reconstruction; a RAM-LAK 

drilled hole about 2 mm in diameter plus a suggested knit line from injection . We observed the drilled hole, but wlth 180 projections obtained only a 
"hint" o the knit line. 

Figure 6 is a microfocus X-ray CT ima e of the BAM rotor. The drilled hole 

Figure 7 is a transaxial microfocus X-ray CT image of this same rotor, but 

us of Milestones 

rho filter; and a geometric magni 1 ication of 2.65. On one end of the shaft was a 

is clearly observed, but the knit line (thoug a t to be present) is only suggested. 

taken through the blade-shaft region. 

On schedule 

Fig. 6. 

Microfocus X-Ray 
Computed Tomogra hic 

Re ion of AM Dense 
Si3 84 Rotor. Natethe 
2-mmdiameter drilled hole 

Image of U J m  !! haft 

Fig. 7. 

Transaxial Microfocus 
X-Ray Computed 
Tom0 ra hic Image 
throug lade-Shaft 
R ion of BAM Dense 
Si3 "3J 4 Rotor 
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ce -a - 
N. Gopalsami, S. L. Dieckman, W. A. Ellingson, R. E. Botto (Argonne National 
Laboratory), and H. Yeh, and J. P. Pollinger (Garrett Ceramic Components 
Division of Allied-Signal Aerospace Corp.) 

. .  iect iveslsc- 

The objectives of this program are to (1) investigate the feasibility of nuclear 
magnetic resonance (NMR) imaging techniques in mapping organic additive 
distributions in green injection-molded ceramics (experimental emphasis placed on 
commercial Si3N4 materials); (2) investigate the potential for NMR spectroscopic 
techniques in determining chemical variations within or between organic additive 
batches that may affect process reliability; (3) investigate the sensitivity of the NMR 
imaging methods to mixing and injection-molding process variables, as manifested 
in organic additive distribution homogeneity; and (4) investigate the use of NMR 
imaging in conjunction with slip cast ceramic processing technology. 

Technical D roaress 

Imaging of standard-concentration phantoms 

In an cff-ort to establish the sensitivity of NMR imaging techniques t6 organic 
additive concentration differences within Si3N4 samples, images were acquired of 
standard-concentration phantoms. The phantoms consisted of 4-8 mm diameter, 
3-mm-thick cylindrical, cold-pressed, organic additiveEi3Nq pellets placed in a 
Teflon sample holder. To enable correlation of intensity information between 
different images, an intensity phantom consisting of a small modulus-of-rupture 
(MOR) bar fragment was built into the sample holder. Organic additive weight 
percentages in the various pellets were 10.0, 14.5, 15.5, 18.0, 19.0, and 20.0. 
Back-projection images of the pellets were ac uired on the Bruker Instruments 

The nonnormalized XZ images, acquired with 90 projections and 128 averages, are 
presented in Fig. 1. 

While the intensity variations within the images are due mainly to differences in 
organic content, additional factors contributin to intensity variations arise from a 

to sample loading, and RF coil inhomogeneities within the NMR imaging probe. 
Image intensity variations due to these additional factors can be easily removed 
through standard normalization procedures. A plot of the normalized image intensity 
vs. organic concentration is presented in Fig. 2. The image intensity for the 20-wt.% 
phantom is lower than expected due to sample placement outside the RF coil. While 
sample organic additive percentage correlates well with image intensity, we plan to 
repeat the experiment with more accurately prepared concentration standards. 

CXP-100 spectrometer at ANL utilizing ANL's 9n omebuilt NMR imaging accessory. 

combination of variations in sample pellet thic a ness, variations in RF coil tuning due 
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I 
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I ii 

Fig. 1. Nonnormalized Back-Projection Proton NMR Images of Standard 
Organic Concentration Green-State Si3N4 Phantoms 

Imaging of MOR bars 
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Representative images of the MOR bars along with the intensity standards are 
presented in Fig. 3. lma e intensity differences rent within bar #1 suggest an 

bar #2 are due to RF coil inhomogeneity. The MOR bars have been returned to 
Garrett fot -hemid analysis. Image intensities will be correlated with the organic 
additive concentrations. 

inhornogenkhus distribut % n of organic additives. "PB" ifferences in intensity apparent in 

