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CERAMIC TECWNQLQGY---FQ? ADVANX-ED HEAT ENGINES PROJECT SEMIA 
____. PROGRESS ~ REPORT FOR APRIL THROUGH SEPTEMBER 1988 

SUMMARY 

The Ceramic Techno logy  For Advanced H e a t  Eng ines  P r s l j e c t  was d e v e l o p e d  
by t h e  Depar tment  o f  E n e r g y ' s  O f f i c e  o f  T r a n s p o r t a t i o n  Systems (OTS) i n  
C o n s e r v a t i a n  and Renewable Energy .  
M a t e r i a l s  Uevelopment  Program, was d e v e l o p e d  t o  meet t h e  c e r a m i c  t e c h n o l o g y  
r e q u i r e m e n t s  o f  t h e  O T S ' s  a u t o m o t i v e  t e c h n o l o g y  programs.  

S i g n i f i c a n t  accompl ishments  i n  f a b r i c a t i n g  c e r a m i c  components f o r  t h e  
Depar tment  o f  Energy  (DOE), N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
(NASA), and Depar tment  o f  Defense (Don) advanced h e a t  e n g i n e  programs have 
p r o v i d e d  e v i d e n c e  t h a t  t h e  o p e r a t i o n  o f  ceram-ic p a r t s  i n  h i g h - t e m p e r a t u r e  
e n g i ~ e  e n v i r o n m e n t s  i s  f e a s i b l e .  However, t h e s e  programs have a l s o  demon- 
s t r a t e d  t h a t  a d d i t i o n a l  r e s e a r c h  i s  needed i n  m a t e r i a l s  and p r o c e s s i n g  
deve lopment ,  d e s i g n  m e t h o d o l o g y ,  and d a t a  base and l i f e  p r e d i c t i o n  b e f o r e  
i n d u s t r y  w i l l  have a s u f f i c i e n t  t e c h n o l o g y  base f r o m  w h i c h  t o  p r o d u c e  
r e l i a b l e  c o s t - e f f e c t i v e  c e r a m i c  e n g i n e  components c o m m e r c i a l l y .  

An assessment  o f  Reeds was c o m p l e t e d ,  and a f i v e - y e a r  p r o j e c t  p l a n  was 
d e v e l o p e d  w i t h  e x t e n s i v e  i n p u t  f r o m  p r i v a t e  i n d u s t r y .  
p r o j e c t  i s  to d e v e l o p  t h e  i n d u s t r i a l  t e c h n o l o g y  base r e q u i r e d  f o r  r e l i a b l e  
c e r a m i c s  f o r  a p p l i c a t i o n  i n  advanced a u t o m o t i v e  h e a t  e n g i n e s .  The p r a j e c t  
approach i n c l u d e s  d e t e r m i n i n g  t h e  mechanisms c o n t r o l l i n g  r e l i a b i l i t y ,  
i m p r o v i n q  p r o c e s s e s  f o r  f a b r i c a t i n g  e x i s t i n g  c e r a m i c s ,  d e v e l o p i n g  new 
m a t e r i a l s  w i t h  i n c r e a s e d  r e l i a b i l i t y ,  and t e s t i n g  t h e r e  m a t e r i a l s  i n  simu- 
1 a t e d  e n g i n e  e n v i  ronments t o  c a n f  i r m  r e 1  i a b i  1 i t y  . A1 t h o u g h  t h i  3 i s a 
g e n e r i c  m a t e r i a l s  p r o j e c t ,  t h e  f o c u s  i s  on t h e  s t r u c t u r a l  c e r a m i c s  f o r  
advanced g d s  t u r b i n e  and d i e s e l  e n g i n e s ,  c e r a m i c  b e a r i n g s  and a t t a c h m e n t s ,  
and ceramic: c o a t i n g s  f o r  t h e r m a l  b a r r i e r  and wear  a p p l i c a t i o n s  i n  t h e s e  
e n g i n e s .  T h i s  advanced m a t e r i a l s  t e c h n o l o g y  i s  b e i n g  d e v e l o p e d  i n  p a r a l l e l  
and c l o s e  c o o r d i n a t i o n  w i t h  t h e  o n g o i n g  DOE and i n d u s t r y  p r o o f - o f - c o n c e p t  
e n g i n e  deve lopment  p rograms.  To f a c i l i t a t e  t h e  r a p i d  t r a n s f e r  o f  t h i s  t e c h -  
n o l o g y  t o  U . S ,  i n d u s t r y ,  t h e  m a j o r  p o r t i o n  o f  t h e  w o r k  i s  b e i n g  done i n  t h e  
c e r a m i c  i n d u s t r y ,  w i t h  t e c h n o l o g i c a l  s u p p o r t  f r o m  government  l a b o r a t o r i e s ,  
o t h e r  i n d u s t r i a l  l a b o r a t o r i e s ,  and u n i v e r s i t i e s .  

T h i s  p r o j e c t  i s  managed by ORNL f o r  t h e  O f f i c e  o f  T r a n s p o r t a t i o n  
Systems, H e a t  E n g i n e  P r o p u l s i o n  D i v i s i o n ,  and i s  c l o s e l y  c o o r d i n a t e d  w i t h  
complementary c e r a m i c s  t a s k s  f u n d e d  by o t h e r  DOE o f f i c e s ,  NASA, DoD, and 
i n d u s t r y .  A j o i n t  DOE and NASA t e c h n i c a l  p l a n  has been e s t a b l i s h e d ,  w i t h  
DOE f o c u s  on a u t o m o t i v e  a p p l i c a t i o n s  and NASA f o c u s  on aerospace app i c a -  
t . ions.  
c o o r d i n a t i o n .  The w o r k  d e s c r i b e d  i n  t h i s  r e p o r t  i s  o r g a n i z e d  a c c o r d  ng t o  
t h e  f o l l o w i n g  WBS p r o j e c t  e l e m e n t s :  

T h i s  p r o j e c t ,  p a r t  o f  t h e  O T S ' s  Advanced 

The o b j e c t i v e  o f  t h e  

A common w o r k  breakdown s t r u c t u r e  (WBS) was d e v e l o p e d  t o  f a c  l i t a t e  

1 
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0.0 PROJECT ~ ~ ~ d ~ ~ € ~ ~ N T  AND COORDINATION 

D. R. Johnson 
Oak Ridge N a t i o n a l  L a b o r a t o r y  

T h i s  t a s k  i n c l u d e s  t h e  t e c h n a ’ r a l  management o f  t h e  p r o j e c t  i n  a c c o r -  
dance w i t h  t h e  p r o j e c t  p l a n s  arid management p l a n  a p p r o v e d  by t h e  Depar tment  
o f  Energy  ( D O E )  Oak R idge O p e r a t i o n s  O f f i c e  (ORO) and t h e  O f f i c e  o f  T r a n s -  
p o r t a t i o n  Systems. T h i s  t a s k  i n c l u d e s  p r e p a r a t i o n  o f  annua l  f i e l d  task 
p r o p o s a l s ,  i n i t i a t i o n  and management o f  s u b c o n t r a c t s  and i n t e r a g e n c y  
agreements ,  and management o f  ORNL t e c h n i c a l  t a sks .  M o n t h l y  management 
r epor t s  and b i m o n t h l y  r e p o r t s  a r e  prnvidcd t o  DOE; h i g h l i y h t s  and semi- 
annua l  t e c h n i c a l  r e p o r t s  a r e  p r o v i d e d  ti? DOE and program p a r t i c i p a n t s .  In 
a d d i t i o n ,  the  program i s  c o o r d i n a t e d  w i t h  i n t e r f a c i n g  programs sponsored 
by o t h e r  DOE o f f i c e s  and f e d e r a l  a g e n c i e s ,  i n c l u d i n g  t h e  N a t i o n a l  Aero. 
n a u t i c s  and Space A d m i n i s t r a t i o n  (NASA) and the  Depar tment  o f  D e f e n s e  (Dol l ) .  
‘ l h i s  c o o r d i n a t i o n  i s  a c c o m p l i s h e d  by p a r t i c i p a t i o n  i n  b i m o n t h l y  DOT_ arid 
NASA j o i n t  management m e e t i n g s ,  annua l  interagency h e a t  e n g i n e  c e r a m i c s  
c o o r d i n a t i o n  m e e t i n g s ,  DOE c o n t r a c t o r  c o o r d i n a t i o n  m e e t i n g s ,  dnd DOF Energy 
M a t e r i a l s  C o o r d i n a t i n g  Commit tee (TMaCC) m e e t i n g s ,  a s  well a s  s p e c i a l  
c o o r d i n a t i o n  m e e t i n g s .  
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1 . 0  MATERIALS AMD PROCESSING 

INTRODUCTION 

T h l s  port ion o f  the  p r o j e c t  i s  i d e n t i f i e d  a s  p ro jec t  e l e m e n t  1 . 0  
within t he  work  breakdown strructure (WHS) ~ I t  conta ins  f o u r  siAxlernent,r: 
(1) Monolithics,  ( 2 )  Ceramic Composites, ( 3 )  Thermal and Wear Coatings, 
and ( 4 )  J o i n i n g .  Ceramic re rearch  conducted  w i t h i n  t he  Monolithics rub-  
element cili*rently includes w o r k  a c t i v i t i e s  on green  s t a t e  ceramic Fabr ica-  
t i o n ,  c h a r - a c t e r i z a t i a n ,  and dens i f i ca t inn  and  ubi s t r u c t u r d l  , mechan ica l  
and physical p rope r t i e s  o f  these  c e r a m i c s .  Research conducted w i t h i n  t h e  
Ceramic C a m p s s i t e s  suhelernrnt  c u r r e n t l y  includes s i  1 i con  c a r b j d e  and o x j d e -  
based c o m p o s i t e s ,  w h i c h ,  i n  a d d i t i o n  t o  t h e  work a c t i v i t i e s  c i t e d  f o r  
Monoli thics ,  include f i b e r  s y n t h e s i s  and c h a r a c t e r i z a t i o n ,  Research con- 
ducted i n  the  Thermal and Wear Coatings subelement i s  cur-ren‘cly limited t u  
o x i d e - b a s e  coat ings  and involves c o a t i n g  s y n t h e s i s ,  c h a r a c t e r i z a t i o n ,  and 
determinat ion o f  t h e  mechanical and physical prcper t ies  o f  t h e  c o a t j n g s .  
Research conducted  i n  t h e  Joining subelenient cur ren t ly  i n c l u d e s  studies o f  
p r o c ~ s s e s  t o  produce s t rong s t a b l e  ja4nt.s between zirconia ceramics and 
i ron -base  alloys. 

project, element i s  t o  systematically advance t h e  understandinq o f  the  
r e l a t ionsh ips  be tween  ceramic raw naaterial s such as; powdcrs and r eac t an t  
g a s e s ,  t he  processing variables involved .in producing t h e  ceramic mate r i a l s ,  
and the resul tant ,  micros t ruc tures  and p h y s i c a l  and mechanical p roper t ies  
o f  t h e  ceramic mate r i a l s .  Success i n  meeting t h i z  ob jec t ive  w i l l  provide 
U . S .  companies w i t h  new o r  improved ways for  producing ecoiiomical h i g h l y  
re1 i a b l  e ceramic components Tor advanced heat  e n g i  t i e s ,  

A major ob jec t ive  o f  t h e  research i n  t h e  Mdtorials  aqd P r o c e s s i n g  
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1.1 MQNOLITWTCS 

The purpose o f  t h i s  work  i s  t o  i nves t iga t e  the  turbomill ing 
process a s  a means r i f  improved p r o c e s s i n g  f o r  Sic:  whisker- 
ceramic  m a t r i x  composi t r s ,  a n d  t o  design a n d  f a b r i c a t e  prototype 
turbixi i l l  i n q  u n i t s .  

TechnicaK progress 
I_____~ 

- I h e  po ten t ia l  f e a s i b i l i t , y  o f  using twrbomilling as a pi-ocess t o  
improve d e a g g l  omerati cm o f  w h i  skers a n d  subsequent enhanced dispersion 
and hornogeni z a t i o n  wac~ deitionstr-ai:ecl i n  FY87. Based o n  these resul t s  
the cur ren t  sub-contract was awarded ~ Thi s subcontract  coritai ns the 
f o l 1  oivi ng three t a s k s  : 

Task 1. Desigxi, f a h r i c a t l o n  arid t e s t i n g  o f  p r o t o t y p e  

Task 2 .  

Task 3 ,  

t u r b o m i  7 1 s I 

Dispersion and homogenization i?T;  S i c  whisker/ 
alirinina matrix composi tec; .  
Dispersion (3nd homogenization o f  S i c  whisker/ 
s i1  i c o n  t i- i tr ide rnat,rix composiles. 

Task - 1. P r o t m e  ......... .Turbomills l_l .................................... 

In  Task; 1 developmental turbomi 11 s were redess’gned t o  a1 1 ow the  
use o f  various s ized rotor,  sha-Ft and body assemblies w h i c h  sha l l  make 
i t  p o s s i b l e  t o  make s m a l l e r  batches and  deterinine the e f f e c t s  o f  
u p s c a l i n g  on t h e  p r o c e s s i n g  p a r a m e t e r s .  A d d i t i o n a l  d e s i g n  
cons idera t ions  allow f o r  real  -time d a t a  acqu i s i t i on  o f  the turbomill 
opera t i  riS parameter,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 ,  de l ays  in  construct ion o f  t h e  
p r o t y p y e  turbomi 1 1  s were encoun te red  due to unexpected del i very 
problems a n d  machine shop scheduling. Present ly  the f i r s t  prototype 
m i l l  w i t h  about.  a 0 . 7 5  l i t e r  volume i s  nearing completion, and  the 
inajor- components f o r  the  a d d i t i o n i i l  turboml’l l  s are be ing  f ab r i ca t ed .  A 
new coinplet.ion d a t e  f o r  t h i s  .task was g i v e n  a s  November 1, 1988. 

Task ___ .............................. 2 and 3 .  Dispersion ...... a n d  ~- Hornoyenization o f  S i C w  
Ceram-i c Matrix Compos i t e s  ...... 

Due t o  an t i c ipa t ed  delays in  the construct ion and development o f  
t h e  prototype turbomil I s ,  turboriiill i n g  equipment a t  t he  U . S .  Bureau of 
Mines Tuscaloosa Research Center. was  u t i  1 i z e d  to p r o c e s s  s e v e r a l  
b a t c h e s  o f  SiCw/alumina m a t r i x  a n d  S iCw/s i l i con  n i t r - i d e  m a t r i x  
mixtures.  The whisker content  for t w o  whisker sources (Tateho, Grade 
SC-1 arid American M a t r i x ,  Inc.,Grade 1) was varied between 20 t C J  
45 vo l  . / o  f o r  the  SiCw/alurnins ma t r ix  a n d  15 t o  35 vol  . / o  f o r  the 
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SiCw/silicoiT ni t - ide matrix composite3. The turbomil l ing parameters 
were the same a s  u t i l i z e d  in  the prior f e a s i b i l i - t y  s tudy.  Following 
turbomil 1 ing,  green preforms f o r  hot-pressing were pvepared by pressure 
cas t ing  6 , 5  cm diameter d i sc s  approximately 3 ciii i n  th ickness  f r o m  the  
f loccula ted  suspensions.  After  d r y i n g ,  the d i s c s  x e r e  hot-pressed a t  
O R N L  and then sen t  t o  an outs ide  vendor (Bomas Machine S p e c i a l t i e s )  f o r  
machining in to  3 X 4 X 2 5  i i im t e s t  bars  ( M I L  Spec. 1942) .  MOR ( 4 . - p t ) ,  
Vicker 's  m i  crohardness,  indentat ion f r a c t u r e  toughness, and control 1 ed 
f l aw  f r a c t u r e  toughness  were de termi  n s d  o n  t h e  hot-prsssed bars  
according t o  standard techniques.  O p t i c a l  and s c a n n i n g  e l e c t r o n  
microscopy techniques were used t o  examine t h e  machined and polished 
s u r f a c e s  o f  t h e  m i c r o h a r d r i e s s  s p e c i n e n s  f o r  d i s p e r s i o n  and  
homogenization o f  t he  composi t2s and the -fractured su r faces  of the  MOR 
bars  fo r  i r ident i f ica t ion  of the f r a c t u r e  o r i g i n s .  

The d a t a  r e s u l t i n g  from these  t r i a l s  a r e  given i n  Figures 1 
t h r o u g h  6. As observed froiii these r e s u l t s ,  strength and f r a c t u r e  
toughness values f o r  b o t h  S i c  whisker re inforced alumina and s i1  icon 
ni t r i d e  matrix composites were found t o  be improved by the turbomill  i n g  
and pressure f i l t r . a t i on  process used i n  t h i s  study. For  both matr-ix 
ma te r i a l s ,  Pherican M a t r i x  S ic  whiskers r e su l t ed  i n  higher s t r eng th  and 
toughness Val ues,  compared t o  the same  hi sker  1 oadi ng f o r  'I-atelio S i c  
1whl:sket-s. A sLrength of 593 MFa and frac. ture  toughness of 7 .3  MPa-m1j2 
was measured f o r  a 40 vol . %  American Matr"ix S i c  whisker/RCHP-DRM 
alumina, and a s t r eng th  o f  865 MPa and a f r ac tu re  toughness of 
8 . 8  MPa-m1/2 was determined f o r  a 35 vol .% American Matrix SiC/UBE 
s i l i c o n  n i t r i d e  with the addi t ion o f  2 w t . %  alumina and 6 wt.% y t t r f a .  

The d e t a i l e d  r e s u l t s  and discussion for- these  s tud ie s  wil l  be 
g i v e n  in  the f i n a l  report and wi l l  a l so  appear in the Proceedings o f  
the T h i r d  Annual Syrnposiuiii on Ceramic Mater ia ls  and Components f o r  Heat 
Engines, Las Vegas, N V  November 28-30, 1988. 

S t a tus  of mil e s t o n e s  

Design, f ab r i ca t ion  and t e s t i n g  of prototype 
turbomi 1 1  s .  

Dispersion and homogenization o f  Sic  whisker/ 
alumina matrix composites. Completed 
ahead o f  schedule.  

Dispersion and homogeniiation of S ic  whisker/ 
s i l i c o n  n i t r i d e  iiidtrix composites. 
Compl Pted ahead of schedul e .  

Pi-esentati ons 

November 1988 

November 1988 

Novrn1ber 1988 

0. E .  Wi ttmer, " Improved Processi  ing of Ceramic Composites" , 90 t h  Annual 
American Ceramic Society MePting, Cinc inna t i ,  OH May 1 - 5 ,  1988. 
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Pub1 i c a t i o n s  I 

0. E -  W i  t tmer ,  " A 1  t e r n a t i  ve Processing T h r o u g h  
Turboinill i n g " ,  The American Ceramic Society Bulletin, 
Val. 67, No. 10, Oct. 1988, PF. 1670-72. 

D. E. Wittmer and W .  Trimble, "Ceramic Composites 
Processed by T u r b m i ? l i n g " ,  Proceedings o f  the  T h i r d  In te rna t iona l  
Symposium on Ceramic Mater ia ls  and Components f o r  Heat 
Engines, Las Vegas, N V  November 28-30, 1988 (Manuscript 
compl e t ed )  
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1.1 .2  S i l i c o n  Ni-q 

Sin ter ing  sf Silicon Nit ' i - idc?_ 
G .  E. Gaz;.a ( A m y  Materials Techno logy  Laboratoi*y) 

T h i s  program i s  c o n c e n t r s t i n g  on s i n t e r i n g  compos iL iuns  i n  t h e  Si3N4-Y&-Si02 
system u s i n g  a two-slep s i n t e r i n g  method d w r e  t h e  n i t r o g e n  gas p r e s s u r e  is r a i s e d  
t o  7-8 FIPa d u r i n g  t h e  second s t ~ p  o f  t h e  p rocess .  
d i s s o c i a t i o n  r e a c t i o n s  a r e  suppressed by t h e  use n f  h i g h  n i t r o g e n  p r e s s u r e  and 
c o v e r  powder of  s u i t a b l e  c o m p o s i t i o n  o v e r  t h e  specimen. V a r i a b l e s  i n  t h e  program 
i n c l  ude t h e  s i n t e r i n g  p r o c e s s  parameters,  s o u r c e  o f  s t a r t i n g  powders 
and t ime,  and specimen c o m p o s i t i o n .  
t e m p e r a t u r e  modulus o f  r u p t u r e ,  h i g h  t e m p e r a t u r e  s t r e s s - r u p t u r e ,  o x i d a t i o n  
r e s i s t a n c e ,  and f r a c t u r e  toughness.  S u c c e s s f u l  d e n s i f i c a t i o n  o f  s e l e c t e d  
c o m p o s i t i o n s  w i t h  s u i t a b l e  p r o p e r t i e s  w i l l  l e a d  t o  d e n s i f i c a t i o n  o f  i n j e c t e d  molded 
o r  s l i p  c a s t  csinponents f o r  e n g i n e  t e s t i n g .  