Muftipulse NMR imaging of Si3N4 MOR bars 

In an effort to increase the resolution of the NMR images obtained on the green 
ceramic MOR bars, multipulse NMR spectrwoopic and imagin ulse sequences 

decoupling strong homonuclear dipoldipole interactions. Additionally, because 
were investigated. These pulse sequences narrow the spectra BP eatures (peaks) by 

c 
I 

l 
a- 

c ril 

Fig. 3. Back-Projection Proton NMR Images of MOR Bars Obtained Using 90 
Projections and 128 Averages. Ima e intensity differences suggest a 

sensitivity to injection mo B ding process variables 
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the total integrated intensity remains constant, there is typically a significant increase 
in signal-to-noise ratio with the multipulse technique compared to that of 
conventional one-pulse techniques. Application of multipulse sequences for solid 
state 1H NMR spectroscopy can yield drastically narrowed line widths because 
dipole interactions often dominate the system, yielding line widths in excess of 50 
kHz. Application of these pulse sequences, combined with conventional 
back-projection NMR imaging techniques, will significantly improve resolution in 
these systems. However, the results obtained from application of multipulse 
sequences on the soft, solid, green ceramic MOR bars showed little narrowing. 
These results indicate that the line broadening mechanisms for these systems are 
not dominated by dipolar broadening, but rather by chemical shift anisotropy. 

Real-Time NMR imaging of ceramic slip casting 

NMR imaging system modifications for application of spin-echo or echo-recalled 
NM R imaging ulse sequences are nearing completion. These modifications will 

modifications include (1) installation of high- ower tuning capacitors into the NMR 
probe, allowing more accurate RF pulses (2 P software development for 
echo-recalled ima e reconstruction,: (3) software development for spin-echo image 
acquisition: and (4 B development and installation of RF shaping components. 

allow near-rea P -time imaging of the ceramic slip casting process. The main system 

s of Milestones 

On schedule. 
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powder Charactetization 
0.0. Omatete and A. C. Young (Oak Ridge National Laboratory) 

The objective of this research element is threefold: (1) to identify and characterize those 
aspects of the chemistry and physics of a ceramic powder-solvent interface that control processing, 
(2) to develop standard methods of analysis for item 1, and (3) to develop procedures for writing 
specifications for ceramic powders to include any methods of analysis developed in the project. 

m. The kick-off meeting between the three university subcontractors and the 
ORNL representatives was successfully held at ORNL on May 15-1 6, 1989. The University of 
Wisconsin was represented by Drs. M. A. Anderson, M. 1. Tejedor, and W. A. Zeltner; Rutgers 
University, by Drs. R. E. Riman and D. J. Shanefield; Pennsylvania State University, by 
Dr. J. H. Adair; and ORNL by Drs. M. A. Janney, 0.0. Omatete, and A. C. Young. 

for Advanced Heat Engines project; then, each group gave a review of its special task on silicon 
nitride: inverse gas-solid chromatography at ORNL, infrared characterization at Wisconsin, 
nonaqueous interaction at Penn State, and controlled doping at Rutgers. 

robin measurements of the electrophoretic mobility of Si3N4 in aqueous suspensions. For instance, 
based on the works at ORNL on the behavior of polystyrene latexes reported earlier and the 
simultaneous mobility measurements on the same sulfate latex at ORNL and two of the participating 
universities, the latexes were discarded as "benchmark" materials. Instead, the use of red blood 
cells and/or phosphated goethite (a-FeOOH) was recommended. 

The group decided to meet once every six months to review the progress made within that 
period. The next meeting was scheduled for the first week of November 1989 at Pennsylvania State 
University. 

The 50-kg Si3N4 powder UBE E-10 for the round robin has been bought. This needs to be 
riffled and distributed to the participants. 

w. The investigation of the effects of the processing aids (acrylamide monomer, 
Darvan C, and magnesium nitrate) on alumina suspensions for gelcasting continued during this 
period. Acid-base titrations, sedimentation, electrophoretic mobility, and specific conductivity 
measurements of 2 vol % alumina suspensions were examined. Some of the results are shown in 
Figs. 1 through 3. 

Figures l(a) and (b) show that the presence of either acrylamide or magnesium nitrate in the 
suspension has negligible effect on the variation of the pH with molarity compared with the 
suspension alone (solid circle); on the other hand, Fig. 1 (c) shows a strong Darvan C influence. 
Figures 2(a) through (c) show a similar trend for electrophoretic mobility measurements. Figures 3(a) 
through (c) show the variation of the conductivity of the suspension with pH for the addition of two 
each [Fig. 3(a) and (41 and all three [Fig. 3(c)] of the processing aids at concentration levels 
comparable to those in the gelcast slurry. The dominating influence of Darvan C is evidenced by the 
similarity of the conductivity of the suspensions at 0.1 vol % Darvan C concentration in all three 
figures, independent of the concentration of the other species. All these show, not unexpectedly, 
that Darvan C adsorbs strongly on the alumina and is, therefore, a very effective dispersant for the 
slurry. 

The new Hewlett Packard 5890A Series II gas chromatograph (GC) was received during this 
period. It has been installed in the powder characterization laboratory. The new GC has been used 
in the inverse gas-solid chromatography (I-GSC) study of two powders: Si3N4 and Al2O3. The GC 
column was packed with the as-received powder or the powder oxidized in air at 800°C for 6 h. 

Dr. D. R. Johnson, the program manager, presented an overview of the Ceramic Technology 

The group discussed and made decisions on the procedures to be adopted in the round- 
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Various probe reagents were injected into the column, and its temperature was raised from 60°C to 
300°C at 8"C/min. 

The straight aliphatics (c9C12) and the aromatics (benzene, toluene, and xylenes) all eluted 
from both AI203 columns. The probes came out faster from the calcined, cleaner surface; the 
xylenes separated into two peaks. All the other probes--alcohols (ethanol, propanol, isopropanol, 
and n-butanol), ketones [acetone, methyl ethyl ketone (MEK), and methyl isobutyl ketone (MIBK)], 
chloromethanes (chloroform and dichloromethane), ether, and pyridine-did not elute from both 
columns at 300°C. These results indicate the amphoteric nature of alumina containing both basic 
and acidic adsorption sites. 

the cleaner, oxidized powder. Here, there were also two clear peaks for the xylene isomers. 
Alcohols and pyridine did not elute from both columns. However, for the chloromethanes and the 
ketones, there were mixed indications. All the ketones and dichloromethane eluted from the as- 
received column. Both chloroform and dichloromethane, MEK and MIBK, eluted from the oxidized 
column, but not acetone. Thus, the Si3N4 surface adsorbed Lewis bases but not Lewis acids, unlike 

The aliphatics and the aromatics eluted from both S3N4 columns; the elution was faster from 

A1203. 
It is hoped that by the careful observation and quantification of these differences, this i-GSC 

technique will be used to characterize and differentiate between the same powder, if any differences 
exist, from separate suppliers or different batches from the same supplier. 
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Powder Chnrncteiizatwn 
R. E. Rinian, D. J. Shanefield, and J.-F. Wang (Rutgers University) 

Abstract 

A polystyrene latex was investigated as a possible standard for electrophoretic 
characterization studies. This powder, recommended by Dr. F. J. Micale of the Sinclair 
Surface Center of Lehigh University, is Polybead 7307, from Polysciences Inc., of 
Warrington, PA. It is a monodisperse 0.5 2 0-02 micron polystyrene powder in water 
(2.5wt%), with no surfactant and no biocide present. Based on our experimental results, 
this powder is not suitable for serving as a standard material. 

Experimental 

The latex was diluted to 0.01 v/o in deionized distilled water, in Falcon polypropylene 
containers, and either potassium nitrate or potassium perchlorate was added as a supporting 
electrolyte. Three solution concentrations for each electrolyte were prepared, 0.001, 0.01, 
and 0.05M. Electrolyte solutions were de-aired for 20 minutes bcforc sample preparations 
by flushing with nitrogen gas. The pH was adjusted with either HCI or KOH. the sol was 
equilibrated by shaking for 24 hours. The pH was mcasured at the same time as the 
electrophoresis mcasurement using a Brinkman 6% 'Fitroprocessor with metrobm separate 
electrodes. Before the pH measurement, thc pf i  meter was calibrated using the Aldrich 
buf€er solutions with pH values 4.00, 7-01, and 10.00. The specific conductance was 
determined from the sol directly using a Brinkman Metrokm 660 conductometer. The 
electrophoretic mobility was measured at 25°C by using a modifid Malvern Zetasizcr 11. 

Results 
-l_l__ 

The mobility of the powder was measured in two different supporting electrolytes, 
potassium nitrate and potassium perchlorate, at three different concentrations, 0.001, 0.01, 
and 0.05M (Fig. 1)- The absolute value of the mobility increased with time regardless of 
the supporting electrolyte or its concentration level (Fig. 2). The change in mobility was 
strong within the first couple of minutes after injecting the dispersion into the sample ccll. 
Measurcment of mobility was taken following the first immediate measurement as rapidly as 
possible. These two points, separatcd by 1 minute intervals, are depicted by the solid and 
dotted lines (Fig. 1). The difference between these two points rcgardless of pH is almost 
constant (Fig. 1). The average mobility differeiicc was computed and plotted as a function 
of supporting electrolyte concentration (Fig. 3). The specific conductance of the dispersions 
as function of pH valve and electrolyte concentration was measured (Fig. 4)- The cell 
mobility profiles were determined by making the measurements at different pasitions in the 
capillary sample cell (Fig. 5). Measurements were made at intervals of 40 clock divisions 
(0.40mm) starting O.lmm from one wall of the cell. The nominal diameter of the capillary 
used was 2.42mm as measured with the lases beams crossing in a medium of refractive index 
1.33. 