D u r i n g  t h e  s i n t e r i n g ,  

m i  11 i n g  media 
R e s u l t a n t  p r o p c r t i e s  d e t e r m i n e d  a r e  room 

~- T e c h n i c p l  progresl  

The c o m p o s i t i o n  se r c t e d  for  f u r t h e r  s c a l e - u p  and p r o p e r t y  e v a l u a t i o n  i s  d e s i g n a t e d  
as nos.39 which i s  55.8m/o s i l i c o n  n i t r i d e  -- 4.73m/o y t t r i a  ." 9.4!m/o s i l i c a .  The 
a d d i t i o n  o f  approx m a t e l y  l.Om/o o f  Mo2C t o  t h e  base c o m p o s i t i o n  promotes 
s i n t e r i n g  of these c o m p o s i t i o n s .  S t a r t i n g  s i l i c o n  n i t r i d e  powders b e i n g  
i n v e s t i g a t e d  have been r e s t r i c t e d  Toyo-Soda's TS-7 and TS-10 grades.  The TS-10 
grade i s  r e p o r t e d l y  a h i g h e r  a l p h a  phase powder t h a n  TS-7  H j t k  a f i n e 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 .  A s e d i g r a p h  a n a l y s i s  o f  b o t h  powders i n d i c a t e d  t h a t  t h e  shape 
o f  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  c u r v e s  a r e  s i m i l a r  b u t  t h e  TS-10 potdder c u r v e  i s  
d i s p l a c e d  t o  l o w e r  p a r t i c l e  s i z e  s i z e s .  The 50% c u i n u l a t i v e  mass p e r c e n t  v a l u e  f o r  
t h e  PS-7 powder i s  0.9um while t h e  TS-18 powder v a l u e  i s  O.6~111. H i g h  d e n s i t y  
specimens have been o b t a i n e d  w i t h  b o t h  powders a f t w  h i g h  gas  pressure s i n t e r i n g .  

F r -ac tog raph ic  e x a m i n a t i o n  o f  specimens yrhich have f a i l e d  a t  l o w e r  t h a n  average MOR 
v a l u e s  have shown t h a t  v a r i o u s  d e f e c t s  a s s o c i a t e d  w + t h  e i t h e r  powder p r o c c s s i n g ,  
machini isq,  o r  i m p u r i t i e s  i n  the s t a r t i n g  m a t e r i a l s  can resul t  i n  l o w  s t r e n g t h .  
F laws produced f rom polzrder p r o c e s s i n g  a r e  p o r e s  o r  i i r e t a l l  i c  ir-rcl  u s i o n s .  
a n a l y s i s  o f  t h e  i n c l u s i o n  shows Fe-Ni-Co p r e s e n t .  Another f l a w  t y p e  p r e s e n t  a t  t h e  
f r a c t u r e  o r i g i n  was found t o  c o n t a i n  K and C1 b y  EDXA. T h i s  i s  b e l i e v e d  t o  be a 
r e s i d u a l  i m p u r i t y  i n  t h e  s t a r t i n g  powder f r c m  ttir powder s y n t h e s i s  method. 
f r a c t u r e  o r i g i n s  %ere found t o  be m a c h i n i n g  f l a w s  o r  l a r g e  g r a i n s .  

An EDX 

Other 

F u r t h e r  s i n t e r i n g  runs were made w i t h  c o m p o s i t i o n  d e s i g n a t e d  as #39 ( c o n t a i n i n g  
4.73m/o Y 2 0 3  and 9.45/0 S i 0 2 )  w i t h  a d d i t i o n s  o f  e i t h e r  Mo2C (1.5%) o r  MoSi  

between t h e  d i f f e r e n t  c o m p o s i t i o n s .  I n  p a r t i c u l a r ,  whe the r  s i n t e r i n g  i s  a f f e c t e d  
by MQ$ added and r e a c t i n g  w i t h  S i 3 N 4  t o  f o r m  Blo 

and stopped a t  t e m p e r a t u r e s  o f  1650C, 18OOC and 19OOC a f t e r  h o l d i n g   OF 60 minu tes  
a t  t e m p e r a t u r e .  The r e su l t s  a r e  shown i n  as f o l l o w s : :  

(1.5%). 
The sintering e x p e r i m e n t s  were used t o  d e t e r m i n e  d i f f e r e n c e s  i n  s i n t e r i n g  2 e h a v i o r  

as opposed t o  MoSi? 
added d i r e c t l y .  S i n t e r i n g  r u n s  were condiicted Pa n i t r o g e n  gas p r e s s u r e  
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TABLE 1 

e r i n g  o f  s t a n d a r d  c o m p o s i t i o n s  (#39), w i t h  a d d i t i o n s  o f  1.5% 02C, o r  a d d i t i o n s  

Compos i t -i on T ( C )  D ( g r . )  D ( s i n t . )  %it .I Q S S  

g/cc  g /cc  I 

S t d  .#39 

S t d  .+MoS-i 

16510 1.58 2.39 
1800 1.58 2.80 
1900 1.56 3.23 

1650 1.59 2.42 
1800 1.59 2.79 
1900 1 .ti8 3.19 

1 , O l  
1.74 
2.12 

0.74 
1.51 
2.31 

S t d  .+Mo2C 1650 1.62 2.67 1.67 
1800 1.61 3.09 2.40 
1900 1.61 3.31 3.67 

A l though  f u r t h e r  s i n t e r i n g  r u n s  w i l l  be conducted  t o  c o n f i r m  r e s u l t s ,  t h e  s i n t e r i n g  
b e h a v i o r  o f  t h e  s t a n d a r d  c o m p o s i t i o n  and t h a t  c o n t a i n i n g  MoSi, appear  s i m i l a r .  The 
more r e a c t i v e  Mo C a d d i t i o n  appears t o  p romote  d e n s i f i c a t i o n  b f  t h e  compacts a t  
’lower s i n t e r i n g  gempera tures  as w e l l .  
m i c r o s t r u c t u r a l  a n a l y s i s  

S i m i l a r  s i n t e r f n g  r u n s  were conducted  u s i n g  p u r e  S i  N4 compacts and compacts 
c o n t a i n i n g  o n l y  1.5% and 3.0% Mo2C. The a d d i t i o n  03 o n l y  Mo C i s  n o t  an e f f e c t i v e  
d e n s i f i c a t i o n  a i d .  
by r e a c t i n g  w i t h  t h e  S i 3 N q O  

Ml’crsscopy 

Specimens a r e  b e i n g  p r e p a r e d  f o r  phase and 

I t  does, however,  appear  t o  p romote  t h e  f o r m a t i o n  o f  b e t a  phase 

S i n t e r e d  specimens were m i c r o s t r u c t u r a l l y  examined b y  SEM t o  d e t e r m i n e  g r a i n  s i z e ,  
~ o r p ~ o l o ~ y  and d i s t r i b u t i o n  of  m i n o r  phases. G r a i n s  were t y p j c c a l l y  e l o n g a t e d  w i t h  
d i a m e t e r s  o f  a p p r o x i m a t e l y  1-2um. F i n e r  m i c r o s t r u c t u r e s  formed as t h e  s i n t e r i n g  
t e m p e r a t u r e  was reduce . Aspect  r a t i o s  were d i f f i c u l t  t o  d e t e r m i n e  b u t  u s u a l l y  
f a l l  between 6 : l  and 1 O : l  f a r  s i n t e r e d  S i  N4. 
t o  be e s s e n t i a l l y  a l l  beta-phase,  
i n i c r o s t r u c t u r e  was d e t e r m i n e d  t o  be Y2Si207. 
o r  b e t a  p o l y m o r o p h i c  form.  
and S i  b y  EDXA was a l s o  d i s p e r s e d  i n  t h e  m i c r o s t r u c t u r e .  These p a r t i c l e s  were 
a p p r o x i m a t e l y  1-2um maximum d i a m e t e r  and found  t o  be a p p r o x i m a t e l y  70w/o 
30w/o S i  It has been 
r e p o r t e d  (1) t h a t  Most i s  d i m o r p h i c  and undergoes 3 e u t e c t o i d a l  t r a n s f o r m a t i o n  
upon coo i n g  be low 185 C t o  y i e l d  t h e  low t e m p e r a t u r e  Form, a l p h a  NOS 

ons m i g h t  a l so  be formed by  t h e  r e a c t i o n  o f  Mo 
Mo5Si3 p a r t i c l e  may fo rm a MoSi2 s h e l l  by f u r t  

Phase d e t e r m i n a t i o n s  found t h e  S i 3 N 4  
A secoadary  phase d i s p e r s e d  t h r o u g h o u t  t h e  

T h i s  appeared t o  be p r e s e n t  i n  g a m a  
The presence o f  f i n e ,  equ iaxed  p a r t i c l e s  c o n t a i n i n g  Mo 

Flo and 
T h i s  r e p r e s  n t s  a c o m p o s i t i o n  between MQ S i j  and MoSi2. 



D i  scuss ion  o f  r e s u l t s  

- ihe a d d i t i o n  o f  Mo C t o  Si  N, co l l i pos i t i ons  c o n t a i n i n g  Y203 arid S i 0  
promote d e n s i  f i c i t t f o n  o f  t d e  ' s p e c i n r n s  a t  t e m p e r a t u r e s  o f  1850-1966C e The Mo2C 
p a r t i c l e  a d d i t i o n s   ere k q t  f i n e  (1-3um d i a m e t e r )  t o  avo id lm in im ime  s t r e n g t h  
d e g r a d a t i o n  as r e p o r t e d  (2 -3 )  f o r  Fe.based i n c l u s i o n s .  The r e s u l t  molybdenum 
s i l i c i d e  p a r t i c l e s  were n o t  o b s e r v d  t o  be a s s o c i a t e d  w i t h  f r a c t u r e  o r i g i n s  i n  MOR 
specimens. R e s t  s i n t 2 r i n q  tempera tu res  appeal- t o  be i n  t h e  range o f  1925-196OC. 
A l t h o u g h  most specimens s u r v i v e d  t h e  e s t a b l i s h e d  s t r e s s - r u p t u r e  c o n d i t i o n s ,  
e x a m i n a t i o n  b y  TEN i s  necessary  t o  d e t e r m i n e  whether  c a v i t a t i o n  occu r red  near  
molybdenum s i l i c i d e  p a r t i c l e  s i t e s .  For l o n g  t e r m  a p p l i c a t i o n s ,  o p e r a t i n g  
t e m p e r a t u r e s  o f  1300-125OC appear  maxilnurn f o r  t h e s e  m a t e r i a l s  i f a sma l l  aiiiount o f  
c reep,  a s  i n d i c a t e d  by  t h e  permanent s t r a i n  va lups ,  i s  t o l e r a b l e .  Pos t  h e a t  
t r e a t m e n t s  t o  c r y s t a l l i z e  g r a i n  boundary  phases was n o t  s x t e n q i v e l y  exploi-ed b u t  
may improve c r e e p  r e s i s t a n c e .  

wzs found t o  

The mechanism i n v o l v e d  i c  p r o m o t i n g  d e n s i f i c a t i o n ,  hoivever, i s  n o t  y e t  c l e a r .  
Suspected f o r m a t i o n  o f  a l o w e r  v i s c o s i t y  l i q u i d  phase by molybdenum c a r b i d e  
r e a c t i o n  w i t h  t h e  y t t r i u m  s i l i c a t e  phase does n o t  appear  l i k e l y .  EDX a n a l y s i s  o f  
a r m s  o f  y t t r i u m  s i l i c a t e  phase near  molybdenum s i l i c i d c  p a r t i c l e s  d i d  n o t  i n d i c a t e  
t h e  presence o f  140. lhe  absence o f  such a r e a c t i o n  may be c o n s i s t e n t  w i t h  Lange's 
o b s e r v a t i o n  (4) t h a t  t h e  presence o f  t u n g s t e n  s i l i c i d e  ( f r o m  kdC) i n  h o t  p ressed  
c o m p o s i t i o n s  p repared  i n  t h e  S i  N4-Y 0 - Y  S i  0 t r i a n g l e  d i d  n o t  p roduce s u r f a c e  
p i t t i n g  d u r i n g  o x i d a t i o n .  
oxygen d i f f u s i o n  t h r o u g h  a l ow  v i s c o s i t y  g?assy phase formed by  t h e  r e a c t i o n  o f  
magnesium s i l i c a t e  w i t h  WC i m p u r i t y .  Another  mechanism be ing  i n v e s t i g a t d  i n v o l v e s  
t h e  decompos i t i on  o f  S i  N4 by rpac t i 'on  o f  Mo C p a r t i c l e s  $$ith 5; N 
5 iO .  A s  i n d i c a t e d  b y  N&;%a ( 5 ) ,  t h e  d e c o n p 8 s i i i u n  o f  S i  N b y  i 0 8 '  i s  f i v o r e d  b y  
compar ing  s t a n d a r d  f r e p  e n e r g i e s  o f  r e a c t i o n s  between S i  i44a11c~ v a r f o i l s  metal 
o x i d e s .  I n  t h i s  s t u d y ,  i t  Has observed t h a t  M G  C a c c e l e ? a t s s  t h p  f o r m a t i o n  o f  b e t a  
phase i n  TT-7  powder compacts ( w i t h o u t  Y 0 
above 17OOC.  A f t e r  6C m i n u t e s  a t  1935C, I - ,  powder vdibithout Mo C r e t a i n s  25% a l p h a  
phase w h i l e  powder c o n t a i n i n g  lm/o  Mo2C becomes e s s e n t i a l l y  100% b e t a  phase. The 
a c c e l e r a t i o n  o f  t h e  a l p h a  t o  b e t a  t r d n s f o r m a t i o n  by  Mo2C w i t h  i n c r e a s i n g  
t e m p e r a t u r e  may produce a h i g h e r  beta  phase n i i c l c a t i o n  d e n s i t y  and r e s t r i c t  
c o a r s e n i n g  o f  t h e  s t i - t i c t b r e  b e f o r e  s u f f i c i e n t  s o l  u t i o n - r e p r e c i p i t a t i o n  o f  b e t a  
phase can OCCI-IT" v i s .  t h e  y t t r i u m  s i l i c a t - P  g r a i n  boundary l i q u i d  phase. 

I n  M&I do$ea 5? M i , 7 p i t t i f l g  i s  produccd b y  enhanced 

S i 0  and /o r  

a d d f t i o n s )  a t  s i n t e r i n g  tempera tu res  2-3 
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S v t i t h e s i s  of High Piirit-v..-S~ntc?rabl.~ _ _ _ _  Si3N/:  Pqw-kk:s - - G .  M. Crosb ie ,  J ,  PI. 
Nicholson ,  R .  L .  Predmesky, and E .  D .  S t i l e s  (Research S t a f F ,  Ford Motor 
Coinpany, Dearborn, Wichigan) 

'The goal of this  t a s k  i s  t o  ach ieve  major improveinents i.n [:he quan'ii - 
t a t i v e  unders tanding  of how to produce s i n t e r a b l e  Si3N4 powders having 
h i g h l y  c o n t r o l l e d  p a r t i c l e  s i . ze ,  shapc s u r f a c e  a r e a ,  impi.1ri.t~ con ten t  and  
phase cointent.  Through t h e  a v a i l a b i l i t y  o f  improved powders, new cera1ni.c 
mat:c?rials a r e  expec ted  t o  be developed t o  provide  r e l i a b l e  and c o s t -  
e f f e c t i . v e  s t r u c t u r a l  ceramics  f o r  a p p l i c a t i o n  i n  advanced heai: t?i-Lcines. 

O f  i n t e r e s t  t o  the  p r e s e n t  powder ne-& i s  a s i l i c o n  n i t r i . d e  powder 
of  h igh  c a t i o n  and ani.on p u r i t y  wi thou t  carbon r e s i d u e .  

The process  s tudy  i s  d i r e c t e d  towards a modi f i ca t ion  of  Lhe low 
temperature  r e a c t i o n  o f  S i C l b  w i th  l i q u i d  N H 3  w h i - c h  i s  c h a r a c t e r i z e d  1 ) by 
absence o f  o rgan ic s  (a source  of  carbori con tamina t ion ) ,  2 )  by p r e s s u r i z a -  
t i o n  ( f o r  improved by-product  e x t r a c t i o n  e f f i c i e n c y ) ,  and 3) by use  o f  R 

n o n - r e a c t i v e  gas  d i l u e n t  f o r  S i C l q  ( f o r  r e a c t i o n  zxotherm c o n t r o l ) .  
I n  t h e  "furi:her development" phase 1 1 e g ~ n  October- 1 9 3 7 ,  o u r  g o a l  i s  t o  

test f o r  unique p r o p e r t i e s  o f  the ceramics  s i n t e r c d  from t h e  ].ow carbon 
powders, b e f o r e  committing t o  a p i l o t  p l a n t  of  t h e  110 L s c a l e  des igned .  
!!n view o f  powder qua in t i t i es  needed i o  all.ow t e s t s  o f  t he  ceramics ,  the  
major t a s k  i s  t o  des ign  and implement a s c a l e d - u p  versi .on of  i;he s i l i c o n  
n i t r i d e  s y n t h e s i s  p rocess ing  equipment to produce e l - ea t e r  amounts o f  
powders wi th  hi.gh c a t i o n  and an ion  p u r i t y  and low carbon r e s i d u e .  

'1' e c hn i c a 1 p r okr e s s 

Introduc'i: i.on 

S i l i c o n  n i t r i d e  based ceramics  a r e  o f t e n  cons ide red  t o  r e p r e s e n t  the  
toughes t  o f  tile h igh -  temperature  (above 1000°C) iiioiiolithic ceramics 
iintended f o r  advanced heai: eingine u s e .  A l s o ,  due to a d e s i r a b l e  
coinbination of  lower temperature  propert1ies (wear r e . s i s t a n c e ,  low d e n s i t y ,  
h igh  h a r d n e s s ,  and toughness ) ,  t h e  ni. t r i d e  ce ran i  c s  are alre.ady f indi-ng 
commercial a p p l i c a t i o n s  i n  c e r t a i n  passengei: veh ic l  e5 . 

Ceramic r e l i a b i l i t y  and c o s t  depeixd on powder q u a l - i t i e s  and 
subsequent  p r o c e s s i n g .  Because powders can limit t h e  c a p a b i l i t y  t o  
achieve  iini que s i n t e r e d  p r o p e r t i e s  and t o  f a b r i c a t e  complex shapes ,  t he  
a v a i l a b i l  i t y  of  a p p r o p r i a t e  powders i s  cr ic i .ca1  t o  advanced ceramics 
r e s e a r c h .  I n  the  case  o f  s i l i c o n  n i t r i d e  ce ramics ,  t h e  powder p u r i t y  i s  
e s p e c i a l l ~ y  impor t an t ,  s i n c e  a low s o l u b i l i t y  i n  s i l i c o n  n i t r i d e  f o r  many 
i m p u r i t i e s  l e a d s  t o  h igh  c0ncenLrat.i oris o f  i:l-iose impiuri ti~es i n  grain 
boundary phases ,  A l s o ,  carbon r e s i d u e s  (which a r e  found i n  soiiie o therwise  
h igh  pi1ri.t.y powders) a r e  cons idered  t o  be  d e t r i m e n t a l  'io second phase  
oxynitri .de development,  thermal  s t a b i l i t y ,  and mechanical p r o p e r t i e s .  

Prev ious  work 

The pr imary p o i n t s  of r e f e r e n c e  f o r  tlie prev ious  process  work a r e  the  
1 9 8 6  and 1 9 8 1  Automotive Technology Dcvzlopinent C o n t r a c t o r s '  Coordina t ion  
Meeting proceedings papers' '  and t h e  prev ious  semi annual  r e p o r t .  3 
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In t h e  prev ious  lab demonst:ration work, w e  p repared  a novel  procesx 
f lowshee t  f o r  p r e p a r a t i o n  of Si.7N4 w i t h  a block flaw tlia.grain and I I  

mathematical  mode1 o f  mass and hea t  b a l a n c e s  f o r  t h e  "vapor c h l o r i d e - . .  
l i q u i d  ammonia" p r o c e s s .  We observed t k a t  t h e  c o o l i n g  from l a t e n t  h e a t  o f  
v a p o r i z a t i o n  of  NH:J than o f f s e t s  the h e a t  o f  r e a c t i o n  a t  0°C and. 75 

ristics m e t  or were apprtzacl-ri-ng target: values I Key 
d in t h e  areas o f  phase aiid m i c r o s t r u c t u r e ,  and c a r b ~ n  

p i g .  

p u r i t y .  S i3N4  p ~ w d e r  M ~ S  produced w i t h  a:;e c o n t e n t ,  pnr-t:icle. s i z e  and 
shape w1:ieh are c l o s e  to t:hr,se cl-lai-a r:i.st:i.cs consi t lercd desirnhl  e For 
pressurc:l  e:; :; s i n t e  1: abi l  i. ty . 

S p e ~ i  f:i.call.y, the powder tl i2:C i.ve:d by t:he rma1 decoinpos i ~ i  on o f  an 
i.ntermedinte imide prnduct  (from reac t ion .  o f  Sj.CJ.L+ with l i q u i d  NtI3 at 0°C 
and .75 p s i g )  w a s  p r i n c i p a l l y  alpha s i l i c o n  n i t r i d e  (as determined hy x - r a y  
d i f f r a c t i o n ,  whic'ti has l i t t l e  s e n s i t i v i t y  to amorphous phases) with 
c r y s t a l l - i t e  s i z e  o f  0,2 t o  0 . 3  micron and p r i m a r i l y  eqi-ii-axed partir.1.e 
shape .  

The p r o c e s s  was i d e n t i f i e d  t o  have f e a t u r e s  which are important  f o r  
scale-up. Key f e a t u r e s  o f  n e a r - n e u t r a l  h e a t  b a l a n c e  and l i q u i d - 1  i k e  
mat e r i a  1 s h a  ndl  i ng we. r e demons t ra t n d I 

P.lso, improvements were achieved i n  y i e l d ,  1.aborratory production 
r a t e  , c a t i o n  pur i . ty ,  and al.pha/be tia rat.1 os . 

In the ex tens ion  p e r i o d  work, we prepared  a p i .3 .0~  plant design f o r  
the " v a p o r - c h l o r i d e  - 1.iqui.d. ammot-ii.atS process  ca-t-i:ietl ou t  addi~:i(:niil 
p r o c e s s  developmen-t inc ludi r ig  t;he "lli q u i d  c1il.oride - l.i c1ui.d ammonia" 
d i r e c t  r eac t ion ,  campaigned ~ t u i s  t o  tes t :  process s t ab i l i . t : y ,  c a r r i e d  out 
s i n t e r i - n g  t e s t s ,  arid repart:ed on a TICW analyt:ic:nl. a ie~hod for 
d i s c r i m i n a t i n g  aniorphous arid c rys ta l  ? . i x i e  phases i n  r;:i 1.i.ccjn n i t r i d e  
.powders 1 

Swnrnary o f  current. per iod  work 

We found evidence f o r  :rapid rii-~ing out o f  the chlori .de by-product 
wi th  t h e  use of  a g i t a t i o n .  We i n s t a l l e d  addi t i .ona1 subsystems t o  the p r e -  
p i l o ' t  plant ~ found htgh oxygen c o n t e n t s  i.ii in i . t in1  n i . t r ide  powders 
produced ,  and exterided t r a n s i e n t  f low mode1 irig o f  t h e  sn turx ; i ;o r  I 

F r e  - pi.l.ot p l a n t  work 
.in t:he "fui.t:her devel.opment:" phase begun i n  t1hi.s p e r i o d ,  we increased  

r ea . c to r  voLume, took. s t eps  t o  im-prove quality of sealing o f  vessels and 
p i p i n g  and i n c o r p o r a t e d  d i r ec t  mechanical agitation while under pssssure . 
By t h i s  means, w e  have equipment t o  produce 101) g l o t s  o f  p o ~ d e r  (by 
l i q u i d -  l i q u i d  and vapor-liquid r o u t e s )  f o r  s i n t e r i n g  t e s t s  and clial-ac - 
t e r i z a t i o n  o f  t h e  s i n t e r e d  m a t e r i a l s .  

Through j o i n t  work with an  m , ~ i n e e r i n g  f i r m ,  t he  l b  T., sca1.e s k i d -  
siiounted h i d e  reactor system was insta1.1.ed i.11 a dynamometer tsst c e l l  arid 
pre,ssure t e s t e d  to 225  psig (1..65 IYPa absol.ute) wi.tl-1 n i t r o g e n  i n  March 
1988. 

Xi-i the  design of  c h i s  systeiu,  the reaciioi: working vo1.ixme i.s increased 
t o  one p,a!.l.on ( 4  I.,) and a pressidt-ei-sc?aled inechar~.ical agitator' i.5; provided .  
T h e  pip:ing system i s  oE welded c~n: ; t : l~~~c. t i .on w i t h  f l a n g e d  f i  1: t.i.rigs thn 1: a r e  
most.ly o:f a type t:c a1.l.o~ siIiipl.iifi.ed 1iel.i.urn l.c:ak t e s t j n g .  A l l  vessels a r e  
jackei:etrl arid p r e s s u r e -  r a t e d  t.n 700 p s i g  (2. 7. M I P a  al?sCrl.ut:e) t o  permit: t e s t s  
w i  til). amrrronia rerna.i.ning l i q u i d  t:o r o o m  teriip a1:ure (to demonst 



22 

r e f r i g e r a t i o n  requirement)  . 'I'he equipment idas r e c e i v e d  wi th  c e r t i f i c a t i o n  
p l a t e s  and corresponding r u p t u r e  d i s k s  f o i  t h e s e  p r e s s u r e  r a t i n g s .  

The p r e - p i l o t  p l a n t  i s  l o c a t e d  i n  l a r g e r  q u a r t e r s  i n  a nearby 
bui ld i -ng  at t h e  Research end Engineer ing Center  i n  Dearborn. The new 
l o c a t i o n  i s  a dynarrioineter t e s t  c e l l  which provides  s u i  t a b l e  faci1.i.tie.s f o r  
t h e  p r e - p l l o ;  s c a l ~ e  p l a n t .  These f a c i . l i t i e s  i n c l u d e :  1.) a high 
volumetr jc  a i r  f low r a t e  (wi th  up t o  t h r e e  a i r  changes p e r  minute) ,  2 )  a 
h i g h  cei1.ing t o  accommodate i l ~ e  condenser ( 4  meter h e i g h t )  and o t h e r  
d e s i r e d  l ~ a y - o u t  f e a t u r e s ,  3) adequate  f l o o r  space t o  a l l o w  access  t o  a l l  
s i d e s  o f  t h e  equi.pinent, and L) an a d j a c e n t  control-  room witili a l a r g e  
window f o r  moni tor ing .  

I n  an i n i t i a l  run  7.eading t o  n i t r i d e  powder, 40 s h o t s  of l i q u i d  S i c 1 4  
were p u t  i n t o  t h e  r e a c t o r .  The 40 s h o t s  a t  9 . 9  cm. e a c h ;  i f  f u l l ,  would 
correspond t o  1 6 2  g of Si3N4 poteni:i.al. (Subsequent i n s p e c t i o n  revea led  
t h a t  t h e  e n t r y  system. had remai-ned c l e a r  by use  of  t h e  purge f l o w . )  
A g i t a t i o n  wa.s used dur ing  t h e  i n j e c t i o n ,  b u t  t u r n e d  o f f  during 
r i n s i n g / s e t c l .  i.ng f o r  10  minutes b e f o r e  d e c a n t a t i o n .  A t o t a l  of t h r e e  
r i n s e s  were made wi th  a g i t a t i o n  dur ing  th-  r e f i l l i n g s .  I n  opening the 
r e a c t o r  bottom v a l v e ,  an  outward l e a k  o f  ammonia i.nto t h e  N 2  pneumatic 
v a l v e  a c t u a t i o n  c i r c u i t  occiurred as product  was moved t o  t h e  j a c k e t e d  
produce v e s s e l .  

A ii-ansfer vesse l  was used to c o l l e c t  the powder and b l e e d  o f f  NM3, 
because t h e  i n  s i t u  decomposition furnace e l e c t - (  i c a l  connec t ion  was riot 
completed.  I n  l i e u  of a cont inuous p ip j -ng  connect: io11 t o  t h e  decomposition 
f u r n a c e ,  t r a n s f e r  of  the iritermedi.ate r e a c t i o n  product  was made t o  an a i r -  
locked p r e s s u r e  vessel " A f t e r  b l c e d i ~ n g  o f f  N l I j  g a s ,  an  glove bag was used 
t o  s h i e l d  ambient dur ing  t r a n s f e r  o f  powder i n t e r m e d i a t e  t o  a s i l i c o n  
n i t r i d e  s a g g e r .  The i.inide was loaded a s  a 0 . ? 5  inch  l a y e r  i n  a 6 inch 
sagger  v e s s e l  wi th  Si3N4 coverpl .a te .  The sagger  was  rans sf erred ( w i t h  
l i m i t e d  a i r  exposure)  t o  a s i n t e r i n g  furnace  (vacwwn f o r  i n i t i a l  h e a t - u p ,  
then  b a c k f i l l c d  w i t h  N 2 )  and thermal ly  decomposed a t  1 4 1 O o C .  ('4 day was 
r e q u i r e d  t o  pimp down vaciam b e f o r e  hest-.ing. ) 

In t h e  course  of t h e  t :ransfers,  52 .4  grams of  i n t e r m e d i a t e  w a s  found 
l a f t  i.n t h e  r e a c t o r ,  inone i n  the: j a c k e t a d  product  ve.sse1, and 1 0 . 0  g 
r e s i d u e  i n  t h e  ternporary t r a n s f e r  v e s s e l .  A sample o f  the t r a n s f e r  v e s s e l  
i n t e r m e d i a t e  was r e t a i n e d  f o r  C 1  a n a l y s i s .  Only Ls.5 g of product  w a s  
ob ta ined  from t h i s  ruil.  

C h a r a c t e r i z a t i o n s  of t h e  product  were made by x - r a y  d i f f r a c t i o n  and 
Leco methods. X-ray anal-ysis  of t h e  powder showed a Si3Nlk phase r a t i o  of 
95% a l p h a / ( a l p h a t b e t a )  and a l s o  showed presence of Si2N20. Leco anal-yses 
showed 26 I 7 w t  . 8 n i t r o g e n  and 1 7  I 4% oxygen. J,eco t o t a l  carbon was 0 .031  B , 
The l o w  yi .eld was ai.ti 'i&uted t o  C 1  r e s i d u a l  i n  the i n t e r m e d i a t e .  

Subsequent ly ,  w e  made consecuti.ve p r e - p i  1 o t  p l a n t  ruins w i t h  removal 
o f  a t  l e a s t  90% of the t h e o r e t i c a l .  removal o f  by-product  c h l o r i d e  w i t h  a 
r i n s e - a n d - s e t t l e - a n d - d e c a n t  time o f  4 5  min f o r  each subbatch (b0 g S i3N4  
e q u i v a l e n t ) .  

Three runs made with Sic14 i.ni:roduced i n  aiiiorints equi-valent  tu 1-20, 
120 ~ and 40 g S ~ ~ N L ,  e q u i v a l e n t .  D u e  t o  h i g h  amhi-ent t e m p e r a t u r e s ,  r e a c t o r  
temperatures  were 10-15OC ( n o t  0-2OC) i n  two of the r u n s .  

We used t h e  mechanical a g i t a t i o n  dur ing  r i n s i n g  and changed the 
t h e o r e t i c a l .  r i . n s ing  r a t i o  f o r  each r i n s e :  To ~ O W P T  t h e  t h e o r e t i c a l  
r e s i d u e  p e r  r i n s e ,  we i n c r e a s e d  t h e  volume of I.iquid ammonia r i n s e  and 
a l ~ s o  i n c r e a s e d  t h e  propor t ion  o f  l i q u i d  t lecmted from t h a t  uscd i n  i n i t i a l  
runs ( r e p o r t e d  i n  t h e  April-May 1988 p e r i o d ) .  The p r i i i c i p a l  d r s i g n  change 

3 
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was i i  l.engtht?ning o f  a syphon fxbe  t a  r e d u c e  the volume l e f t  (of s o l i d s -  
corzt.a:in i.ng sl.urx-y) af ter  d e c a n t a t i o n .  Arniiiionia ref 111 vol~unes were then  
inr:reasecl beyortd t h a t  due LO the I.engthened tube  t o  provide  a d d i t i o n a l  
leverage for each of the .rinse s t a g e s .  'TI-le t h e o r e t i c a l  r i n s i n g  per  rinse 
s t age  w a s  thereby  changed from 0 .84  ( f o r  the f i r s t  run  of the p resen t  
perS.od) to 0 .  31.5 ( f o r  t:he last) I 'l'hese per-stage r i n s e  values are. ra . ised 
t o  the thIrd power to est:i.rnnte theoretiical. .rinsing r a t i o s .  

To cornpare tzca t.henret:i.cn11 rinsing ~ samples of  t h e  imide intermediatx 
froin each run  w e r e  ana lyzed  Ear s i l i c .on  and chl.orine c o n t e n t .  W i t h  no 
chloride rins.i.ng O U C ,  t h e  atom r a t i o  of C 1 / S i  wou1.d l-sa 4 and ~ h c ?  weight 
r a t i o  o f  Cl /S i .  r~ou ld  be 5 .85 .  

I n  F igure  1, t h e  C 1 / S i  weight  r a t i o  is  p l o t t e d  versiis t h e  t :h rore t ica l  
v a l u e .  The lowest  value cvrresponds t0 rerrtoval o f  9 5 . 6 %  af the  ch. lor ine.  
The i n t e r m e d i a t e  v a l u e  cor responds  t o  renioval o f  m o s t  o f  t h e  c h l o r i n e  i n  
two o f  t h r e e  subbatches  combined wi.th one subbatch w i t h  no rinsing a t  all. 
The h igh  v a l u e  cor responds  t o  a case w i . t h  a s h o r t e r  syphon tube and a 
s m a l .  Ler NM3 r i n s e  volume. 

These values can  be compared wPkh values from last year t  s tipgraded 
l ab  apparaeus ( 5 0 0  rnL, s c a l e ,  .no rnschanical n g l t a t i o n ,  three r i n s e  s t a g e s ,  
each r i n s e - s e t t l e  p e r i o d  abouc 18 mirmt.es) . In  those  tests a bimodal. 
d i s t r i b u t i o n  was obtained f o r  r 1 n s e - o ~ ~  values, w i t h  4% and 38% as modes. 
P rev ious ly  r e p o r t e d  c h a r a c t e r i z a t i o n  o E the i m i d e  :i .ntermediate product 
p a i n t e d  to l i t t l e ,  i f  any, S L - C I  bonding, which, i n  t u r n ,  sugges ted  that 
a -g i t a t ion  i n  the 4 L bui ld .  would 11s efEe?ctxiive i n  rern0vi.ng NHgC1 

0 8.2 0.4 0.8 0.8 d 8.2 1.4 1.8 1.8 

at i 

Figure  1.. Comparison of a c t u a l  c h l o r i n e  - t :o-s i l icon r a t i o s  with 
t h e o r e t i c a l  C l / S i  ratios based on r i n s i n g  and decant  vol.urnes (assuming 
ideal. d i l u t i o n ) .  
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Now, w i t h  t h e  agi t ia ted p r e - p i l o t  p l a n t  we have greaiier t h a n  90% 
removal. For t h e  l a s t  two ruins. ~11t:i1ouglr t h e  p r e - p i l o t  runs were a t  a 
h i g h e r  temperature  t h a n  l a s t  y e a r ' s  500 m L  s c a l e  t e s t s  ( l0-1SoC v e r s u s  
O O C ) ,  t h e  d i f f e r e n c e s  i n  r i n s i n g  e f f e c t i v c n c . ? ~  are b e l i e v e d  t o  be 
primari.7.y a t c r i b u t a b l - e  t u  the mechani-cal a g i t a t i o i i  i n  t h e  p r e - p i l o t  p l a n t .  

The v a l u e s  can be compared w i t h  v a l u e s  C r v m  g l a s s  V-dcuum l i n e  
experiments  r e p o r t e d  o t h e r s .  Working a t  approximately - 6 O O C  and 
ambient p r e s s u r e ,  Morgbnzl was a b l e  t o  re!i?ove nos:. o f  the chlor i -ne f rom 
t h e  l i q u i  d-1 i.quid r e a c  t i o r i  p roduct  by Soxhle t  e x t r a c t i o n  w i t h  r e c y c l i n g  
( r i n s i n g )  once p e r  h o u r  f o r  a week. We have no3 shown w e  can remove more 
t h a n  90% o f  t h e  c h l o r i n e  from 2 l i q u i d - ] l i q u i d  r e a c t i o n  product  i n  l e s s  
t h a n  1 hour .  'The d i f f e r e n c e  i n  renovaJ tl'.me i s  a t t r i b u t a b l e  t o  t h e  
p r e s e n t  use OK a h i g h e r  temperature  ( l O - J ~ 5 O C ,  n o t  - 6 Q O C )  whi le  keeping t h e  
ammonia 1iquefi .ed by a nitrugen-ammonia gas p r e s s u r e  of about  110 p s i g .  
T h i s  advant-age was a n t i c i p a t e d  by Morgan and i s  now demonstrated i n  40 t o  
120 g Si3N/, e q u i v a l e n t  l o t  sizes. 

W e  d i d  noi: succeed i n  decomposing 'ihe i n t e r m e d i a t e  products  t o  
powders wi.th oxygen c o n t e n t s  a s  low a s  those  o f  t h e  500 nil, s c a l e  t e s t s .  
For example, i n  L:he 1-nst run  o f  the previous  repor t i l ig  p e r j o d ,  v a l v e  steiti 
l eakages  occurred  i n  d e p r e s s u r i z i n e  end t r a n s  r i n g  t h e  Lntermediatc 
s l u r r y  y o  t h e  dscompositi'.on f u r n a c e .  T i 1  the  e a r l y  part of  i h e  c u r r e n t  
p e r i o d ,  t h e  t r a n s f e r  val.vr leakages r e c u r r e d  and decant/wastags 1.ine 
leakages  a r o s e .  We s tepped  back t o  analyze: the p r o b l e m .  

Thc val.ve v e n d o r ' s  ana l -ys i s  confirmed t h a t  t h e  m a t e r i a l s  of  val-ve 
c o n s t r u c t i o n  were accordi-ng t o  s p e c i f i c a  i: i 011 (and e materials which had 
been used p r = v i o u s l y  w i ~ i i i  a r ~ ? d ~ ~ ~ r e  o f  s u c c e s s )  . !lowever, a n  unspeci . f ied 
adhes ive  used to j o i n  the t e f l o n  t o  t h e  37.6 s t a i n l e s s  s t e e l  was ai:t:acl:ed 
by t h e  l i q u i d  aiiinonia. Also ,  t h e  vendor expressed  concern abour  lie 
c a p a c i t y  0.f the v a l v e  t o  iol-eratr  r a p i d  Leinperature changes a s  b o i l i n g  
ammonia passed  aver  i t .  Wi i-h t h e  v e n d o r ' s  c o o p e r a t i o n ,  a new v a l v e  L y p e  
was s p e c i f i e d  wi thout  t h e  ad'nesive i n t e r l a y e r  and wi th  a t o l e r a n c e  t o  a 
wider  rangc o f  iieinnpe-rature . 

Our a n a l y s i s  of t h e  system poi.nted to v a l v e  f a i l u r e s  where 
in te rn ied ia te  product  s o l i d s  had passed .  The i n t e r m e d i a t e  h a s  S i  -N bol-ds 
preseni:  dild could  be expected tu be a b r a s i v e .  I n  one case of f a i . l u r e ,  
opt ical .  microscope ex-aminstion r e v e a l e d  c o r r a s i o n  o f  t h e  316 a l l o y ,  
v e r i f i e d  independent ly  by x - r a y  f l u o r e s c e n c e .  Becnuse t h e  s t a i n l e s s  
q u a l i t y  o f  t h e  a l l o y  i.s based on Eorining a Cr2O3 c o a t i n g  i n  o x i d i z i n g  
environment ,  f r e s h  rne t - c i l  s u r f a c e s  may n o t  be s e l f - p r o t e c t e d  when exposed 
by a b r a s i o n  by imide i n  an anhydrous ammonia s l u r r y .  Alloys ocher than 
s t a i n l e s s  may- p rovide  b e t t e r  r e s i s t a n c e  and lower c o s t  i n  a f u t u r e  p i l o t  
plani:. 

D P r onip o s i t i o n  furnace  
Due t o  t h e  l a r g e  d r i v i n g  f o r c e  I'SL r e a c t i o n  ol' Mater w i i l i  ariiinoiiia and 

foL r p a c t i o n s  of  oxygeli and wai-pi- wi th  t h e  i n t e r m e d i a t e  imide t o  form 
s i l i c a ,  the  s t r a t e g y  w e  have fol lowed ( i n  t h e  500 mL s c a l e  z p p a r a t a s )  i s  

I?. E .  D .  Morgan, "Research on D e n s i f i c a t i o n ,  Charac te r  and 
Propert  i t?: ;  o f  Dense S i  l i c o n  N i t r i d e ,  I t  Annual R e p o r t ,  ?larch 1 9  f 2 - March 
1 9 7 3 ,  NTIS AD-757-748, (Cont rac t  No. N00014-72-C-0267, O f f i c e  o f  Naval 
Research) .  
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t o  do all process ing  i n  n p i p e .  A ded ica t ed  furnace  w a s  purchased f o r  the  
p r e - p i l o t  p l .an t ,  t o  fo l low t h e  same s t r a t e g y .  Wowe-~er ~ t.he furnace  
i n s t a l l a t i o n  i s  de layed .  