Discussion 

The mobility measurements oC polystyrene latices in two electrolyte solutions, 
potassium nitrate and potassium pcrchlorate, shared several common features. First, they 
did not obcy the DLVO theory --- at higher electrolyte concentration, a more depressed 
mobility is expected. Second, there were no isoelectric points visible at all three different 
concentration levels. Last, the latices drifted relatively fast in 0.01M and slow in 0.001M 
ekctrolyte concentration (Fig. 1). The above features (as in Fig. 1B, solid lines) were also 
obsewed by Dr. Dmatcte (Fig. 5). 

At low electrolyte concentration, O,NlM, an increase in mobility was found either at 
pH<4 or pH>10 (Fig. 1). T h i s  might be due to the increase in csnductivIty of the solution, 
and hence an increase in the surface charge of the latices in the same pH regions (Fig. 4). 
This phenomenon was not found in 0.01 and 0.05 M electrolyte concentrations. However, 
in 0.05M electrolyte concentration, a probable charge reversal happened either at pl-14 or 
pHG9. No experiments were carried out  at p H 4  or >11 and at concentrations greatcr 
than 0.05M; beyond these regions thc instability of the instrument reading was observed. 
The leaking to thc electrode compartment from the sample cell through a membrane sealing 
with a teflon spacer and the bubbles either in the sample cell or in the electrode 
compartment also generated thc instability of Zk%asizer. The leaking problem may be 
overcome by polishing the surface of Teflon spaccn.. All thc air bubbles in the electrode 
and sample cells shnuld be carelully removcd before 

TRe conditioning of the sample cell by using the same samplc solution is also 
important. The measurement was taken only after the steady rcading of the cell current 
was reached, because the change of the cell current also leads to the change of the applied 
electric field of the cell. Usually the conditioning procedurc took about 5 minutes. 

2 seconds after injecting the dispersion into the sample cell. "lie length of the 
measurement is 20 seconds, The to the limitation of the computer software, the second 
measurement can only be started about 1 minute after the starting of the first measurement. 
The following measurements can be re a t 4  in 40 second inkxvals up to 15 cycles. We 
found that thc change in mobility was ong within the first couple a& minutes after 
injccting the dispersion into the 11 (Fig. 2). Mobility measurements riiade in low 
electrolyte concentration, e.g., 0. appear to be less sensitivc to time effects in the first 
minute (Fig. 3). 'Ihe magnitudc of mobility increase measured at potassium perchlorate 
coracentratiion of 0.05M was almost 18 times of that at 0.001M concentration. Thc increase 
of the mobility may be affected by the sedimentation of the big particl or agglomerates 
a n d b  by the charging of the silica surface of the sample sell. 'rhe re ings of the first 
measurements were consistent. The differences bctween them were in the range of 3.0.1 
m"2/'Vs. The cell mobility profiles as function of pH at a fixed electrolyte concentration 
were also determined (Fig. 5). ' 1 % ~  two intersection points of the three profiles with 
different pM values were very closc to the stationary positions of the cell, 0.239 W from the 
wall of the capillary cell. If this finding i s  true, the teal stationary positions of the cell can 
be obtained by measuring the ccll inobilily profiles of the dispersion with thrce arbitrary pH 
values. However, this needs marc work to fully support this cornclusion. 

measured at thrcc pM values using a modified Zetasizer 11. 7 % ~  results obtained were 
similar to those from a Pem Kern 3 

aking the measurement, 

The first measurement of the sample was started as quickly as possible; usually within 

The mobility of submicron goethite obtained from The University s f  Wisconsin was 

run at U. Wisc. (Table 1). 
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Conclusion 

The polystyrene latex is not be recommended as a standard for electrophoretic 
characterization studies because (1) it does not obey the DLVO theory; (2) it does not have 
an isoelectric point; and (3) it has a relatively broad mobility distribution (standard deviation 

The mobility of the particle will be measured only in the pH range 4 to 10 if possible. 
10%). 

Beyond this range the conductivity of the solution may plan an important role at the 
mobility measurement, especially at low electrolyte concentrations. 

concentration, e.g. <0.005m, and fast measurement, e.g. <2 seconds, on samples are 
recommended. 

agreement between the mobility measurements on geothite particles by using Pem Kem 3000 
and Zetasizer 11, the U. Wisc. geothite particles may be chosen as a standard for 
electrophoretic characterization studies. 

To void the time effect on mobility measurement, the use of low electrolyte 

According to the narrow mobility distribution (standard deviation 6 %) and good 
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Polystyrene Latex in Electrolyte Solutions 
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4.1 733 Y SEER 

4.1.1 Technolow Transfer 

Technolorn Transfer 
D. R. Johnson (Oak Ridge National Laboratory) 

Technology transfer in the Ceramic Technology Project is accomplished by a number 
s including the .hollowing: 

Trade Shorn - A portable display describing the program has been built and has been 
used at numerous national and international trade shows and technical meetings. 

Newsletter - A Ceramic Technology Newsletter is published regularly and sent to a 
large distribution. 

Reports - Semiannual technical reports, which include contributions by all participants 
in the program, are published and sent to a large distribution. Informal bimonthly 
management and Lechnical reports are distributed to the participants in the program. Open- 
literature reports are: required of all research and development participants, 

Direct ksistanee - Direct assistance is provided to subcontractors in the program via 
access to unique characterization and testing facilities at the Oak Ridge National 
Laboratory. 

Workshom - Topical workshops are held on subjects of vital concern to the ceramics 
community. 

International Cooperation - This program i s  actively involved in and supportive of the 
cooperative work being done by researchers in West Germany, Sweden, and the United 
States under an agreement with the International Energy Agency. That work, ultimately 
aimed at development of international standards includes physical, morphological, and 
microstructural characterization of cera ie powders and dense ceramic bodies, and 
mechanical characterization of dense ceramics. Dctailed planning and procurement of 
ceramic powders and flexural t a t  bars have been accomplished. hchamge of preliminary 
data on ceramic and 
participating. 

er  characterization results has been started by thosc laboratories 
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/EA Annex II Management 
V. J. Tennery (Oak Ridge National Laboratory) 

0 biective/scope 

The IEA Annex II agreement between the United States, the Federal Republic of 
Germany, and Sweden on structural ceramics is directed to cooperative research and 
development oriented to the identification and adoption of standardized methods for 
characterizing these materials. The original Annex I1 agreement included four subtasks: 
(1) information exchange, (2) ceramic powder characterization, (3) ceramic chemistry and 
structural characterization, and (4) ceramic mechanical property characterization. Each 
country provided selected ceramic powders and sintered structural ceramics for use in the 
research work in Subtasks 2, 3, and 4 in all three participating countries. Participating 
laboratories in all three countries agreed to share all resulting data with the purpose of using 
the knowledge gained from the work for developing standard measurement methods for 
characterizing ceramic powders and sintered structural ceramics. 

The lack of such standard measurement methods has been an impediment to the 
evolution and development of structural ceramics, both from the point of view of the 
manufacturer and the user. This Annex II agreement was conceived to accelerate the 
development of standard methods for determining important properties of these evolving 
materials. 

significant resources in performing the required measurements. In the United States, for 
example, in Subtask 2, twelve laboratories participated; in Subtask 3, seven laboratories 
participated; and in Subtask 4, eight laboratories participated. 

Subtasks 3 and 4, three sintered ceramics were studied, including one from each of the 
three countries. The ceramic from the United States was a silicon nitride, SNW-1000 from 
GTE-Wesgo; that from Germany was a hipped silicon carbide from ESK Kempton; and that 
from Sweden was a silicon nitride from ASEA Cerama. 

been held in the United States, Germany, and Sweden relative to possible content of 
continued cooperative international research similar to that conducted under the four 
subtasks of the original Annex II agreement. Due to the different rates at which the research 
in Subtasks 2, 3, and 4 has progressed, the status of these discussions differs for each 
subtask. The research on mechanical properties in Subtask 4 was completed first. 
Research on powder characterization was completed second, with the work in Subtask 3 
being completed last. Research plans in the area of mechanical properties as an extension 
of the Annex I I  agreement were reviewed at the Executive Committee meeting held on 
November 30, 1988, in the United States. Similarly, potential plans for continued research on 
ceramic powders were discussed at this meeting. Results from Subtask 3 were available 
last, and it is not clear at this time if further research in this area will be supported as an 
extension of the Annex II agreement. During the past six months, the research in 
Subtasks 2, 3, and 4 has essentially been completed, with reports written and published 
from Subtasks 2 and 4. The final report for Subtask 3 has recently been received at ORNL 
from Sweden, and it is now scheduled for publication on October 18. The status of the 
research in the three subtasks, powder characterization, sintered ceramic characterization, 
and mechanical properties within the United States, is discussed later in this report. In 
addition, plans for new research on mechanical properties under a new Subtask 5 will also 
be discussed. 