The fu rnace  i s  t h e  one subsystem which was stl.l.1. n o t  avai1nbl.e a t  t he  
end o f  Septeiiiber 1988 .  ( E l e c t r i c a l  supply  insta: l . I .a t ion t o  the appara tus  
was completed i n  mid-Qctober  and t h e  vendor i s  be ing  con tac t ed  f o r  
commissi.onlng. ) In l i e u  of i t s  o p e r a t i o n ,  W E  con t inue  t o  an a l t e r n a t e  
clecomposit:i.ori r o u t e  sJi.tl-1 a s l i g h t l y  p r e s s u r i z e d  t r a n s f e r  v e s s e l  f o r  
t r a n s p o r t  and glove-box arid glove -bag handl.i.ng f o r  decomposi t ion i n  a Pi2 
furnace i n  t:he l a b  build.i.ng. 

Process moni tor ing  
We are. also l e a r n i n g  t o  use t:he in s t rumen ta l  r ead ings  to j udge  what 

i.s happening imseen i n  t h e  p r e s s u r e  v e s s e l s .  Ther-e ase na s u r p r f s e s  here ,  
b u t  one can "see" c o n s i s t e n t  pat1ter.m and use  the computat ional  base to 
display the  c r i t i c a l  control in format ion  ta t h e  o p e r a t o r  ~ 

the onset of  
b o i l i n g  i s  no ted  by a drop in  r e a c t o r  t h e r m ~ ~ ~ u p l e  well t empera txre  and a 
r i s e  i n  the condenser  wall tempera ture .  A v o i d ~ i ~ i ~ e  of 5uc.h b o i l i n g  i s  
e s p e c i a l l y  c r i t i c a l .  du r ing  the s e t t l i n g  p e r i o d  b e f o r e  decant;ati.on ( o r  
f i l . t r a t i o n ) .  A near-real time d i s p h y  o f  t h e  margin o f  s a f e t y  (above the  
vapor  p r e s s u r e  of aiiunonia) i s  n o w  a v a i l a b l e ,  based  on r e a c t o r  we l l  
teruperature  and system p r e s s u r e  t o  show t h e  p r e s e n t  margin of p re s su re  
be fo re  b o i l i n g .  Temperature and p r e s s u r e  sensors were recaI.:i.l,rated t o  
-i.ncrease t h e  prec,i.sion o f  t h e  ca l cu l . a t ion .  

For example, €o r  a p a r t i c u l a r  system backpressure  d r o p ,  

'1; rans i e n t  f low model i iig 

Through d i s c u s s i o n s  cont inued  w i t h  I,. - F .  Chen of t h e  Cont ro l  Systems 
Department (Ford R-esearch) ~ flow t r a n s i e n t s  were modeled for t h e  s a t u r a t o r  
[:hat w a s  b u i l t  f o r  use wi th  t h e  prs-pilot p l a n t .  In previous  1-aboratory 
demans t ra t ion  t e s t s  of t h e  "vapor Sic14 - - 1iqui.d 3TH.j" p r o c e s s ,  f l o w  
1: r a m  i.en ts have c a w  e d c: 1 ogg ing when the ?rap o 1c r e p  a t e  d ly  sup e r s a t u r  a t e  s 
a t  t h e  r e a c t o r  e n t r y  du r ing  o p e r a t i o n .  I t  had been sugges ted  t h a t  a 
computer s i rnula t ion  cou1.d a i d  i n  des  ig r i ing  a systein t o  minimize the 
s u p a r s a t u r n t i o n  t r a n s i e n t s  . 

M r ,  Chen proposed t h e  use  o f  a s t a t e  f u n c t i o n  approach t o  model. t he  
gas flows i.ri the r e a c t o r  syst:em f o r  t h e  v a p o r - l i q u i d  p r o c e s s .  We provided 
him w i t h  v a r i o u s  system si.ze parameters  and s t e a d y - s t a t e  mas .3  ba lance  
c a l c u l a e i a n s  f o r  use as i n p u t  t o  the  d i g i t a l  s i m u l a t i o n .  

I n i t i a l  modeli-ng r e s u l t s  showed that supe r sa tu rn t i -ons  can r e a d i l y  
occur  wi th  less than  2 p s i g  s t e p  changes i n  system p r e s s u r e .  T h i s  model 
w a s  used t o  examine means t o  i d e n t i f y  cr:i.ti.cal v a l u e s  o f  system parameters  
(such as f l o w  r e s i s t a n c e  and v e s s e l  volumes) t o  avoid  the  transient 
supe r s  a t u r a  t. i. ons . 

A more comp1.e~ t r a n s i e n t  f low model was gene ra t ed  wi th  an a d d i t i - m a l  
ba lanced  voluriie t o  provide  syiriiiietrical f l o w s  d.uring p r e s s u r e  t r a n s i e n t s .  
In t h i s  c a s e ,  no sharp f low r e s t r i c t i o n s  were necessa ry .  Wi.t:h t he  added 
volume, the response t:o a pressure drop w a s  a s imple  r e l . axa t ion ,  sbown i n  
F i g .  3 ,  r a the r  than  the overshoot  of F ig .  2 .  This  more complex v e r s i o n  
w a s  used tro show t h a t  supe - r sa tu ra t ions  could  be avoided w i  t:hout s h a r p  f l o w  
c o n s t r i c t i o n s  as long  as a p p r o p r i a t e  volume parameters  were chosen.  

The changes sugges ted  i n  t h e  r e p o r t  are be ing  inco rpora t ed  i n  the  
c u r r e n t  s a t u r a t o r  b u i l d  and an exper imenta l  v e r i  f i c a t i o r i  o f  the t r a n s i e n t  
model is  be ing  a t t empted .  The flowmeters and o t h e r  hardware f o r  t he  
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balanced  flow d e s i g n  weyc i n s c a l l e d  and e l e c t r i c a l l y  connected t o  t h e  d a t a  
a c q u i s i t i o n  system. Following d i s c u s s i o n s ,  p reysure  s e n s o r s  and flow 
c o n s t r i c t i o n s  w e r e  l o c a t e d  a t  c r i t i c a l  p o i n t s  upstream and downstream o f  
the  mixing p u i n ; .  The p r e s s u r e  sensor  s i g n a l s  were c a l i b r a t e d  with che 
d a t a  a c q u i s i t i o n  system. 

" 5 0 ' ' 1 ' 1 " '  " '  
1 ime (second) 

83 ~ ........................ ~ l..ll.̂ _-_ 

F i g .  2 .  I n i t i a l .  design w i t h  a sharp  Fig. 3 .  Balanced flow des ign  
flow r e s t r i c t i o n  added befo re  the with added volume, but; no sharp  
mixing p o i n t .  €low r e s t r i c t i o n s .  

( P e r c e n t  o f  saturation is p l o t t e d  as a f u n c t i o n  of t i m e  after a drop i n  
system backpressure  f o r  t h e  "vapor Sic14 - - l i q u i d  N H j "  p r o c e s s .  Courtesy 
L . - F .  Chen) 

Economic a n a l y s i s  

A s  p a r t  of t h e  p r e p a r a t i o n  €or l i c e n s i n g  d i s c u s s i o n s ,  w e  are  adapt ing  
and r e f i n i n g  previous  c o s t  es t i ina tes  i n t o  formats  of l i k e l y  i - n t e r e s t  t o  
partic1.ila.r companies. Where possible we a r e  f o r m u l a t i n g  q u a n t i t a t i v e  
models f o r  c a p i t a l  and u t i l i c y  c o s t s .  We pl~axa, t h e n ,  t o  t i e  t:jnese models 
w i t h  process  o p t i o n s  i n  the range t h a t  is  c e s t a b l e  f o r  p rocess  f e a s i b i l i t y  
wi th  t h e  p r e - p i l o t  p l a n t .  For example, o p e r a t i ~ o n  under h i g h e r  pressure  
al lows l e s s  r e f r i g e r a t i o n  h u t  r e q u i r e s  t h i c k e r  p r e s s u r e  v e s s e l  wal.7.s.  

'The ri.rising e f f e c t i - v e n e s s  demonsl:rat:-ion i n  a p r e - p i l o t  sca1.e J.ot s i z e  
(100 g )  i s  important suppor t  f o r  assumptions made f o r  p r o c e s s i n &  c o s t s  
whi.ch must 'ne added oin t o  i:he relat : ively l o w  c o s t  s i l i c o n  t e t r a c h l o r i d e  
p r e c u r s o r  for b o t h  the  1 i . q u i d - l i q u i d  and vapor- 1i.quid p r o c e s s e s .  

This  two-year  f o l l o w - o n  c o n t r a c t  was i n i t i - a t e d  October 1, 1 9 8 7  for 
t h e  " F u r t h e r  Development of Synthes is  of  High-Pur i ty  Sinternb1.e Sj- l icon 
N i t r i d e  (Si3N/,) P o w d e ~ s  f o r  A p p l i c a t i o n  i n  Ceramic 'Technology f o r  Advanced 
B e n t  Engines P r o j e c t . "  Key mi les tones  a r e  t h e  cornmi-ssioning o f  s c a l e - u p  
equipment and t h e  modeling of s a t u r a t o r  t r a n s i e n t  perfoimance.  

The m i l e s t o n e s  a r e  on schedule .  
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Put) I i.cat: i o n  s 

G .  PI. Crosbie! ,  J .  M. Nicbclson, R. L. Prediwsky, E. D. Stiles, " P r e - P i l o t  
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Micrawuve Proczssing of Silicon Nitride 
H. D .  K imrey ,  M .  A .  Janney,  and M .  K .  F e r b c r  (Oak R idge N a t i o n a l  
L a b o r a t o r y )  

-. O b j e c t i v e / s c o p e  . . . ..... .. . . .. .. . 

The o b j e c t i v e  o f  t h i s  r e s e a r c h  e lement  i s  t o  i d e n t i f y  t h o s e  a s p e c t s  
o f  microwave p r o c e s s i n g  o f  s i l i c o n  n i t r i d e  t h a t  m i g h t  (1) a c c e l e r a t e  
d e n s i f i c a t i o n ,  ( 2 )  p e r m i t  s i n t e r i n g  t o  h i g h  d e n s i t y  w i t h  much l o w e r  l e v e l s  
o f  s i n t e r i n g  a i d s ,  ( 3 )  l o w e r  t h e  s i n t e r i n g  t e m p e r a t u r e ,  o r  ( 4 )  p roduce 
u n i q u e  m i c r o s t r u c t u r e s .  

Tech n i cal....p r o q r e  s s 

T h i s  r e s e a r c h  e lement  i s  e x a m i n i n g  t h e  s i n t e r i n g  and h e a t  t r e a t m e n t  
o f  s i l i c o n  n i t r i d e  i n  t h e  Oak R idge N a t i o n a l  l a b o r a t o r y  (ORNI..) 2.45-GHz 
and 28-GHz microwave f u r n a c e s .  The t y p e s  o f  e x p e r i m e n t s  that .  a r e  t o  be 
p e r f o r m e d  i n c l u d e  t h e  f o l l o w i n g :  

a n n e a l i n g  o f  dense s i l i c o n  n i t r i d e  p a r t s  t o  examine t h e  e f F e c t s  n f  
microwave h e a t i n g  on g r a i n  g r o w t h  and g r a i n  boundary  
r e c r y s t a l  1 i z a t i o n ,  

deve lopment  o f  a microwave f u r n a c e  d i l a t o m e t e r  t o  p r o v i d e  t h e  capa-  
b i l i t y  t o  m o n i t o r  t h e  d e n s i f i c a t i o n  o f  s i l i c o n  n i t r i d e  a t  a l l  s t a g e s  
i n  t h e  s i  n t e r i  ny  p r o c e s s ,  

s i n t e r i n g  o f  c o n v e n t i o n a l  s i l i c o n  n i t r i d e  c o m p o s i t i o n s  ( e . y . ,  6 Y,O, 
and 2 A 1 2 0 3 )  t o  e s t a b l i s h  a b a s e l i n e  o f  d e n s i f i c a t i o n  r a t e s  and m i c r s -  
s t r u c t u r a l  s t a t e s  f o r  m i c r o w a v P - s i n t e r e d  m a t e r i a l  s ,  and 

4. s i n t e r i n g  o f  s i l i c o n  n i t r i d e  w i t h  r e d u c e d  l e v e l s  o f  s i n t e r i n g  a i d s  
( e . g . ,  <2% Y,O,) t o  p roduce a dense s i n t e r e d  body p o s s e s s i n g  s u p e r i o r  
mechan ica l  p r o p e r t i e s  a t  e l e v a t e d  t e m p e r a t u r e s .  

Our e f f o r t s  d u r i n g  the  p a s t  s i x  months I-iage f o c u s e d  on two a r e a s :  
(1) d e s i g n  and  c o n s t r u c t i o n  o f  a m i c r o w a v e - c o m ~ a t i b l e  d i l a t o n i e t x r  f o r  
s i n t e r i n g  s t u d i e s  i n  t h e  28-GHz mic iwwav? f u r n a c e ,  and ( 2 )  a n n e a l i n g  o f  
dense Si,N,-6 w t  % Y,O, i n  t h e  2 . 4 5 - 6 H z  mic rowave furnace 

D i l a t o m e t e r  d e s i g n  an3 c o n s t r u c t i o n  

' Ihe m i c r o w a v e - c o m p a t i b l e  d i l a t o m e t e r  d e s i g n ,  c o n s t r u c t i o n ,  and t e s t  
has been c o m p l e t e d .  M i l e s t o n e  1 . 1 . 2 . 4 . 0 1  was s u c c e s s f u l l y  met  on t i m e  i n  
September 1983. 

The d i l a t o m e t e r  posed s e v e r a l  d e s i g n  prob lems t h a t  were u n i q u e  t o  a 
microwave f u r n a c e .  F i r s t ,  t h e  m a t e r i a l s  o f  c o n s t r u c t i o n  had t o  be  compat- 
i b l e  w i t h  t h e  microwave f i e l d .  We c h o s p  BN as  t h o  most  l i k e l y  c a n d i d a t e  
t h a t  w o u l d  s a t i s f y  t h e  needs o f  h i g h - t e m p e r a t u r e  s t a b i l i t y  as w e l l  as  l o w  
microwave a b s o r p t i o n .  Second, no l e a k a g e  o f  microwaves c o u l d  be a l l o w e d  
a l o n g  t h e  f e e d t h r o u g h s  f o r  t h e  d i l a t o m e t e r .  S e v e r a l  d e s i g n s  f o r  b l o c k i n g  
t h e  t r a n s m i s s i o n  o f  micr0wave.s were c o n s i d p s e d .  T h i r d ,  t h e  components o f  
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t h e  d i l a txme te r  needed t o  be compatible w i t h  h i g h  vac~?um a s  well a s  fu r -  
nace atrncssphere o p e r a t i o n .  

The n i c r o w a v e - c o m p a t i b l e  d i l a t o m e t e r  w i  11 g r e a t l y  enhance c u r  capa- 
b i l i t i e s  w i t h  respect  t o  t h e  g a t h e r i n g  o f  s i n t e r i n g  d a t a  i n  t h e  mic rowave 
f u r n a c e .  With t h e  p r e s e n t  i n s t r u m e n t ,  we w i l l  be a b l e  t o  f o l l o w  t h e  
e n t i r e  c ~ u r s e  o f  d e n s i f i c a t i o n  f r o m  i n i t i a l  thermal expar is ien  o f  t h e  g r e e n  
p a r t  t o  the f i n a l  d e n s i f i c a t i o n  and t h e r m a l  cont rac t ion  o f  t h e  dense s in-  
t e r o d  b o d y .  The d i l a t o i i i c t e r  has t h e  following s p e c i f i c a t i o n s  w i t h  r e s p e c t  
t o  

1. 

2 .  

3 .  

i t s  p e r f o r m a n c e :  

It i s  c o i n y a t i b l e  wif.h the  28-GHz mic rowave f i e l d  by v i r t u e  o f  i t s  
rnater'ial s o f  c o n s t r u c t , i o n  and s p e c i a l  rnierni\rave chokes t h a t  p r e v e n t  
l e a k a g e  o f  t h e  mjcrowaves i n t o  t h e  I - inear .  v a r i a b l e  d i f f e r e n t i a l  
t r a n s f o r m e r  (LVDT) charriber, w h i c h  . is be low t h e  mic rowave f u r n a c e  
chamber. P o t e n t i a l  l e a k a g e  i s  rnon'i t o r e d  las ing a m i c r o w a v e - s e n s i t i v e  
d iode.  
'The range and s e n s i t i v i t y  o f  the  instrument a r e  tl cm ( 0 . 5  i n . )  and 
2 p m  <o.OOOl i n . ) ,  r e s p e c t i v e l y .  For  a s t a n d a r d  s in tee r ing  sample 
2 . 5  cm (1 i n . )  l o n g ,  t h i s  provides a range o f  l i n e a r  s h r i n k a g e  >50% 
and a s e n s i t i v i t y  o f  0 . 0 1  l i n  %. 
Teinpe:.atur@ i s  measured u s i n g  a Type  C thermocouple t h a t  i s  a p a r t  o f  
t h e  c e n t r a l  p u s h r o d ;  hence,  t e m p e r a t u r e  i s nieasured a t  c ; p p r o x i m a t e l y  
t h e  m i d p o i n t  o f  t h e  sample. 

Fiq1.iu.e 1 shows a typ.ii:al t e s t  and ct~eck,oclt r u n  t h a t  was made w i t h  t h e  
d i l a t o m e t e r .  We a r e  a b l e  t o  measure and record the  temperature,  the d i s -  
p l a c e m e n t  o f  t h e  LVDT, t h e  r e l a t i v e  e l e c t r i c  f i e l d  s t r e n g t h ,  and t h e  r a t e  
o f  t e m p e r a t u r e  change  [dT/dt (not, shown, f o r  c l a r i t y ) ] .  The t e s t  p a r t  was 
a1 umi na (Reynralds RCl52DH 1 w s ' t h  3 p a r t i c l e  s i z e  o f  a h o u t  I . 5  {mi. It was 
a c y l i n d r i c a l  specimen, a p p r ~ x i m a t e l y  3 CK ( 1 . 2  i n . )  t a l l  x 2 . 5  cm 
( 1 . 0  i n . )  dSarn. The I..VDT t r a c e  i n  F i g .  1 shows the thermal e x p a n s i o n  o f  
t h e  sample up  t o  a teixperature o f  about 1 4 C O * C ,  f o l l ~ w e d  by r a p i d  s i n t e r -  
i n g  a t  t h e  soak  t,empe?-ature o f  1.5511'6. An add4 t i o n a l  gnhancement t h a t  
r e m a i n s  t o  be added i s  i n t , e r f ac iog  t h e  s y s t e m  t o  a m i c r o c o m p u t e r  For d a t a  
reduction and a n a l y s i  s .  

Anneal  i ng s t i i d i  es  have been i n i  t i a t e c l  i n  t h e  2 "  45-6Hz rsni~rowave f u r -  
nace u s i i i g  dense PY6 from GTE Labs. (F'YG i s  Si , ld ,  w i t h  6 wt !% Y20:$ a s  t h e  
s i n t e r i n g  a i d . )  
established; t e m p e r a t u r e  was v a r i e d  1:vom 1600°C (1-10 h a n n e a l i n g  t i m e )  t o  

i n i t i a l  r e s u l t s  a t  1800 and 18523°C indicated t h a t  there  was e x c e s s i v e  

A matrix o f  t i m e - t e m p e r a t u r e  c o n d i t i o n s  h a s  been 

1850°C (1-2 h) .  

m i g r a t i o n  o f  s i l i c a n  and y t t r i u m  f ~ o m  t h e  sample i n t o  t h e  pure s i l i c o n  
n i t r i d e  i n s u l a t i o w ' p a c k i n g  powder.  'in a l l e v i a t e  t h e  prob lem,  a p a c k i n g  
~ O L Q C ~ P ~  c o n s i s t i n g  o f  Si,N,4-6 wt, 74 Y,O, was U S Z ~ .  Under  t h e  same a n n e a l i n g  
c o n d i t i o n s ,  t h e  y t t r i a - c o n t a i  n i  ng i nsul aticn/packiny powder g r e a t l y  
r e d u c e d  t h e  amount  o f  s i  1 i c o n  and yt.trium m i g r a t i o n  t o  t h e  s u r f a c e  o f  t h e  
samples. 

oks2rved i n  a l l  o f  t h e  samples t h a t  have been annea led .  The extxnt, o f  t h e  
A r e a c t i o n  zone t h a t  ex tends  j n t o  t h e  c e n t e r  o f  t h e  sample h a s  been 
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F i g .  1. T y p i c a l  s t r i p  c h a r t  t r a c e s  f o r  d i s p l a c m e n t  
(LVDP), t e m p e r a t u r e ,  ai?d r e l a t i v e  e l e c t r i c - f i e l d  s t r e n g t h  
( E - f i e l d )  f o r  t h e  28-GI-lz m i c r o w a v g - c o m p a t i b l e  d i l a t o m e t e r .  

r e a r t i o n  l a y e r  i n c r e a s e s  v i t h  t i m e  and t m p p r a t u r e .  lhe cau52 o f  t h i s  
l a y e r  i s  n o t  known a t  t h i s  t i m e .  A c o m p l e t e  m i c r o s t r u ~ t u r a !  and rr icrhagi- 
c a l  p r o p e r t i e s  c h a r a c t P r i L a t i o n  o f  t h e s e  samples i s  i n  p r o g r e s s  and w i l l  
bc repor ied  i n  t h e  n e x t  semiannual  r e p o r t .  