In the United States, many companies and their research staffs have contributed 

The research in Subtask 2 included the study of five ceramic powders. For 

With the approaching conclusion of Annex II research, considerable discussion has 
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Technical proaress 

Subtask 2. Ceramic Powder Characterization. A US. Working Group Meeting was 
held at the National Institute of Science and Technology (NIST) on March 30. A report on 
the technical leader's meeting at Cocoa Beach in January was discussed along with a 
discussion on preparation of revised data compilation, results of statistical analysis, and 
technical analysis of chemical data. Various topics were discussed and will be presented to 
the IEA Annex II Executive Committee scheduled for June. Formulation of further guidelines 
for recommendations for future work, along with methods to be studied and technical plans 
for future collaboration, was the basis of this discussion. 

At the 91st Annual Meeting of the American Ceramic Society, on April 25, the three 
national coordinators met to review their national positions on the state of ceramic powder 
characterization, and the conclusions from the meeting were used to form the basis of the 
report and recommendation for possible future research due to the Executive Committee 
from S. Hsu by June 1, 1989. This recommendation was made to the Executive Meeting in 
Maastricht in June. The US. Subtask 2 Working Group also met at Indianapolis on April 24 
to review final results of the research and to discuss the status of the position of candidate 
industrial participants in follownon research. 

The "Conclusions and Recommendations" for Subtask 2, Powder Characterization, as 
prepared by the technical coordinators at this meeting, were sent out for review May 10, with 
comments to be returned by the end of May. These "Conclusions and Recommendations" 
were incorporated into a report presented by S. Hsu at the IEA Annex II Executive 
Committee Meeting held in Maastricht, The Netherlands, on June 21. 

Powders: Data, prepared by NET, were received on June 13. The report was delivered for 
final printing on June 16. The completed report was received on July 26. Fifty copies of 
the report were shipped to Dr. Neumann in Germany and fifty copies to Dr. Pompe in 
Sweden on July 27. In addition, one copy was sent to each of the Subtask 2 participants in 
the United States. The second report in this series, which will include an analysis of the 
data in the first report, is scheduled for publication by the end of December 1989. On 
June 21, the Executive Committee voted to approve a continuation of the powder research 
within a new Subtask 6, following a presentation by S. Hsu of NIST of the research plan 
outline. The detailed plan is to be presented to the Committee at the next meeting 
scheduled for Dearborn, Michigan, on October 24. 

permission to release the powder characterization data in the Subtask 2 report to ASTM for 
consideration in devising ceramic powder characterization standards. Permission was 
received from representatives of both Germany and Sweden, and S. Hsu of NET will provide 
the data to ASTM-C-28.05.04 committee members for restricted use. Progress is continuing 
on the data analysis report on ceramic powders. 

The photomasters for the first report from this subtask, Characterization of Ceramic 

The United States requested approval from Germany and Sweden in late August for 

Subtask 3. Chemical Characterization of Sintered Ceramics. Camera-ready mats of 
the Subtask 3 report were received at ORNL from Mr. Michael Hatcher of KemaNord in 
Sweden on September 1 1, and following reformatting, were delivered to ORNL reproduction 
on September 20. Publication of this report is scheduled for October 18 and will conclude 
the activity under this subtask. 

Subtask 4. Mechanical Properties of Ceramics. The IEA Annex II archives consisting 
of the three different bar types were distributed on May 23 to each of the three countries. 
Each set was a random sample of the total population of each bar type, 

Japanese interest in participating in Subtask 5. Representatives of Ministry of International 
There have been discussions between the United States and Japan concerning 
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Trade and Industry (MITI) in Japan visited ORNL on June 12 to discuss possible cooperative 
research under the Annex II agreement. 

Technical results from this subtask were reported in two papers given at the first 
meeting of the European Ceramic Society in Maastricht, The Netherlands, in June. The 
papers were by the author and M. K. Ferber on fractography results and by authors from 
Germany on statistical analysis of fracture strengths. 

The two reports for this subtask were received from the Technical Publications 
Department. They are entitled, Statistical Analysis of Flexure Strength Data, and Fractography 
Analysis of Silicon Nitride and Silicon Carbide Structural Ceramics. On June 28, fifty copies 
each were sent to Dr. Neumann in Germany and Dr. Pompe in Sweden for distribution to 
their participants in this subtask. In addition, copies of these reports were sent to all U.S. 
participants in this subtask. The distribution of these reports essentially completes the 
planned activities for this subtask. Activity under this subtask is completed with publication 
of two reports. 

Subtask 5. Tensile and Flexural Properties of Ceramics. Discussion concerning work 
to be done in Subtask 5 has been continuing between the United States, Germany, and 
Sweden. A meeting was held in Gertnany on May 2 to discuss German participation in 
future work. It was decided at that meeting that the research in Germany will include flexure 
testing, tensile testing, biaxial testing, and prototype component spin testing. It was decided 
that the research in Germany for Subtask 5 will not be of the round-robin type as before, 
but rather that there will be certain measurements done in some laboratories, while other 
laboratories will do other measurements. Here in the United States a more internal 
uniformity will be used, where each laboratory will do much the same mechanical property 
measurements as the other U.S. laboratories. A meeting in Sweden was held May 25 to 
discuss their final agreement with the United States and Germany on future research. 
Sweden is planning to participate in tensile strength research along with flexure strength 
measurement research. Their proposal was presented to the IEA Executive Committee in 
Maastricht. On June 21, the Executive Committee voted to approve new research plans on 
mechanical properties from Germany, Sweden, and the United States. The research 
proposals were presented by Dr. Vierkorn-Rudolph (Germany), Mr. Michael Hatcher 
(Sweden), and Dr. Victor Tennery (United States). This research will henceforth be identified 
as part of a new Subtask 5. It was also agreed by representatives of the three countries 
that Japan would be formally invited to participate in both Subtask 5 on mechanical 
properties and Subtask 6 on ceramic powders. It was agreed at the meeting in Europe on 
June 21 that Mr. A. A. Chesnes of the DOE would send a formal letter of invitation to MlTl in 
Japan for participation in the new subtasks in Annex II. 

A common theme for this research will be flexure and tensile strength measurements 
on a structural ceramic selected and studied by each participating country. Relative to U.S. 
participation, the DOE has authorized procurement of room-temperature flexure fixtures and 
alignment jigs, along with flexure specimens and the blanks for the tensile specimens from a 
U.S. manufacturer. Garrett GN-10 silicon nitride has been selected for all US. research 
included in Subtask 5. A specification for 160 GN-10 silicon nitride rods was completed by 
the author, and the procurement process started. Delivery of the rods will start in December 
and be completed by early spring. Plates of GN-10 have been ordered and will be 
machined into flexure specimens. Grinding of the tensile specimens will be done at ORNL. 

willing to determine the tensile strength of about 10 tensile specimens of the silicon nitride, 
selected by Germany for Subtask 5, if the specimens were ground to our desired 
dimensions. This was agreed to by letter on August 10, and ORNL will measure the 
German specimens with strain gauges applied to all specimens. On August 23, a letter was 
received from Dr. A. Moreno of ENEA in Italy regarding the possibility of Italy joining the 
present Annex II agreement. A letter was returned explaining the agreements reached by 

A request was received from Germany to determine if a U.S. laboratory would be 
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the Executive Committee relative to new member countries at the June meeting in 
Maastricht. On September 27, DOE received a formal reply from Japan, stating that Japan 
will join Subtask 5. The Japanese research proposal was included, which is essentially 
identical io  the United States research plan, and includes both flexural and tensile strength 
measurements. Notification of these later developments were sent by letter to the nine US. 
laboratories besides ORNL who will be participating in Subtask 5. 

room-temperature strength measurements sometime in December. 
It is anticipated that the flexure specimens of GN-10 will be ready for starting the 

___-_I Publications 

1. Slatistical Analysis of Flexure Strergth Data, /EA Annex 11, Subtask 4,  by 
A. Briickner Foit and C). MLUX, lnstitut fijr Zuverlassigkeit und Schadenskunde im 
Maschinenbau, University of Karlsruhe, Karlsruhe, West Germany, published by ORNL in 
June 1989. 

2. Fiactography Analysis of Silicon Nitride and Silicon Carbide Stiuctiiral Ceramics, IEA 
Annex I / ,  Subtask 4,  by M. K. Ferber, High Temperature Materials Laboratory, Oak Ridge 
National Laboratory, June 1989. 

3. Characterization of Ceramic Powders: Data, /EA Annex I\, Subtask 2, by 
A. L. Dragoo, S. G. Malghan, L. -S. H. Lum, S. M. Hsu, and R. Munro, Ceramics Division, 
National Institute of Standards and Technology, published by ORNL in July 1989. 
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Standard  Reference Materials 
S .  G .  Malghan, A .  L. Dragoo, L .  S .  Lum, D. B. Minor, J. F. Kelly, 
and J. P. Cline (National Institute of Standards and Technology) 

Obiective/Scope 

Ceramics have been successfully employed in engines on a 
demonstration basis. The successful manufacture and use of 
ceramics in advanced engines depends on the development of reliable 
materials that will withstand high, rapidly varying thermal stress 
loads. Improvement in the characterization of ceramic starting 
powders is a critical factor in achieving reliable ceramic 
materials for engine applications, The production and utilization 
of  such powders require characterization methods and property 
standards for quality assurance. 