S t a  t i i s  o f  mi 1 e s t o n e s  

M i l e s t o n e  1.1.2.4.Rl was c o m p l e t e d  on t i m e  i n  September 1988. 
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1.1.4 Processiwq o f  mnolithics 

The objective o f  this project I s  t o  determine and develop the re l la -  
b j l i t y  o f  selected advanced ceramic processlog methods. 
t3 be condwcted on a scale that w i l l  permit the potential f o r  manufae- 
t u r i r i g  use of candidate processes t o  be evaluated. 

P h i s  project Is 

__I_ Technical progress 

Introduction 

The experimental plan f a r  these studies is to make tensile specimens 

The gel-casting process has been chosen f o r  study. P h i s  project has 

i n  sufficient number t o  permit the uniaxial tensile strength Lo be used as 
a p r j n c i p a l  independent varjable in analyzing process reliability. 

as its objective the application o f  t h i s  process to the cast-i'ng a f  a 
silican-nitride composition. However, i n i t i a l  tests have been conducted 
with a fine-grained alumina. T h i s  material j s  int,ended So serve as a sur- 
rogate f o r  the silicon n i t r i d e ,  especially w i t h  reference to the centrally 
important d r y i n g  s t e p  sf the process. It i s  recognized that:, several o f  
the steps o f  the process f a r  alumina w i l l  need to be altered for the  s i l i -  
con nitride studies. 

Tens i le  specimen d e s i g n  

The tensile specimen design for t h i s  experimental program was 
completed, This design uses a straight achined ceramlc b a r  with machined 
metal end pieces that are fastened t n  the cera i c  with a commercidlly 
available premixed epoxy formulatian (chosen i order  t o  m i n i m i z e  t h e  
sample-to-sample variation). The deslqn requires simpler ceramic 
i n g  than do specimen designs t h a t  change the ceramic cross section f o r  
direct gripping. 

Three reference sample t e n s i l e  specimens f r o m  a commercially avail- 
able dense alumina (AD-94)  were machined to the dimenslo s 6.00 x 6.130 x 
34 rnm ahd were broken u s i n g  recently developed specimen 
Insignificant bending moment was observed i n  these tests 
data f o r  the t w o  specimens that broke due t o  material f a i l w e  were wlthin 
t h e  s c a t t e r  band f o r  t h e  tensile s t r eng th  o f  t h e  rna te r ja l .  
and refinements o f  design are  expected to tmne with further ~~v~~~~~~~~ 
work. 

A plate mold large enough to produce 12 tensile specimens i s  0.1 
b e i n g  used for development o f  the gel-castin process ~ 'I he anodize 
ninuni mold i s  used t o  fo rm a gel-cast plate, 22.9 x 8 . 9  x I,O cm 
( 9  x 3.5 Y 0.375 in.). This mold design was found t o  si  p l  i fy  several 
steps o f  the prcacess, including c sting, drying, and debindering. The 
resulting ceramic s l a b  formed f r o  each preparat,ive run is machined into 
t e n s i l e  specimens. 

improvements 
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P r o c e s s i n g  s t u d i e s  

The g e l - c a s t i n g  p r o c e s s  i n v o l v e s  s e v e r a l  s t e p s  t h a t  a r e  c o n t i n u i n g  
s u b j e c t s  f o r  t e s t i n g  i n  t h i s  p r o j e c t .  E a ~ h  i s  a s s o c i a t e d  v i t h  s c v n r a l  
v a r i a b l e s .  The b a s i c  s t e p s  o f  t h e  proces5 a r e :  

1.  
2 .  

3 .  
4.  
5 .  
6 .  
7 .  
8. 
9 .  

powder p r e p a r a t i o n  ( a s - r e c e i v e d  o r  w t - m i l l e d  and d r i e d ) ,  
m i x i n g  o f  t h e  powder w i t h  an aqueous s o l u t i o n  o f  po lymct- i  zabl  e compo- 
n e n t s  ( l o a d i n g  l e v e ?  and c o n c e n t r a t i o n  o f  o r g a n i c  coapor~nds i n c l u d i n g  
d i s p e r s a n t )  , 
a d d i t i o n  o f  p o l y m e r i z a t i o n  i n i t i a t o r ,  
c a s t i n g ,  
t h e r m a l  t r e a t m e n t  t o  f o r m  a p o l y m p r  g e l ,  
u n n o l d i  ng,  
dryi  r ly i n  a r o n t r o l  l e d  hiistridi t y  c n v i  ronment ,  
d e b i n d r r i n g  (rei i raval  o f  r e s i d u a l  o r g a n i c  compounds), and 
s i  n t e r i  ng.  

The proct7ss t e s t s  c o n d u c t e d  i n c l u r l d  c a s t i n g  a t  i l i f f e r e n t  s o l i d s  l o a d i n g ,  
s e v e r a l  d i f f e r e n t  dryiilq schedule.,, and t h e  i n c l u s i o n  o f  a p o l y m e r i z a t i o n  
c a t a l y s t .  Successftil c a s t i n g  o f  a r e l a t i v o ? y  coarse a l u m i n a  produced two  
s i n t e r d  p l a t e s ,  on? c a s t  a t  55 v o l  % solids l o a d i n g  and one aL 60 v o l  %. 
T e s t s  w i t h  Lhc more d i f f i c u l t  f i n e  - p a r t i c l e  a l u m i n a ,  RC-WP-DBM, as  
r e c e i v e d ,  were c a s t  s u r r e s s f u l l y  a t  t h e  52 v o l  % s o l i d s  l e v @ ? ,  ai-sd f o u r  
p l a t e s  were made. A ? l  specimens h,;.d s i n t e r e d  d p n s i t i e s  o f  a t  l e a s t  95.5% 
o f  t h e  t h e o r e t i c a l  d e n s i t y .  

Szirdi e5 o f  d r y i n g  s c h d u l  es  ’#ere c o n d u c t e d .  S u c c e s s f u l  p l a t e s  u t i  1 - 
i z e d  a 48-h g e l  d r y i n g  schedu le  t i p g i n n i n g  a t  ?OEC and 100% r e l a t i v e  hrmid- 
i t y  ( R M )  and e n d i n g  w i t h  a 15-h soak a t  100°C and a p p r o x i m a t e l y  0% RH. 
O r y i n y  c y c l e s  e n d i n g  a t  l o w r  t e m p e r a t u r e s  have 1 4  t o  a s i i c r e s s f u l  prod-  
u c t  o n l y  a f t e r  a 48-h soak a t  5 3 ° C .  Y h o r t e r  soak p e r i o d s  l e 3  t o  s u b s e -  
q u e n t  p a r t  c r a c k i n g  t h a L  o c c u r s  d u r i n g  d e b i n d e r i n g .  
p r o g r e s s i v e l y  o r r i i r s  a s  t h e  55°C soak t i m e  decreases .  A d d i t i o n a l  d r y i n g  
s t u d i e s  w i l l  be p a r t  o f  t h e  subsequent  s t u d i e s .  

The p o l y m e r  rerneval s c h e d u l e  was desiqi-ied c o n s e r v a t i v e l y  a s  based - on 
t h e  r e s u l t s  o f  t h c r m o q r a v i m e t r i z  s t u d i e s  and has been s a t i s f d c t o r y .  I h f s  
schedu le  w i l l  bc one o f  t h e  p r o c e s s i n y  v a r i a b l e s  i n  l a t e r  s t u d i e s .  

g e l - c a s t i n g  t h e  f i n e - p a r t i c l e  a l u m i n a  powder. 
ment work, h o w v e r ,  bo th  aluii l lr- ia and s i l i c o n  n i t r i d e  o f  s i m i l a r  p a r t i r l e  
s i z e  d i  s t r i b u t i o n s  wi 11 be  s t d i e d  The work  w i  11 c o r ~ c e n t r a t e  on t h e  f o r -  
m a t i o n  o f  s l a b  specimens for, t h e  t e n s i l e  t e s t i n g  p r o j e r t ,  a l t h o u g h  c a s t i n g  
o f  s e l e c t e d  l a r g e  form pieces w i l l  a l s o  be deve loped.  T e s t s  t o  choosc t h e  
s i g n i f i c a n t  v a r i a b l e s  and & f i n e  t h e i r  l ~ v e l s  f o r  s y s t e m a t i c  s t u d y  a r e  i n  
p ro y r e  s s . 

More c r a c k i n g  

Fxperirnental work was c o n c l u d e d  on an i n i t i a l  t e s t  c o m p o s i t i o n  f o r  
I n  t h e  c o n t i n u i n g  d e v e l o p -  

M i l l i n g  media p r e p a r a t i o n  

I n  a - r e l a t ed  s t u d y ,  a m i l l e d  p o b d ? c  m i x t u r e  W E S  preparcd f o r  t h e  
e x p e r i m e n t a l  f o r m i n g  o f  s i l i c o n  n i t r i d e  m i l l i n g  media f o r  use i n  t h i s  
p r o j e c t .  
c o n t a i n i n g  5% a l u m i n a  and 7% y t t r i a  as  s i n t e r i n g  a i d s  and a p p r o x i m a t e l y  

A p p r o x i m a t e l y  20 kg o f  URE-SN- E10 s i 1  i c o n  n i t r i d e  powder pimemix 
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5% PEG-8000 as  a water-soluble binder was milled, dried, and screened. 
The mixture was mil led  with alumina media in  an isopropanol-water mixture. 
The forming o f  the media was done with a Vectar /Freund CF Granulator. The 
f o r m i n q  produced a somewhat wider s i z e  distribution of spheroidal and 
e1 ongated  particles than expected f r o m  previous 
produce suitable media. 

Decision on mold preparation procedures 
for tensile specimens will be made and 
a test composition will be chosen. 

S t a t u s  report wri t ten  on t e s t  c o m p o s i t i o n  
resul ts  and estimates o f  process reliability. 

Production o f  numbers o f  c a s t  speci 
t h e  initial casting system. 

experience, but should  

Complete 

Sept. 30, 1988 
Complete 

Jan. 31, 1989 
On schedule 
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1 .2  CERAMIC COMPOSITES 

1.2.2 Silicon Nit.ri.de..Platrix 

Sic- ___ Wkisker- __ Tou&img.d SiPicnn pI.&V-_C_ 
I d .  Yeh, E .  Solidum (Garrett Ceramic Component D i v . ) ,  K. Karasek, 
S. Bradley (Engineered Materials Research Center) and 
J ,  Schienle (Garrett Auxiliary Power D i v . )  

01s j e c t i ve / s cope 

'The ob.jective of t:l-1i.s program (Phase 11) i.s t o  maximize t h e  
toughness i n  a h igh  st:rengt:h, h igh  temperature  S i.C wlii .sker/Si3N4 
mat r ix  rnnt:e.r:ial syst.em t h a t  can be formed t o  shape by  s l i p  
c a s t i n g  and d e n s i f i e d  by a method aineriable t o  complex shape mass 
product ion .  The ASEA glass encapsul.ation h o t  i s o s t a t i c  press-i i ig 
( H I ? )  technique shal.1. be used f o r  d e n s i f i c a t i o n  throughout  the 
program. 

The program i s  divi.(led i n t o  five t e c h n i c a l  t a s k s  w i . t h  
m u l t i p l e  i t e r a t i o n s  o f  p r o c e s s  devc.lopment and e v a l u a t i o n .  
Paramet r ic  s t u d i e s  shal.1. be conducted t o  opt imize processing 
s t e p s  developed i n  t.he .Phase 1 effort(Ref. 1),  guided by 
estab1.ished atialytic.al  arid NDE techniques . The f i - v e  techri ical  
t a s k s  a-r-e: Task: I - S e l e c t i o n  of Sic whiskers ;  Task T I  - 
Baseline Cas t ing  Process  ; Task I T 1  - Pararnetr- ic T ~ e n s i f i c a t i o i i  
StIudy; Task I V  - Effe.ct  o f  Speci.men S i z e  and Shape; and Task V - 
A l t e r n a t e  Whiskers. 

T h e  t e c h n i c a l  e f f o r t  was initiated i n  May 1988.  During 
t h i s  r e p o r t i n g  p e r i o d ,  on ly  Task I e f f O K t . 5 ;  were conducted.  

Task I - Selection of Whisker 

The purpose of  t h i s  Task i s  t o  s e l e c t  a S i c  wh:i.sker (Sic,) 
ti0 be used as t h e  re inforcement  i n  G N - 1 0  Si3Nh m a t r i x ,  p r i o r  t o  
t i l e  s t a r t  o f  t h e  process  o p t i m i z a t i o n  and p r o p e r t y  e v a l u a t i o n  
s tud ie s  I coniducted mider Tasks II through IV. 

Advanced Composi-te M a t e r i a l  Corrporat:i o n ,  (ACMC ~ forrner1.y 
ARCO) ~ S C - 9  S i c ,  w a s  found t o  be Lhe best  among; those  a v a i l a b l e  
EOK e v a l u a t i o n  d u r i n g  the course o f  Phase I (Ref. 1.) ~ A t  the  
s t a r t  o f  Phase 11, tvo whiskers ,  Tateho 1s-105 Sic:, and American 
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Matrix (AM) Sic ,  appeared t o  be very  promisine, and were 
a v a i l a b l e  i n  commercial product ion q d a n t i t i c s .  Thus,  theqe t w o  
whiskers  were s e l e c l e d  f o r  e v a l u a t i o n .  

A )  Processing 

The most d i r e c t  mi:i:hod 'co evalua ix  t h e  e f f e c t i v e n e s s  o f  ii 
r e i n f o r c i n g  whisker is  t o  measure t h e  meclianical p r o p e r t i e s  o f  a 
composi.te c o n t a i n i n g  t h e  whiskers .  Compositx b i l l e t s  
(approxi-mately 2 1/2" D i a .  x 3" Ht.) of each of t h e  two whiskers  
at 20 wt.  % ,  were formed by a b a s e l i n e  s l i p  c a s t i n g  process  and 
d e n s i f i e d  t o  f u l l  d e n s i t y  u s i n g  t h e  ASEA g l a s s  ericapsu1at:ed H I P  
techni~que .  'Table 1 l~ i . s t5  t h e  green process ing  d a t a  and tlie f i n a l  
b i l l e t  d e n s i t i e s .  Two composite b i l l e t s  c o n t a i n i n g  each whisker 
were d e n s i f i e d .  The two b i l l e t s  c o n t a i n i n g  AM whiskers  cracked 
i n t o  two o r  t h r e e  l a r g e  p i e c e s  d u r i n g / a f t e r  d e n s i f i c a t i o n ,  while  
t h e  two c o n t a i n i n g  Tateho whiskers d i d  n o t .  'The c r a c k i n g  
behavior  o f  t h e  AM composite was b e l i e v e d  t o  be due t o  the h igh  
s i l i c a  s u r f a c e  l a y e r  ori the  whiskers  a s  suggested by t h e  
evidence presented  below. The d e n s i f i e d  composite b i l l e t s  were 
subsequent ly  machined i n t o  t e s t  b a r s  and o t h e r  samples f o r  
c h a r a c t e r i z a t i o n .  

B ) C ha r a c t e T i z a t  i. on 

0 Whisker Surface Chern is tq  

X-ray photoe lec t ron  spectroscopy (XPS)  was used t o  ana lyze  
t h e  s u r f a c e  chemis t ry .  The Tateho S C w ; ~ l - S - 1 0 5  S i c  whiskers  was 
rece ived  i n  s e v e r a l  l a r g e  b a g s ?  a l l  desigi ia ted a s  Lot  2 9 7 .  T o  
check t h e  uni~Eormity of the m a t e r i a l ,  samples from d i f  r e r e n t  
l o c a t i o n s  from t w o  bags were analyzed.  The American Matr ix ,  
I n c .  ( A M )  S i c  whiskers  were rece ived  (March 1.988) i n  a s i -ngle  
bag and o n l y  one sample taken froin t h e  midd1.e o f  t h e  bag was 
ana1yi:eil. The r e s u l t s  a r e  summarized i n  Table 3 .  A s  seen  i r i  
Table 2, t h e r e  i s  l i .Ct le  v a r i a t i o n  among t h e  four Tateho 
samples ; however, t h e r e  i.s a s i g n i f i c a n t  d i f f e r r n c e  between 
Tateho and AM whiskers ,  i n  p a r t i c u l a r ,  t h e  h igh  l e v e l  of S i 0 2  on 
AM whiskers ,  a s  r e f l e c t e d  by t h e  h igher  oxygen c o n t e n t .  The 
h i g h  s u r f a c e  S i02  c o n t e n t  could be t h e  cause o f  t h e  cracki-ng 
problem observed i n  t h e  American Matr ix  composi te ,  because S i 0 2  
has a tendency t o  r e a c t  a t  h igh  icuiperature wi th  S i c ,  forming 
Si0  and CO g a s e s .  I t  is  a n t i c i p a t e d  t h a t  removal o f  t h e  S i 0 2  
s u r f a c e  l a y e r  would ,eliminate t h e  c racking  problem. 

STEM was used t o  examine t h e  whiskers .  The Tateho S i c  
whiskers  used i i i  t liis Task were s i m i l a r  i o the  l o t  examined 
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under Phase I ( Kef .  1). klhi.sker diameters ranged from 0 .  lpm Lo 
l y m . .  lengths  o f  some whiskers  were over 100 p m .  Many wh:i s k e r s  
were bent: or c o n s i s t e d  o f  i . r regular ly  shaped  segments. 
d e b r i s  was present: as we1.1.  A b o u t  10% of- t h e  whiskers a p p e a r e d  
t o  hol low.  Occas iona l ly  20 mi p n r t i c ’ l . e s  o f  Fe w i t h  t~ race  Ca 
were found on t:be Iljhiskei- sui-faces. Both t y p e - a  Iwa-nga and 
s t a c k i n g  faer1.t t-ype-h d~Ce?ct:r; (l ief.  1) were noted.  

Some 

The ,4M whiskers  w e r e  aI.so simiLnr t:o t he  l o t  tha t  was 
examined under Phase I e f f o r t .  Diameters ~:ar)ged from 0. 2pm to 5p 
111 with t:he average be ing  a l i t t l e  l e s s  t:han lpm,  Whj.sker lengths  
vari.etl from 5pn1 t o  50,m. As with the e a r l i e r  .versions t:tie ro3igl-i 
irregular surface morphology tended to be  dominant“  The:rr? di.d, 
however; nppea-t: t o  be an inc-reased f r a c t i o n  GE smooth whislcer:;. 
Whiskers were  .st ight . Sollie debris w a s  p rc sen t :  ; tihc amount: 
appeared t o  he similar t o  t-hat: found i n  the  earlier version. 
Fe-Ni-Ca p a r t i c l e s  were s e e n  (511 whisker s u r f a c e s ”  

Coriventiona Z X - ray  ai racti .on a n a l y s i s  w a s  performed. on 
t h e  samples cut f r o m  the compos i.te bi.ll et::: . The resul ̂ cs showed 
that the Tateho cornpos i te  cont:;~ i r i s  a sub::t:,ar~t;LaI- n[il!>urtt of .%. - 
S i 3 N 4  i n  a d d i t i o n  t o  $ - Si,jNl+ and S i c ,  whi1e the  AM c o m p o s ~ t e  

0- Si3N4 and S i c .  
o n l y  c o n t a i  IlS 

T h e  presence  of d - S i 3 N 4  in t he  T a t e h o  
composite int1ic;it.e.s; that; n o t  a l l  o f  t:he s tartine powder reac ted  
w i t h  t h e  s i n t e r i n g  a i d s  T h e  m i n o r  phases present: i.ri ::he grai.ri 
boundar ies  w i l l  be  p re sen ted  .tinder STEM a t ~ a l y s i s  .sect:ion. 

a )  Opt ica l  Metal lography 

Pol.i..shetl cross -secti.on of American. Matrix and Tatreho 
S i c  whisker r e i n f o r c e d  coi i iposi tes  w e r e  p repa red  t o  eva’bumfc. 
whisker di..;t:.ril)utrion and o1’i.entatiot-t. The American matrix 
composite (F igures  I and 2 )  e x h i b i t e d  good wtiisl,:.er d i s p t x s i o n .  
However, the whi~skers e x h i b i t  some degree o f  p re fe r r ed  
o r i e r i  t a t  ion  nl ofig the test: bar l e n g t h ,  The P’atePio vhir5kers 
appear  agglomerated (Fj.gure!; 3 and 4 )  and do not e x h i b i t  any 
evidence af  p r e f e r r e d  orj.en!:.at:i (3x1 I 1x1 atldi t i o n ,  t:he whisker 
morphology observed i12 i:he Ta teha  compo:;it:ci i r ;  1 ~ S S  (Bi:;tirlrt 
than f o r  the American Matrix. compos i.t:e suggc:;ti.ng i r l r i i t  the 
Tateho whiskers may have react.c?d dur ing  processing. 