The objectives of the NBS program are (1) to assist with the 
division and distribution of five ceramic starting powders for an 
international round-robin on powder characterization; (2 )  to 
provide reliable data on physical (dimensional), chemical and phase 
characteristics of  two silicon nitride powders: a reference and a 
test powder; and ( 3 )  to conduct statistical assessment and modeling 
of round-robin data. 
assessment of  powder characterization methodology and toward 
establishment of a basis for the evaluation of fine powder 
precursors for ceramic processing. This work will examine and 
compare by a variety of statistical means the various measurement 
methodologies employed in the round-robin and the correlations 
among the various parameters and characteristics evaluated. The 
results of  the round-robin are expected to provide the basis for 
identifying measurements for which Standard Reference Materials are 
needed and to provide property and statistical data which will 
serve t he  development of internationally accepted standards. 

This program is directed toward a critical 

Technical Progress 

The technical progress covered in this report includes 
descriptions of work on the preparation of powder samples for the 
IEA/ANNEX 11, Subtask 2, powder characterization round-robin and of 
the compilation and analysis of round-robin data. 

Division, Distribution and Certification of Ceramic Starting 
Powders. This phase of the work is completed. 

Powder Characterization. Characterization of powders for the 
Subtask 2 round-robin was completed during the previous reporting 
period. A statistically designed study on the influence of sample 
preparation parameters on particle size distribution measurements 
by x-ray sedimentation (Sedigraph by Micromeritics) has been in 
progress. This study is conducted in order to provide assistance 
in the interpretation of the interlaboratory-comparison data and to 
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the design of experiments of the proposed Subtask 6 (continuation 
of Subtask 2 )  intended to test the Sedigraph measurements. 

Particle Size Distribution Measurement Parameters. Of the 
numerous variables, three major parameters - -  types of dispersant, 
ultrasonication power, and ultrasonication time; were examined. 
Ube's SNE-10 silicon nitride powder was used as a model system, 
though the results will be applicable to similar silicon nitride 
powders. Based on the current data available, the folLowing 
observations are appropriate: 

Quantity of ultrasonication energy (power x time) plays an 
important role, as long as suitable dispersant is utilized. 
An appropriate quantity of ultrasonication energy has to be 
utilized to obtain reproducible particle size distribution. 
In Figure 1, data on two samples of the Ube's SNE-10 powder 
are presented in which two levels of ultrasonication energy 
( 3  watts for 3 min and 15 watts for 9 min) were applied 
using a probe device. 
application in this example is fairly large, it is within 
the range of laboratory practice. These data show a 
significant change in particle size distribution as a 
function of sample preparation parameters. 
difference of 0.2 micron in d,, was observed in this 
example. This difference is not considered to be 
insignificant, when examined in terms of ball milling time 
to achieve a d,, of 0.75 vs 0.55 micron o r  sintering time- 
temperature schedule f o r  two powders of this type of 
difference in size distribution. 

Experiments are in progress to define an optimum set of 

Though the range of energy 

A n  overall 

parameters for particle size distribution measurement by the use of  
Sedigraph. 

Data Analvsis. At the IEA meeting in Maastricht, Netherlands, 
in June 1989, progress of the data analysis task was described. 
Subsequent to that meeting, in July 1989, the first report on 
Subtask 2, "Ceramic Powders Characterization-Data" was released. 
This report covers only the data and simple statistica1,treatment 
of the data. Several examples of variation of measurement 
parameters of powder characteristics are presented. This report 
has been sent to a l l  25 participants of the Subtask 2 in Germany, 
Sweden and U.S.A. 

Second report on Subtask 2 is in preparation, ready for  
publication in December 1989. This report contains technical 
analysis of the data, procedures used in obtaining the data, data 
and recommendations. 
this report, with assistance from other technical leaders: H. 
Hausner, FRG; R. Pompe, Sweden. All the sections have been written 
and reviewed by the technical leaders. Currently, several chapters 
are being edited to incorporate inputs of the technical leaders. 

Alan Dragoo has been the primary editor o f  
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Status of Milestone 

Task 1. Subtask A and B are completed. Subtask C ,  
intermediate milestones 411603 and 411604 have shown slippage due 
to larger than anticipated quantity of revisions and analysis. 

Certain commercial equipment, instruments and materials may he 
identified in this report in order to adequately specify the 
experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Institute of 
Standards and Technology, nor does it imply that the materials 
or equipment identifies are necessarily the best avallahla for 
the purpose. 
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