T h e  scanning t r ansmiss ion  e l e c t r o n  microscopy (S‘CFM) 
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r e s u l t s  showed a small amount of vo id  con ten t  i n  t h e  Ta'ieho 
composite h u t  much h ighe r  i n  Aiwri-can Matr ix  composite (E'lg. 5), 
consist:eni with the  c rack ing  behavior  d i scussed  e a r l i e r ,  'the 
g r a i n  boundary pockets  i n  b o t h  composites coi i ta ined two 
c r y s t a l l i n e  phases ,  H-phase and .T-phase, p lus  a n o n - c r y s t a l l i n e  
piiase. The amount: o f  H-phase i n  bot31 corriposi-tes is  h i g h e r  than 
t h a t  of  t he  J - p h a s e .  The Tateho coniposite conta ined  more 
r i o n - c r y s t a l l i n e  phase  than  American Mai:rix composi te .  

A s  noted i n  Phase I e f f o r t  (Rer I), a s i g n i f i c a n t  f r a c t i o n  
o f  t h e  Tateho S i c  whiskers  used i n  i h j s  Ldsk were a l s o  hol low.  
Grain boundary m a t e r i a l  f lowed i n t o  t h e s e  holey (Fieure 6 ) ;  
however, on ly  the  J -phasc  and the  n o n - c r y s t a l l i n e  pllase were 
p re  c; c n  i 

The S i c  whjsker t o  Si.jN,, g r a i n  and Si3N4 g r a i n  boundarie., 
were bo th  n o r i - c r y s t a l l i n e .  

A comparison of the  morphologies between the  two compos i.ter-; 
i n d i c a t e s  t he  pre.se11ce of f i n e r  g r a i n s  i n  'ihe Tateho compositze. 
The Tateho composi.te a l s o  had a lower volume f r a c t i o n  o f  
whiskers  i n  t h e  area examined by STEM; t1-1:i.s i s  c o n s i s t e n t  w i t h  
t h e  o p t i c a l  metal.l.ography obse rva t ion  of whi~sker agglomera t ion .  
The 3bse rva t ion  t h a t   he hollow Tateho whiskers  soaked up a 
c e r t a i n  amount of g r a i n  bourdary m a t e r i a l  may be one of t he  
reasons  f o r  t he  presence of the urireacted s t a r t i n g  C( - S i 3 N 4  i n  
the  Tare110 composite observed by x - r a y  d i f f r a c t i o n .  

o Mechanical Proper ty  T c s t a  and h'( a c togaphy  

Ten MOR bar.; of each composite were i e s t e d  i n  f o u r - p o i n t  
bending a t  room ternperaiure.  The t e s t  paramrtrr  c; and r e s u l t s  
a r e  sliown i r i  Table 3 .  ' h e  American Matr ix  whisker r e i  i lforced 
composites e x h i b i t e d  h ighe r  Clexura l  s t r e n g t h  ( 9 4 . 9  k s i )  than  
thp Taicll io composites ( / a .  2 k s i ) .  The f r a c t u r e  s u r f a c e s  were 
examined ai 40X us ing  a binocul ar  inicroscope. The A i i i e ~  i c a n  
Matr ix  cornposii P pvh ib i t ed  both  su i - face  and i n t e r n a l  f r a c i  lire 
o r i g i n s .  Thc Tai K1io composite f r a c t u r e s  p r i m a r i l y  o r i g i n a t e d  
from t h e  s u r f a c e ,  but a few i n t e r n a l  f a i l u r e s  w e r e  r.oted. 

SEN a n a l y s i s  w a s  performed o n  s e l e c t r d  specimens t o  b e t t c r  
docurnelit t h e  f a i l u r e  o r i s i n s  and look f o r  evLde1iee o f  whisker  
touehening Typica l  f a i  Ju re  or ig i ' i s  of t he  Arnprican ma t r ix  
whisker composite a r e  showri i n  Figure 7 .  The f a i l u r e  o r i g i n s  o f  
t he  American Matr ix  whisker composi 1 e appear  t o  bc age7 ornerate 
d e f e c t s .  Typica l  f a i l u r e  o r i g i n s  o f  tlie Tateho whisker  
composite a r e  shown i n  Figure 8 .  'lhe r a i l u r e  o r i g i n s  arp 
siriii'l ar i n  appearance t o  t he  rena inder  of tht: f r a c t u r e  s u r f a c e  
Consequently,  t he  nae111-13 of t he  f laws was no t  e v i d e n t .  
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As a r e s u l t  of recent infarmation on wl-iihkcm availability a n d  the  
r e s u l t s  of t.he existing Task 1 effort, thr? milesiones and thr  
S t m t m e n t  of Work of t h i s  program arc3 nndcr revision. 
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P u b l i c a t i o n s  

A papr r  z r i c i t l cd  "Sic  bh i skc r  Stability During Piocess ing  of 
Si3N,L Matr ix  Composites" by S A .  Bradl ry ,  K.K. Karasek, 
M . R .  Martin, H . C .  Ych, and J . L .  Schieinle was accepted  f o r  
p u b l i c a t i o n  by the  J .  Ainerlcan Ceraii~ic Soc i r cy .  

A p a p e r  e n t i t l e d  "Composition and Microser i ic ture  o f  Silicon 
C a t  b ide  r*rhiskrrs, " by K.R. Karasek, S . P . .  Bradley ,  J . T .  Donner, 
M.R. Mar t in ,  K.L Haynes, and l 1 . C .  Yeh was accepted  f o r  
publ i c a t i o n  by LXe J . Mate r i a l s  S c i  n ~ i c e .  

A t a l k  ell t i  t l e d  "Process  Parmreters  A f f e c t i n g  S l i p  C a s t  S i c :  
Whisker Ke in fo rced  Si jNI ,  Composites'* by K . R .  Karaqek, S .A. 
Bradley ,  3 . C .  Ych, and J . L .  Schlen le  ~ 7 2 ~ :  presen ied  a t  t he  World 
Mate r i a l s  Congress i n  Chicaeo  O i l  September 2 9 ,  1988 .  

A p a p e r  e n t i t l e d  "Character iLdi  ion  of S i  1 i c o n  Carbide Whiskers" 
b y  K . R .  Karasek,  S . A .  Bradley ,  J . i .  Donncr, W . C .  Yeh, J . L .  
S c h i e n l e ,  a d  H.T. Fang w a s  s u b ~ i ~ i t t e d  t o  Lhe: PmPrican Ceramic 
S o c i e t y  f o r  p u b l i c a t i o n .  



41 

Uncleaned, batch received a t  GCCO on f4ay 1988 

Table 2 
XPS Data 

A t m l c  Percent (Binding Energy i n  eV) 

$ample No. 5562-101-1 5562-101-4 5562-59-3 5562-59-4 American 

Lmat  1 on aag I Bag 2 Bag 1 Bag 2 

51 2p 35.6(100.5) 37.6(100.6] 37.4(100.6) 35.8(100.5) 15.9(100.5) 
51 2p 5.2(101.9) 4.9(102.0) 5.3(101.9) 6.7(101.7) 17,3(103.2) 
c l o  36.2(282.4) 36.7(282 ., 4) 31.9 (282.4) 35.2( 282 e 4)  13 e 6(282,4) c Is 9.3(283.8) 9.3(283.8) 13 I 2 (283-4) 9 “9 (283.6) 2 1( 8 (283.9) 
c 1s 2.1(285.4) 1.9 (285.3) 
0 Is 1.9(529.6) 2.7(529.8) 3.4( 530.1) 3+0( 530.0) 8 ,1(531.3)  

IS 9.2(531.4) 8.0( 531.4) 7.4( 531.5) 8 .3 (  531.5) 37.5(532 a 4)  
8 1s J. l ( f i33.1)  * 

Fe 2p 0.6(711.3) 0.7(711.0) 0.5(710..7) 1 ,0(711.5)  
Ca 2p3 Q42(346,6) 1.7(347.9) 
* The Fe 2 p  value was taken f rw the broad energy survey scan Instead o f  a high 
resolutdon scan. Therefore. the accuracy w i l l  not be a s  high as for other 
values shown. 

Matrix ----------.-----Tateho SCW#l-S-l05---------------- 

Bot tam Hdddle TOP TOP 
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* Average of tc:? t e a t  bass 

1esZ P69 Dixremiana (naw?nal) 
Uidth:  9 . 2 5 0  inch ( 6 . 3 5  an) 

Thickness: 0 .125  inch (3 .175  
Length: 2.0 inch (50 .8  mm) 

Test Pasame:crs {Zoaa p o i n t  banding) 
Outer Span: 1 . 5 0  inch ( 3 8 . 1  m) 
Inner SF'P," 0 . 7 5  inch (19.05 im) 

Crosshead Speed. O.Q2 iich/nainute ( 0 . 5 1  m,'almnte) 

................ ...... ........... 

S I C  Whisker Frnrture Tc~ghness-* 
/* l&2 (rn.¶*1/2 ) 
.............................. 

5 . 0 2  0.17 (6.62 0 . 1 9 )  
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The objrcl ive of t h e  ~ r o p o s e d  effort is to stiidy the effect nf sintering aids on 
rnicrostructure and properties of Si3N4-SiC(w) camposiies and utilize the results ob- 
tained io design and synthesize an advanced composite of improved properties. It 
is also an objective of this effot-i to refine forming and consolidation processes and 
develop technology for prototype part iabiication. 

I 

I eebminical Progress 

In the CoUiSe of tiie preceding period, research h a s  addressed three general 
areas. 

I. Precursor Materials: The objective of this task was  l o  characterize Si3N4 and S i c  
whiskers from several different manufacturers and evaluate their potential to replace 
GTE SN502 silicon nitride and Arco SC9 S i c  wiiiskers in composites. This task was  
completed. I.lbe S i n N 4  and Tokai S i c  whiskers Wcie Identified to be acceptable al- 
t e r n h !e rn at e r i a l s . 

- II. Microstructural DeSiqiQ: I hese studies are focused oii bonding glass phase 
modifications through sintering aid additions and processing and evaluation of ef- 
fects of microsiructure on fracture toughness of silicon nitride monoliths and com- 
posites. 

Ill. Process for Near Ne? P a r t  Fabrication: Work has concentrated on improvement 
of injection molding mix preparation, forming, and IHIP densification techniques, 
This effort has resulted in develcpmeni of a process which yields parks of high 
strength (1 150 MPa) and fracture toughness (6.9 C3Pa-m 1/2 ). 

A pdtt of the effuit was also devoted to studies of creep behavior of Si3N4-SiC 
whisker composites. 7 he resu!ls of t t iesr studies Z?P discussed in detail in the fol- 
lowing sections 
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Basecf o n  the rcs i~ l ts  of screening studies, Ube Si3N., was identilied ta bc, at this 
point ii l time, t h e  best  alter-native trs GTE SN502 ani! was selected as  a source rna- 
teria! for furilier studies. Hot pressing str-iclies haw examined the behavior of pow- 
d e r s  of dilferenl particle size (E03,  E l O j  and shnwn that (Table 1) Ube Si3No exhibits 
sornewhat lower rat{? of a-$-Si&La tiansformation and requires an incsmase in sin- 
tering ternperaiiire to obtain complete conversion to @ form, which can b e  atti-itiuieci 
to the difference in Si02 content. Increased clerisificatiori ternperrature resul ts  in im- 
proved fracture toughness. U b e  Si,N,t yields an AY6 "tnonolithic" body  of higher av- 
erage strength than SN502 (Table I ) .  M i n o r  variations in strer!yth are  thought to be 
associated with pro( .sir?y related flaws. A blend (80/2tl) of E03 and E 1 0  powders is 
a p rufe r r  ecf c h o ice for i n ject io n in o Id i T i  y . 

u be 
Grade 

E - I  0 

S0/20 

E03E 10 

E 03 

SN502 

1725 100 
1800 100 
1800 400 

1725 100 
1800 100 
1 so0 400 

1725 100 
1800 100 
1800 400 
1725 1 OQ 

echanical Properties 

4 .7  f 0.3 845 i 51 
4.4 :t 0.3 876 It 84 
5.1 f0.3 916f29  

4.7 .k 0.2 932 f 92 
5.23.0.-l 823 9: Ob 

5.2 f 0.2 811 f 13 

4.1 $0.3 995 30 
5.0 f 0.2 071 +69 
4.8 f 0.2 821 f 9 0  
4 . 6 f 0 . 2  773 f 69 

9.1 90.9 
100 
100 

48.7 51.3 
- 100 

100 

65.8 34.2 
4.13 95.2 

100 
1 oa 

- 
- 

Further studies were  focused on composites containing AY6 (Si& +- 6 w/o 
Yz03 + 1.5 w/o A1203) with 30 v i a  Sitar SC-9 SIC w h i s k e r s .  Sic whiskers SVCXE) noit 
beneficiated. AY6 powders containing SN502 ldbe E-10 and 80/20 E - 0 3 ,  €-I0 were 
prepared at GTE Labs and shippsd to Advanced 'Gornposites Materials Gorp., Grcer, 
SG, whwe t h e  powclers were blended with S ic  whiskers using ACMC's proprietary 
proi:cssiny. T h e  b\ended puwiclers were hot pressed at 1725°C arid 180OoC u ndzr 
25.1 MPa niaxirnurn pressure  for 400 minutes. Typical densification curves for tile 
hn'i-~:iressing r u n s  are shown in Figure 1. At the Sarrie hot-pressing tcmpcratui-e, t h e  
Ube E-10 densifies at a faster rate. T h e  faster rate may be dne to easicr rearrange- 
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ment during the initial stages of densification for the rilore cquiaxed E--40 grains. A l l  
hot-pressed densities we ic  greater than 99.5 of the calcii lated theoretical density. 
X-ray analysis showed the presence of oi i iy f3-Si3N4 and S i c  in the hot-pressed ma- 
terials. 

The mechanical properties for the hot-pi-essed composites are compared in 
Tabled 2. For the i-natzrials with as-received whiskers hot pressed at 1725OC, t h e  
values for fracture toughness and MOR are the same. Raising the hot-piessing 
temperature to 1800°C ciearly increases the fracture toughness and strength for the 
coinposite made  with Ubc Si3N4, while the composites made with SN502 do not 
show the same increases. Composites prepared with E-03ilE-10 blend and densi- 
fied at 1800°C: show superior fracture toughness and strength. 

1125 6.4 P 0.4 
SN503 1 / 2 5  6.1 *cl  s 

1800 6.0-lrO 6 

Ube F-IC) 1725 5.8 _t: 0.4 
1800 6.9 10.3 

U b e  Mix 
80120 1800 7.3 10.6 
E-03/E.-IO 

915rlr39 Beneficiated 
796 f 40 As-received 
880k101 

1043 k 50 

Evaluation of alternaie S i c  whiskers has considered several sources (Tateho, 
Tokai, ,4m. Matrix). The results of whisker characterization were reported earlier. 
At present, the one deemed the rnost suitable alternative of ACMC SC-9 are whisk- 
ers produced by Tokai. Composites with Tokai S i c  whiskers piepared usil ig pro- 
cessing conditions developed for SC-9 Sic  exhibit fracture toughness equivalent to  
tlhai of composites with ACMC SC-9 (Table 3). 'Iliesc composites possess some- 
what lower strength, which may be in part due to the difference in morphology and 
coi-nposition uf i h c  Tokai whisker. 
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Table 3: 

Matrix 

S i 3N * - AY 6 
(S N 50 2) 

Properties for Hot-Presszd Composites Containing 3 
vlo Additions of 
(1?2S"C, 25.1 MPa, 408 npirn) 

ACMC 
To ka i 

6.4 (kO.4)  
6.3 ( f 0 . 2 )  

975 { 2 39) 
871 (k42) 

11. Microstrirctural Design 

The observations on rnonolith ancl composite silicon nitride have provided an 
excellent illiislration of the need tu consider grain size and skiape of the matrix as 
well as dispcrsoid in composite design.  It is also clear that ?rain boundary strength 
deserves ~ q u n l  consideration. Strong bonding across t h e  grain bo~indar ies red i~ces  
the amount of intergranular fracture and restr.ict:i crack deflection toughening. Weak 
bonclirig rediuces the energy to propagtAte t h e  cracks arid may result in a net de-  
crease in fracture toughness despite an increase in intergr-anular fracti-Ire. 

It was observed  t h a t  silicon nitride bodit?:; prcipared with 8.8 vlo ctr clifterent 
sintering aids and essentially t h e  same average grdin size, aspect ratio, and elastic 
rn o d u I LI s t': x I1 i I) it cons id era h I y d i C f e  re 11 f fr act II  re to ii g h ri e ss  (- ia IJ IF 4) . 

Table 4: Properties ob si3 
of Different Sinter 

Si3N4 + (Y203)  1 .oo 
Si3N4 -t (MgO) 0.70 
Si3N1 + CeQ2 0.91 

30 I 
306 

308 

0.22 
0.29 
0.27 

3.0 
3.4 
3.3 

In the absence of intergranular fracture, the fracture toi.ighness of these com- 
posites could he expected to be quite  similar. It follows then that for improved frac- 
tu re  toiighness the s t r e n g t h  of t h e  grain boundary needs to he ca re fu l ly  tailored to 
optirnire the trade-off between the arnouiit of intergranular fracture and the energy 
used to fracture a grain boundary in tiit. inatrix arid along the dispersoid. 

Additional data for this sttudy related to sintering aid species is given in Table 
5 and again indicate that increases in  fracture toughness c:an be effected by ex- 
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tended t ime at densification iemperature most likely as a result of grain growth. 
Equivalent gaii is in IFT can be realized by pressure-assisted sintering at higher 
temperature for shorter t ime as is observed at lower temperature for extended time. 
The AM4 composition. containing the volume equivalent of MgO siibsiituted for Y z O ~  

consistently yields a monolithic body with inferior mechanical properties compared 
to AY6 densified u n d e r  identical conditions. The ceria-containing trionolitti s h o w s  
comparable room temperature mechanical properties to the AY6 coniposition at the 
densification conditions employed to date. 

I he above observations support the premise that grain s i re lshape and i h e  
strength of intergranular bond dictate the crack path and control the fracture tough- 
ness of po lycrysta I I i n c  cerain ic bod ies. 

-. 

fable 5: Raoin Temperature Mechanical Properties af Si3N4 
(Ube E-IO Si3N4 Powder) Based Ceramics* 

AM4 

AC8 

HP TenrplTinie Relative 
( O C f  min) MOR 

1725:90 
I 7251 I 20 
17251240 
I775190 
1715l120 

1725l90 
1725/ 120 
1725/240 
1715190 
1 7 751 1 20 

1725190 
17751 17.0 

1 .OQ 
0.95 
0.98 
0.93 
8.99 

0.61 
0.58 
0.69 
0.52 

0.64 

0.96 
0.96 

'A l l  values normalized to standard AYG hot pressed 1725"C/9Q mil i  
'AY6 - 6.0 W / O  Y 2 0 3  4- 1.5 W/O , 4 1 2 0 3  + R31 

Si3NJ ( IJbr  E - I O )  
AM4 .. 4.4 w l o  MgO I -  1.5 w/o AI2O3+ Bal Si3N4 (Ube 

AC8 - 6.3 w/o CeOz + 1.5 w / o  AI203  + Bal Si3N4 

XXMeasured in a cross section parallel to HPD 

1--IO) 

( u be- 1 0) 

Relative 
IFT"" 

1 .oo 
1 .JO 
1.14 
1.07 
1.20 

0.70 

1.02 
1 .or) 
1 .oo 
1.11 

0.91 
1.15 
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B i a .  Process for Complex $art Fabrication 

P re v i 81 i i  s st II d i e s of i 1-1 j cct io ii- iii (1 Id ed parts p re pa red  fro ii 1 co rg p os it e i-ii s t e r i a I 
co nta i r i  i n g S iC w h is kers  i nd i catud no r1 sy mi rrietr i ca 1 w ii is kr: i _  or ie ntat 1-1 resii It i n g 
from t h e  flow pattern of the whisk.er into ljie die io be a major source of war-page 
produced h y  nonciniftnrin shrinkage. In avi effort ti:, obtdiri improved dimensional 
control, kwo a r e a s  were  adcirer;sed, TIhe first was r-eduction in shrinkage h y  increas- 
ing tile solids loading of thr :  injection i imiding mix. Thi? secorrd area was controi of 
tlic whisker orientation dirritig injection rI-ir:iIcling by altei-aiion of tiic gate corifigilril- 
tion. 

Figure 2 shows representative HiPeil bars protliuced from the mix with higher 
solids Ioacling and formed in a nlold of earlier design (1987). The r F j d i i w ? t l  distortion 
of the bottorn bar  can be atiributed to a higt iCr  solids loading content, leading to ai-I 
apparent  reduction in shrinkage. Single axia i  GATE tut-birici blades frcsrn the currerit 
h i g h E! r so I id  2s-I oaded ~-natc r ia I a I so G X  h i hi t  SI) I I  iew h <it red  II csd d isto rt i o 11. 

also pre- 
pared w i t h  !.Jbe S i s N c ,  n i i c l  Advanced Composites Materials Corporation Sic ,whiskers 
a n d  molded using four cfiffei-ent g'ito r;nIiriguratioiis. 

Selected cross sections of bat-s for eat!-1 gate configuration have been 
moulited after binder removal and epoxy irnpregnatiou, and examini?cl. SEM micro- 
graphs  of the burntt!c-l-oi.rt bars  hdve been digitired atid ~ i s e d  to deiermine the 
IN ti is kr: r or ic ritat i o iri d ifferc: 61 m ~ i  r e  I ated io (1 ate con f i !;1 I C  rat i c i  ri. 

Sar-nples fabricated by employing each coii:igieraiioir w e r e  densified using a 
Shrinkdge vali ies wc!i-i: based 011 <iimenSiCiI.IaI ~ I ? ~ S C I ~ Q -  

To study the eff t of whisker orki-itation, a 1iuiiif:Jer of test bars 

revised ASEA HIP cycle. 
merits before arid after CllPiny (Table 6). 

9.34 1.34 1.34 
0 38 1.26 1.19 
0 57 1.04 1.05 
8.62 1.21 1.17 

"Normalized shrinkage values less t h a n  1 indicate !owc?r shrinkage than design 
value. 
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length. I-lowzver, gate 3 produced more warpage than gate 1. The type 4 design 
showed substantial bending during densification (see Figurc: 3), which was again in 
agreeinerit with the orientation measurements. The gate lype 3 bars were gerierally 
straight but showed numerous surface ripples which appc?ar to be rel ics of the dif- 
ferential shrinkage of the thin stream which had folded Ir-iany t imes during the ntold 
fi l l ing. The gate type 1 bars appear most suitabl:, for mechanical property testing 
based on the whisker orientation uniformity and the lack of bending during derrsifi- 
cation. Oars of this dzsign processed through HIPing were ground into test samples 
f o r i 1-1 e c t i  a 11 i ca I prop e rt y c h a rac t e r i r a t  i o n . 

Results of mechanical testing of the bars fabricated from the Type 1 gate con- 
figuration are given in Table i .  The results are compared to the same material hot 
pressed at 1800"C, 25.1 MPa and 1100 minutes. From these results, it appears that 
the room temperature pi i lpert ies are essentially equivalent. In summary, higher 
solids loading ani1 rnodified gate configurations have produced d relatively distor- 
tion-free bar of Si3N.I-SiC whisker composite material with gcod fracture toughness 
and high strength. 

Table 7: Comparison of Mechanical Property Data for AY6 C 33 vlo SIC 
Wh is k e r  Corn posit ss 

Process 

Hot Pressed / .3+0 5 1043 f 50 
Il i jection-Molded and HlPed 6.8 I O . 4  1143+48 

IV. Creep Studies 

Testing to cornpare the crcep behavior (four-point f lexure) of monolithic AYS to 
AY5-Sic composites were continued. Data generated in this study indicated a con- 
stant creep rate after approximately 0.05°/0 strain (Figure 4). I..inear regression anal- 
ysis of the creep strain-time data after 40 h of testing yielded straight lines with cor- 
relation coefficients of greater than 0.95. Therefore, the s l o p ~ s  of these lines were 
assumed to be sicady state creep rates. Additionally, multiple tests conducted with 
a single material under identical conditions (Figure 5) show?d a variation i l l  the 
steady state creep rate of f 12%, indicatiing very good data reproducibil i ty. 

Figurc 6a compares typical strain-time data at 1200°C and imposed stresses of 
205 MPa (30 ksi) and 137.8 MPa (20 ksi) for the AY6 monolith and the A Y 6 + 3 0  V/O 
S i c  whisker composite. The primary creep portions of the data were very similar. 
Once steady state creep was attained, the strain of the whisker-containing compos- 
ite was lower. At 1200°C, the steady state creep ratz of the whisker-containing corn- 
posite was lower than its monolithic coui-iicrpart over the enti it? stress range investi- 
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gated (Figure 6b). The stress e x p ~ n c i ~ t  from [tie 
materials had a value o f  approximately two over the 
ga1;d. The  ~ a l u e  of t h e  stress i-?spoi\ei-it is consistent 

relationship G&on of both 
t,iriga of condition:; investi- 
with those obtaincx! in other 

i n vest i g at i 13 n s o f t I1 e L I.ii?I? p b t: 1-1 dv i o r of S i .JN 4-b a se [:I 11'1 at e r- i ii Is with d Afferent s i n t e r i n g 

aids i-lsii-iy flexure, tension, or coriipressiori loading. The mechanism which tias 
been asci-it~ecl tn the creep of S iAb  Imtjies containing an intergranular glass phase 
is grain boiriidary sliding controlled by [lie viscous flow of  the glass phase. Due to 
gearnett-ic restraints; the motion of tiit:? it-itei-granular phase is restricted by the § i d 4  
grains and a stress exponent  greater Ihai i  one is observed. Since I h e  reduced 
c r w p  rdte of the Si3N4--SiC whisker composite did not result in a chi-lmge in stress 
exponent, it appears tililt t h e  same rrieclianism m a y  control the creep resistance of 
b<jti\ materials. The whisker xldition:i apparently retard grain boundary sliding and 
cav it .it i o 11. 

Data generated i n  the testing of a iriaterial cxntaining 30 v/o S ic  particles sup- 
por i  this hypothesis (Figure 7 ) .  At 12OO"C, the strain-time data of t h e  particulate 
composite (Figure 7a) showeri a hiqher strain at a given time coniparecl to [nono- 
lithic; AY6. Over the range of stre:;:; exarriined, the strain rate was consistently 
higi;cr thari that of the monolith (Figure 7b), with a stress exponent of approxirrtately 
two. The two Sic-containing sornpvsites contained the same reduced ~ m o u n l  of 
AlrO3 + VZO,, compared ti:! monolithic AYG, although sornewhat different fok31 sinter- 
ing aid contents (Table O ) ,  clue io t h e  cliffcrent arriourits of SiUz present in  the SiC 
raw materiais. i t  appears that replacirig a substantial portion (30%) of acicular 
F-Si3N-t grains with Iargc! equiaxec! particles (8 p m  Sic) detrii-rientally affects the ma-  
te r i .a l's r e s i st a n ce t~ t i  ri-i e-dc: pe ti c l e  11 t de fn  r r n  at i o n at c* I C  vated temper at 11 re. 

Oilier studies',2 of AY6 and AY6 + S i c  whisker composites wportecl that, at 
1200°C in the stress r a n g i ~  50 to 350 MPa, the creep sate in  cornpression of a coin- 
posiiiri cont,iiii-iing 20 v /o  Sic whisker was slightly h iy twr  than t h e  monolith. The 
CorilpTf?:sSioil samples  vierc: annealed in  N2 at the temperature of creep prius to the 
a p p I i cat i o n of 1 o a cl a 11 d s CI bse q id c n I I y tested i 11 n it rog e ii . Ext c r i  s i \/e d e v i I r if i cat ion of 
t t i  e i n t e i-g r.3 r i  (4 I ;_I r y I ass phase of t h e  i-11 o no I it h i c rn ate r ia I OC:GU rred c lu  r i iig an ne a I i ng , 
while significantly IPSS cievitrificatiorli w a s  cbserved in the composite. After the 
creep tests, ihe degree of crystallinity of the intergranular phase of the composite 
was reported to  have increased. If grain boundary sliding controlled b y  t h e  inter- 
granular pliast-i is assunjcxl to be the operalive mechanism of creep, Ihesc results, 
i.c., lhigkw~ creep t-esi:itarlce of t b e  monolith compared to the composites, follow 
since t h e  more extensively devitrified glass phase of thr? inonolith would be more 
resistannt to deforrnati(;n. .The higher S i 0 2 / Y 2 0 1  -i- AlrO,  ratio of the whisker-contain- 
ing composite (Tablc a), resulting in a more stablc glass  phase, accounts for this 
behavior. In the present stiudy, x-ray cliffi-action of Si~Nj-.based samples crept for as 
lorig as 5013 hr showed 110 indication of glass devitrification. I! may hie speculated 
that the interyranular glass phases of  these inaterials d r e  less prone to clevitrifica- 
tiori in an air environrrient than in nitrogen. Flex.ure testing in air at 1200'G, where 
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glass dev~ir i f icat ion IS assurned to be  i1111iir1ia.1, clearly shows that the addition of 39 
v/o SIC whiskers to AY6 IncrcascJs resistance to creep. 

PIY6 1 .o 1.50 6.00 2.60 0.35 

AY6 30 v i0  SiCp 2.0 1.05 4.73 2.0 0.38 
( 8  prn! 

AY6 t 30 v i0  SiCw 0.1 1.05 4.75 2.82 0.53 

AY6 1 30 V i 0  S I ~ N ~  04 1.05 4.25 3 66 0.50 

*Rased on 0 2  analysis of Si3N4 and SIC raw materials 

111 order to further evaluate ti72 sil icon nitride p iase ,  a monolithic materia! with 
rediiced amounts of sintering aids was prepared as an analog to the composite ma- 
trix. In this instance, a-Si3N4 powder wzs i i i i l led w i t h  the prepared AY6 composition 
in a fT:ZfiilG.; ider?tical to the one used with the Sic7 particulate composite. This ma- 
terial required 110 rnin to densify. I h c  density was 99% of theoretical with KIC = 

3.9 f 0.1 MPa-m”* arid MOR --: 684 ir 25 MPa at room temperature. Limited test- 
ing  at 1200°C: showed that reducing the amount of sintering aids did significantly im- 
prove the resistance to creep at 206.1 MPn (30 ksi) (Figure 8 and Table 8). The 
steady state strain rate of the A Y 6 t 3 0  vio Si3N4 monoli th was 605 less than that of 
the baseline AY6  material. These data also serve to more drarnatically illustrate the 
effect of dispersoid shape on the creep rate of Si3Nd-based composites. Although 
the  resistance to creep of the matrix phase of the composites increased when the 
amount of sintering aids was reduced, this was detriineritally offset by replacing 30 
v/o of the simal1 acicular Si3N4 grains with equiaxed large (8 ym) S ic  particles. Sub- 
stituting larger ( %  2 pm equivalent diameter) acicular Sic) whiskers for 30 v/o of the 
smaller (0.3 jlrn equivalent diarneter) acicular B-Si3N4 grains fiJrthef increases the 
material’s resistance to creep at 1200°@ 

Thcse data show that the addition of S i c  whiskers to a (Si3N4~l-6 wio Y?O3+ 1.5 
wio A1~03) composition results in a composite ceramic body with substantially in- 
creased resistance to creep at 1200°C in air in the stress range 68.9 to 2 7 5 6  MPa. 
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The reduced conlcnt of sintering aid in the composites and the addiliori of acicular 
S i c  dispersoids to t h e  microstructure both contribute to t h e  observed hehavior, The 
whi:jkers appear to improve creep resistance by retarding grain botilndary sliding. 
The substitution of eqriiaxeci dispersoids  for acicular I-natrix grains in  silicon nitride 
CF, ra m i cs co nt a i n i n g i nle r y r a r i  11 I a r 9 I ass p has es ca n el et r i me n t a I I y affect t i r n  e-el e pe n- 
de n t p rope rt i e s at e I e vat e r4 t e m per  at tl re. 
Re fe re nces 
I_c-i_ 

1. R.D. Nixon, et al., "Deformation Behavior of S ic  V\Jtijsker-Reinfi,rcerl Si3N4,'' Mat.  
Res. Soc. Symp.  Proc. 78, 78, 295-302 (1987). 

2. D.A. Kooster, et al., "High Teniperature Creep of Sic Whisker-Rcinfurrcd Ceram- 
ics," Proc. Inf. Conf. on Whtsker and Fiber-Toughened Ceramics, ASM (in pr in t ) .  

Program execution is on schedule 

__- e30nnmunicationslVisitslTo.avel 

6/6-.9/88 - S.T.Buljar1 attended a rneeting on Whiskers and Fiber-Toughened Ce- 
ramics at Oak Ridge National Laboratories, Oak Ridge, TN and presented a paper 
entitled "Microstructure arid F r a c t u r e  Toughness of Si3N4 Composites." 

9/6-8/88 - J.G. BatLlQrii visited S. Wiederhorn (National B~rreaii of Standards)  
and R.F. Cavis N o r t h  Carolina State l ln iversi ty j  regarding testing of coinposites. 

iOiid!88 - P.A. Nolan and K.L. M o r e  (Oak Ridge National Laboratories) visited 
GTEL to discuss .TEM evaluation of Si&h-based corriposites. 

--.-I_ Problems Encountered 

None. 

Publications 

S.T. RuIjan, J.G. Baldoni, M.L. Huckabee and E. Zilberstein, "Microstructure 
and Fracture Toughi-less of SiZNa Composites," Proc. Intl. Conf. on !Whisker and Fi-  

ber-loughened Ceramics, ASM, 1988 (in print). 
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1725 USE E-10 j J" _fa00 I 

120  180 240 300 360 4 2 0  0 60 

TlME (rnin) 
Figure 1: Relative Density vs  Time f o r  Mot-Pressed AYS 4 30 v /o  

S i c  kdhiskers a t  1725°C and 1800°C C o n t a i n i n g  SN5132 and 
Ube E-10 Si3N4 

F i g u r e  2: Injectian-Molded and HIPed T e s t  B a r s  Made Using (1987) 
Mold Conta in ing  Two Levels a f  S Q l i d s  Loading. Bottom Bar 
Shsws 1988 Materia! \: l i th Higher S a l i d s  Lcading. 
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F i g u r e  4: E f F e i l t  o f  I n c r e a s i n g  S t r a j r i  on t h e  S t r a i n  Rate of 
Silicon N i t r i d e  Ceramics 



TIME (hrs) 

F i  gurc 5 : Reprodusibi 1 i t y  o f  Cr-eep Data 



...... 



62 

-
&

D
e

 

P
 

e' 
0

 

n
 

0
 

P
 

0
 

- 



m 

2.0 

1.5 

1 .o 

0.5 

Figure 8 :  Strain-Time D a t a  of S i l i c n n  N i t r i d e  Ceramics 



Developvent of Toughened Si3!?, Composites by Glass E n c a p d a t e d  Bot 

 sos st at,’c Press= 
Norman 0. Cortsin,  Craig A .  Willkecs, V i m ?  K.  P u j a r i ,  Guilio A .  K o s s i ,  
J e f f r e y  S .  Mansen, Kerry H .  Siphein, an3 Chow Ling Chang ( M o r t o n  Company) 

-~ _- I 

- Objertive/scope .......... ~ ...... ___. ..... 

T h i s  two yezr proqram is t o  deve lop  f u l l y  dense 
S i 3 N 4  m a t r i x  S i  C whisker  composi tes  w-hj ch show en- 
hanced properties ovci  monoli thic:  S i 3 N 4  n ~ a - t e ~ - i a J  s. 
Materials wj 11 be processed u S n g  an  RBSN approach 
fa l lowed by high p r e s s u r e  glass e n c a p s u l a t i o n  I I i P i n g .  The 
primary goal is t o  deve lop  a composi te  w i t h  a f r a c t u r e  
(.ougtlnesc >IO iv~~a(rn) * ’  and capable o f  opel-atiilg up to 
1400°C. 

c 

S t u d i e s  w i l . 1  be conducted to t a i l o r  the whi.sker/matri.x 
i n t e r f a c e  and c’eeteriniile the opt.i.mum whisker i-norphology for 
f racture  toughness  improvements The effect of fur-ming on 
whisker  o r i e n t a t i o n ,  f r a c t u r e  toughness  I and shape dist-oir- 
t i o n  w i l l  a l s o  be addressed. 

~ r o c e d u r ~ s  f o r  analyticdl e v a l u a t i o n s  Firid mechanical 
p r o p e r t y  d e t e r m i n a t i o n s  have p r e v i o u s l y  been d e s c r i b e d  i n  
d e t a i l  . Flexural strength is determined u s i n g  the U.S. 
Army recommended procedures  f o r  a ciass-section of 
3x4mm . F r a c t u r e  toughness  is  d e t e r ~ n i n e d  by e i ther  an 
i n d e n t a t i o n  method3 or a c o n t r o l  led Ela1.r method* 
depending on material  a v a i l a b i l i t y .  

1 

2 

A s  p r e v i o u s l y  detailed‘ a t echn ique   was developed 
f o r  de te rmin ing  t h e  surface compi-,si t i o n  of i n d i v i d u a l  Sic 
whi ske r s  by Scanning Auger M i c i o a n a l y s i s  ($AN) . T i i i s  
method was used t o  e v a l u a t e  a d d i t i o n a l  whisker  mater ia ls .  

A Chevron notch f m i r  p o i n t  bend sl9e:irnen w i l l  be used 
f o r  d e t e m i i n i n y  the h i g h  tenpea-aturc p l a n e  strai I? f r a c t u r e  
toughness of the composi te  m a t e r i a l s .  T h i s  specfmen type 
was chosen because n~ p rec rack ing  is requir&., t h e  test 
load passes th rough a maximum a t  a coilstznt material 
independent  crack l enyth /wid th  r a t i o  f o r  a speci Eic 
geometry and no p o s t  t e s t  crack neasurrment is 
r e q u i r e d .  ‘ ~ i i c  f o u r  p o i n t  iocl’ici specimen was chosen  
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because specimen alignment is not critical simce a 
constant  moment is applied between the upper load points. 
Fracture toughness f o r  the fou r  point chevron notch 
specimen is calculate 

where Pmax is the maximum test load, B is the specimen 
w i d t h ,  W is the specimen thickness and U* is dependent. on 
the specimen geometry and the manner of specimen loading. 
The value of U* is calm ated using the strength through 

G 

crack assumption (STCA) 4 : 
* Y = ( 2  924-4 e 52a,+18. 14aO2) * ( (S,-S,/W) ( (al-a,)/ ( l-ao) ) 

where the variables are presented in F i g ,  I. 

Initial data  was collected on NC-132 to qualify the 
test procedure f o r  u s i n g  bars with 3mn x 4mm cross- 
s e ~ t i ~ n s ,  Tests were performed at room temperature an an 
Pns t ron  4 2 0 6  unit with a cross head speed ~f 0.13 mm/min. 
The test fixture was s ic  with a 5mm top  span and 4 mm 
lower span. Using spc.cimens w i t h  a (10.9" no tch  resulted in 

deflection curves exhibiting ram-linear behavior and 
noncatastrophic failure. The resulting fracture toughness 
w a s  4.74 -t .06 M P ~  ( n )  * 5  xhich is the same ( 4 . 8   ME)^ 
(m> " 5 )  as t h a t  reported in t h e  literature by a double 
torsion technique. High temperature evaluation with 
this geometry are planned. Room temperature toughness 
evaluation of composites will be initiated using the 
described procedure. 
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i I 

3 0 %  

2 0 %  

......... I 30% ___ 

4 . 6  + - 2  

5.1 d - 3 .  

5 . 2  + -1 

5 - 4  t - 3  

4 * ?  ? - 1  

......... -. 

Sample  
Code 

.................. 

2 13 3-38 

2 122 -32  

2 0 7 3 -2  2 

2 1~ 7 6-4 4 

1) H i p  RBSN ( 4 %  Y ? O ? )  a s  m e t r i x  
2 )  Per product  da'ia sheet iroiii ' l ' a t ~ h o  
3) C o n t r o l  flaw by Chantikul l i i~ thot l  
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--_I.._.x 3 * 8 FORMING .. . . . .. . . .. .. 

FOP the extrusioia  process I barrel temps- r a t u r e  
found to exert cnnsiderable influence upon c x t r u s  ion 
q u a l i t y  Barrel aiad die temperature reqaiirc:.ncnts for extru- 
sion are approxiinatcly 15 c lower than that .  uf i n j e c t i o n  
moldinq. ~ a s e d  upon t h i s  i n f o r m a t i a r  void frce r s d s  havc  
been extruded .. Xiigh e x t r u s i o n  t e n p e r a t u r e  cause3 consider- 
able bubble format ion .  ktterupts are a l s c  raiiderway to ex- 
t r u d e  rads with rec tangular  ( 3 t n m  x 4xirrr final dim ens^ o n s )  
cross-section, T%ese rods will be tested as-EiIi'cd t o r  
f racture  toughness t4etcrnina-t ion. If successfu% ~ t h i s  
approach will e h  imirrate the need for mac-hining the f our id 
bar..; i nts ~ - e c t a n ~ ~ l a r  test S ~ ~ C I - ~ ~ X I S  

Microstructures of an extre1ded c-,omposit.e made 1qit.h 
American Matrix Sic: w h i s k e r s  are shown in Fig. 2 and 3 .  

significant da3re.e of whisker o r i e n t a t i n n .  This t y p e  o f  

studying i n t e r f a c e / c o a t i n y  effects  017. toiaghness 

The whisker d i s t x i b u t i o n  is v e r y  1Lni.far-a and th@re is a 

microstructure r e s u l t s  in i.rnp1rnved s en . s i t . i v i ty  %or 
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'Table 2 : E f f e c t  of whisker orieri ta-Lion nn Lracc'tu~e toughness .  

.____ .................... .................. 

Sanipl e 
-. ........ -. ........ ................... .- 

Angle between c r a c k  pl ane 
and w h i s k e r  a x i s  

S u r f a c e  p o l i s h  (see below) 

30% ACMC Sic -w /  
Si3N4 ( I M ) 2  

30% ACPlC Sic-w/  
Si3N4 ( E X )  

20% S i c  c o a t e d  ArnPr:can 
Ma 1 î i x S i  C - w/S i 3N4 ( E X  ) 

20% Uriioatcd Tateho T44 
S i C - w / S i 3 N 4  [ E X )  __ _.............I ..... 

Toughnpc F 

M P u G  

00 

4 

4 . b  

3.8 

( 1 )  I n d e n t a t i o n  by A n s t i s  inethcd 
(IM) I n j e c t i o n  molded b a r  
( E X )  E x t r u d e d  Rod 

,4 

00 

E 
3 .5  

3 . 7  

4 . 3  

3 . 6  

900 

E 
6.0 

5 . 6  

4 .9  

4 .4  
-. ......... 

B 
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. P a c ? r i ~ ~ i s t a r ~ ~ ~ - g . . . . e . ~ . ~ ~  . -. - I n i . t i . a l  e f f o r t s  to m i n i -  
TI l iZE? d i S t , O r t i Q I I  dL.lrinCj deIlSifiCati.o.$l a r e  cOnCentri2t~2d On 
d i f f e r e n t i a l  shr inkage  by max:imi.z.i.ng packing density. 
Mixtures made with chemically derived silicon nitride 
por,\rder'-' S h Q W e d  the highest paCk.i.ng density ( 5 8  % j and i n  
tllrn requ i r ed  minimum binder to achieve €3 moldable m i x .  
This paeking density was significantly higher than that 
ac:hieved pl:evic> 1 s P y  (5;n.-55%) u s i n g  a n i t r i d e d  sikicon 
nii;ari.de powcier-1'. MigBier packing  density is felt to be 
the result  of a greater whFsker/pawder size r a t i o  due to 
the fine, narrow s i z e  d i s t r i b u t i a n  of the chemically 
derived powder a Larger diameter whiskers a l so  c o n t r i b u t e d  
ta a higher packing density. 

fac tored  into our e f f o r t  ran u s i n g  an SRBS 
expected ta further increase p s e - ~ . I P  d e n s i t y  and m i n i m i z e  
distortion. Sibic~n powder wgs milled and then classified 

this blencl 
has produced our highest CHP d (random orientation) 
packing d e n s i t y  ( !S7%) .  After nitriding, the density would 
increase to 68% a f  theoretical, w i t h  a linear shrinkage on 

forrning process used also has a s i q n i f i c a n t  effect. S l i p  
casting and i n j  eetion molding provide approximately 5% 
higher packing densi. ty than C P P i n g  due to whisker orien- 
tation, improved dispersion and/or high shear rearrange- 
ment. 

These powder/whisker packing r e s u l t s  are being 
rou$e, p j h i c - ,  is 

to produce a f i n e ,  (LPSc)=O D 4um) na.rraw s i z e  distribution, 
Cambined with 2 0  v/o American Matrix whisk . e r s ,  

MIP.inq of 12% eompared to 18% pr io r  to this work. The 
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I )  T'ateho T 4 4  whislcer 
2) S i 3 N h  pij&ider used 
3) Contro l .  flaw by Chanikul xethod 
4 )  % change i.ii toughness from standard 4 w / 3  V2O3 marerial 
5) S R B S N  inatri.x 

wi 
of 

Carbon - It has been demonstraked that. Sic whiskers 
t-h carbon r i c h  surfaces i.mprove the f r a c t u r c  touglme:;~ 

alumina" and mat.rix composites. Whiskers 
with t h i n  ( S C - 1 0 0  f i )  carbon surfaces a r e  currently a v a i l -  
able froxi several mzlnufacturers * Results ut-il.  i z  i n g  these 
3aterial.s t o  r e i n f o r c e  S i 3 N a  are siiii;linarized below. 

Wi-niskers manufa-tured by Advanced ~ompo>>p,i te Materials 
Corpora t ion  (ACMc, 1'j weri? eval  alated f o r  surface composi- 
"Lion by Auger. As S ~ O W N - ~ ?  i n  F i g .  8 t h i s  material has a piire- 
carbon surface approximately 1600 A t h i c k .  C o n p s s i t e s  w e r e  
prcpared with a load ing  of 30  V/L) Sic and  Si,!, 
g o ~ d e r s .  Fracture toughness I - ~ s u l t s  f o r  mater ia ls  with 
randomly orSentod whi skc r  a r c  g i v e n  i n  Table 4 .  

Carbon coated w h i s k e r s  are als;c) avail able  from 
Amersiean MaLrix l n c .  An.g,lysis o f  t h e  a s -  
r e c e i v e d  materials for s u r f a c e  cornposit i on arc underway.  
Compo:;it:=?s wcre p rcpa red  by blending w i t h  S i , N 4  and  
the s l n t e i - i n g  a ids  f a r  a whisker  l a a d i n q  of 2 0  v/o.  Its 
f rac ture  toisghness o f  6 .5  2 . 2  pIP,a(m) * '   able le 4 )  
highest v a l u e  o l i t a ined  i n  ou r  wark ta ZaLc f o r  
with rilndornPy u r i e i i t e d  whiskers. Transmissi on c l e c t r o n  

is  he 
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microscopy was conducted i.n a simil.ar1.y prepared cumpssite 
to determine if the carbi2ra coating rellzained 0 x 1  the 
whiskers during processing of the eomposit.e. In the eompo- 
site m o s t  of the whiskers had a discontinuous, e r y s t a . l l i n e  
coating on their surface. 'The coating morphology was thin 
and layered, t , h i ckness  ranged f r o m  approximately 10 nm t.o 
3 0  nm. The composition and crystal structure of the 
coa t ing  could not be determine due to i t s  thinxiess, it is 
assumed to be carbon. The whisker matrix i n t e r f a c e  is 
presented in F i g .  illustrating the morphology of the 
crystalline film on , the whiskers. T h i s  coating is s i m i l a r  
to the y r a p h i t i z e d .  film ~ h ~ e r ~ e d  by M. Y a m a m a t c s  et a l l 8  
in a s p i n e l  matrix: composite r e i n f o r c e d  with an i n i t i a l l y  
amorphous carbon coated si l  .icon carhide whisker. 

.................. .............................. ................... , * 5  , ...lll_l. -_-__ 

i'igure 8 :  Auger analysis of ACMC Sic whisker .  
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T a b l e  4 : Fracture  Couglinn,ss rcsdl ts on c o m p o s i t e s  
w i t h  modi f ied interfacrs. 

R e i n f o r c e m e n t  .... ..... ~ 

30 v / o  ACMC a s - r e c .  

20 v / o  AMI, C - c o a t e d  

20 v/o AMI, o x i d i z e d  

30 v / o  ACMC a s - r e c .  

20  v /o  AMI a s - r e c .  

30 v/o l a t e h o ,  EN c o a t e d  

20  v /o  A M I ,  S i c ?  hy S o l u t i o n  

30 v / o  AMI, EN c o a t e d  

_.._. . .~ . . __ 
K I C  

C o n t r o l  F l ~ w  

5 . 4  ? . 1  ( R )  

6 . 5  t .2 ( R )  

5.9 t . 7  (H)  

. . . . . . . . . 

6 .9  t .2 (H)  

5 . 3  f . 3  (ti) 

4 . 3  f .2 ( H )  

TED 

I80 
~ 

H = H i g h  t o u g h n e s s  d i r e c t i o n ,  i n j e c t i o n  molded b a r  
R = Rando3ii:y o r i e n t e d  w h i s k e r s  
iB0 = Io  b e  detei-xl ined 

Specimen 
Code 

3 0 5 h  --SO 

2148 --39 

2194Iil "2 

3054IM Y18 

2146iM $43 

2175IY $48 

21951i4 753 

2188IM $53 

Figure 3 : TEM o f  carbon c o a t d  A m e r i r , . ? n  Mzttl-i x S iC-w/S  i 3 N 4  
composite showj ng i n t a c t  carbon coating a f - t e L  H I P .  
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With the successful depcsition of Bbl I .the C17D c s a t i n g  
apparatus was redesigned f o r  coa t ing  v1iiskex-s u s i n g  a 
s t a t i o n a r y  bed method. Whiskers f r o m  i n i t i a l  coa t ing  runs  
were eval.uated f o r  coatirig c3mpositfon by Auger.  The 
r e s u 3 . t ~  revealed that a significant q u a n t i t y  of carbon 
contam.i .nat isn had occurred and o n l y  a s n 1 a l . l  p ropor t ion  of 
the whiskers w e r e  coated.  A s  a result addit-ional 
processing and equipment, modifications w e r e  made to i n -  
crease the q u a n t i t y  sf the xhiskers coa ted  axid ccsat.irag 
tini.ck.ness, A s  sho\r,rrn i n  Fig, 11, w h i s k e r s  coated by this 
mcidffied process have a tkiiek coa t ing  (est. > 0 . 5  urn). 
IIsxagonal BN w a s  clearly evidenced  by X-ray diffraction. 
P l a n s  are to evaluate t h i s  material by A u g e r  a n d  
irieorporate into Si3N4 f o r  d e t e r m i n i n g  the effect sf 
the eoat.i.ng on calnpsslte f r a c t u r e  toughness 



bigure 10: 'YEW[ of f l u i d i z e d  bed C V D  boron n i t r i d e  coated L i c  g r i t  
prepared at No rtoi. C o m p a n y .  
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process ing  s t e p s  were s c r u t i n i z e d  t o  C ~ S U I ~  that flar+i 
si.zes and i i a p u r i t i e s   ern kept to a inini.wiam. Table 6 shows 
t h e  r e s u l t s  a s  compared t o  p r e v i o u s  mater ia l s .  The 
s t r e n g t h  of the monol i th  was sicgnificantl.y. improved (143 
ksi) . Composite strength was s i i g l i t - l y  imps-aved (123 ks.i.1 
but, was lower t h a n  t h e  mono1itii f o r  the first  t i h e .  
A 1 tho ugh .'ih e c omp o s i .% e mat e r i a 1 6 have d i. f f ex ent wh i s ke r 
loading earl. ier work had reported no d i f  ferenee in 
str:nq;f o r  toughness  with whisker l o a d i n g s  of 2 0  OF 3 0  
v/oa.  F a i l u r e  o r i g i n  ana lys is  i s  ongoing, B u t  it is 
b e l i e v e d  t h a t  Sic: particulates in the whiskers a r e  s t i l l  
l i m i t i n g  gonposite strength. .%nother materia..',. pr-e~ious!.y 
discussed was suppP i cc3 t o  N A S A  f o r  furtb'clr t.esti.ng 
T h e i r  h i g h  t empera tu re  fracturs toughness  d a t a  showed t h e  
'monolith and composi te  i n c r e a s e s  t o  -7. o M P ~  in.) a t  
10 0 0 O (2. 

Table 6 :  Material p r o p e r t y  progress  - R'rr S t r e n g t h .  

Current lrlonol i t h  

P a s t  Mono1 i lii 

Current Coinpos i t c  
20% T a t e h o  T44 

Pas t  Composite 
30% T a t e h o  T4S 

RT S t renq th  
( K s i )  

143 'r 3 

96 -t- 2 

123 f 14 

112 3 s 

49.0% 

9.3% 

-. . . . . . . 

Sample 
Code 

2 I 54M - 43 

3x015 

2 1 54C - 43 

7x014 

( 1 )  C I P / H I P  RDSN (4% Y2O3) 

6 . 0 SUMIviARY 

Program emphasis i s  now oil i n t e r f a c e  rnod5.fi.catf.on to 
improve f r ac tu re  tougl iness  by deboilding I br-~..dgi ng and 
pullout..  The in -house  CVD coati i ' lgs of BN a r e  prrsrnising i n  
terms of t h i ckness  and s to ich i .omet ry .  Carbon c o a t i n g s  
eont_inue t o  g ive  high. t -oughness  v a l u e s  a s  compared t i 4  

sirnilas- uncoated r-einf orc:?ments (6.5 vs. 5 . 3  N P a  (m) * 5 ,  
i s o t r o p i c ) .  The carbon coat ing can  be retained through the  
I-I:I:Piny s t e p .  Pul lo i .~ t .  is stil I l i m i t e d  indieat!,.ny further 
roam f o r  toughness improvements. Chevron notch test,i .ng i s  
be i ng i. nc o r p o r a t e d f o r  h i. g h temp era  t u r e t. csu yhn e s s me a su 1: e - 
rnents . 
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Fabrication of SiRN,  Sic Composites by Transient Liquid Phase S i n t e r i r ~  
S .  D .  Nunn and T .  Y .  T i e n  (The U n i v e r s i t y  o f  M i c h i g a n )  

m e c t i v e / s c o p e  

The goal  o f  t h i s  p r o j e c t  i s  t o  o b t a i n  dense silicon n i t r i d e  c o m p o s i t e s  
c o n t a i n i n g  s i l i c o n  c a r b i d e  w h i s k e r s  b y  t r a n s i e n t  l i q u i d  phase s i n t e p i q g .  
The systems S i A l O N ,  S iA1ON-Gdrne t  (Y3A15CIlz), arid S i A I O N - C o r d i e r i t e  

(Mg,A1,Si,Ol,) were s e l e c t e d  f o r  t h i s  study. M i x t u r e ;  o f  t h e  startjng 

m a t e r i a l s  f o r m  a s u f f i c i e n t  amouaiC of l i q u i d  t o  a i d  d e n s i f i c a t i o n  at. t h e  
s i n t e r i n g  t e m p e r a t u r e s .  A f t e r -  s i n t e r i n g ,  tine l i q u i d  can be c r y s t a l l i z e d  

Lay h e a t  t r e a t m e n t  + 

T e c h n i c a l  proqress 

H a v i n g  d e m o n s t r a t e d  t h a t  liquid phase s i n t e r l n g  t e c h n i q u e s  c o u l d  be used 
t o  o b t a i n  h i g h  d e n s i t y  S1’,M,/SiC w h i s k e r  c o m p o s i t e s  c o n t a i n i n l j  20 wol % 
w h i s k e r s , ’  e f f o r t s  d u r i n g  t h i s  r e p o r t f n g  p e r i o d  w e r e  c o n c e n t r a t e d  on e v a l -  
u a t i n g  SOW of t h e  p r o p e r t i e s  o f  t h e  s i n t e r e d  c o m p o s i t e s ,  comparing t h e  
e f f e c t s  o f  t h e  d i f f e r e n t  s i n t e r i n g  a i d s ,  and p r e p a r i n g  c o m p o s i t i o n s  w i t h  
increased w h i s k e r  l o a d i n g  and r e d u c e d  s i n t e r i n g  a d d i t i v e s ,  

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

on t h e  f r a c t u r e  toughness  o f  SS,N,/SiC w h i s k e r  cornposit i i l ;  was e v a l u a t e d .  

A d d i t i o n a l l y ,  t h e  e f f e c t  o f  s i n t e r a b i l i t y  of  v a r y i n g  t.he ccn ip02 j te  coii i- 

p o s i t i o n s  was i n v e s l i g a t e d .  F i n a l l y ,  p l a n a r  o r i e n t d t i o n  o f  the  S i c  
whl’skers due t o  t h e  p r o c e s s i n g  method used t o  Form t h e  ceratrnlc g w e n  bcidy 

i s  r e p o r t e d .  

F r a c t u r e  toughness  

The fractwe toughncss of eoniposites consisting of a. Beta-20 SIMON matrix containing 20 
vel.% Sic whiskers and 18 vd.% of either yttrium airaraainum garnet: (YjAIgC912, YAG) or 
cordierite ( M ~ ~ A I ~ S ~ ~ C E I ~ )  was measured. The samples were siaitered at 1850 C for one 
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hour, ant4 half of the samples received an additional crystallization anneal at 1400 C for 20 
hours. 

The measuremrnts were made using the irrdentation method a t  loads of 3, 4, nnd 5 

kilograms. Five indentatioris were made at each load wting.  TImc data were reduced using 
a computer program originally developed for analy7ing the fracture toughlicss of high 
dencity silicon mrhide.2 

compositional v a r i a t i o n s  

‘I‘o determine the effcct of increased whisker loading on the sinterability of Si3N.$/SiC 
composites, compositions with a Beta-20 SiAlON matrix containing 10 vol.% YAG and 
either 30 or 48 vol.% SiC whiskers were forndated .  I h ?  samples were prepared by 
altiiiion milline the mati ix and liquid-for ming starting powders. Fhe whiskers were then 
added and thc d1pirry was pressure slip cast to form the green ceramics. After drying. the 
samples were compacted in a cold iwstatic press and then phced i n  graphite crucibles for 
firins in a graphite resistance furnace. 1 h e  samples were sintercd at 1850-1950 C in a 
nitrogen atmosphere A more detailcd description of the processing procedure is givcn i n  
thc previous I zport. 1 

A new szries of compositions was made to evaluate the effect? of reducing the amount of 
sintering aid compared to previous compositions. Samples having a niatrix consisting of 
Si3N4 plus S eq,% Al and 3 e(].% of eithcr Y or Mg, and containing 0 to 30 wr.% SIC 

whiskers were prepamsd by the method described above. ‘I he samples were sintered at 
1550 to 1350 C. 

The raw material additions used to make the compositions which weit: compared are shown 
in ‘l’ahle 1 .  ‘The bulk density and porosity for all of the cori-spositions eva1ii:ited were 
determined using the Archimedes m e t h d .  

S i c  whisker o r i e n t a t i o n  

To revzal S i c  whisker orientation in the pressure slip cast (PSC) green bodies, x-ray 
diffraction patterns wcrc obtained from two perpedicular surfaces of the speciriieiis. 7 he 
green ceramics formed hy PSC are disk-shaped, with the thickness dimension of the disk 
behg parallel to the PSC direction. The flat disk suTface r z i ~ ~  a surface exposed by cutting 
through the thickncss of the disk were iised for x-ray analysis. Sintered ceraniics were also 
evaluated. 



_____......______I__ Results and d i s c u s s i o n  

F r a c t u  r e t o  u g h n P s cj 

Compositional ~ a ~ - n ' a t i ~ n s  

Some properties of thc sintered compositca which are related to t h ~  sintcrahJity :if the 
varicseas c<>mpositions are listed in 'Table 3. For the Beta-20 SiA!C;BrPd plus 10 V@1.% YAG 
con-pxices (Yxx/xx/xx in the tahlc), increasing the, whiaker ~ o n t e ~ t  froin 20 to 30 v d . %  
requircd sintering at a h i g h -  tcrnpcratrare, bint stherwise did not reduce siraserability. 
Compositions containing 40 vol % whiskers, ~ O W C V C T ,  cod$ iaot 5e densified. 

Properties for the corxipositi~ons conriqsiaig of Si3laTd plus 5 eq % A1 aut1 3 eq 5% of eitbher Y 
or Mgt and containing 0 to 30 wt.% (approx. erqbisl to vsS.96) S i C  whi4m-s are also 7iibred 
in Tnblc 3. The dmoeint of total oxidc additiom, as shown in 'T'able 4, is considerably 
reduced compared to prcviously studid compositions Correspondlrigly, the sinterability 
was reduced for cornparibk whisker loadings as be seen in Txtsle 3. Samples with 6) 
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and 10 wt.% whiskeIs showed excellcnt sinterability, while the composites containing 20 
wt.% whiskers showed modeiarc porosity. Mawever, both the 10 and 20 wt.% whisker 
samples appear to have higher densities than those izported by T i c p  and Gee15 for 
pressurcles$ sintering with comparable whiskcr and shtciing aid additions. The 30 wt.% 
whisker compocitions sintered pooriy and contaiined excessive porosity. 

S i c  whisker o r i e n t a t i o n  
It has been observed that the S i c  whiskers in the samples prepared in this study have a 
strong crystallographic orientation. The greeil ceramic bodies are formed by pressure slip 
casting (PSC) a slurry which contains the starting raw iilatellrals. This proxcsing step was 
described in the pievious repoi-t.1 During PSC, the solids in the slurry are deposited on a 
filter to form a thin disk. The Si@ whiskers tend to be oriented with the long axis nearly 
paraillel to the plane of the disk. This 2-dirnensionri1, planar orniefi;:;ti~~~ is ~-evcalcd by x-ray 
diffraction analysis. 

When cornpared to a randuin powder patterrl, thc x-ray diffraction peak inic-r-ii;ltiec will be 
enhanced for crystallographic planes which lie perpendicular to the x-ray bemi  and 
suppreysed foor planes which lie parallell to the beam. The S i c  whiskers ( la teho)  are 
piiinarily cubic Beta-phasc lhe growth direction (length) of the whiskers is <111>. This 
means that the { 11 1 ) planes are perpendicular to the length direction, while the { 220) 
pldtnes are parallel to the length. 

- 

For the facc of the PSC disk, as seen in Fig. la), the ( 11 1 )  per:k intensity is suppressed 
and the { 220) peak intensity is enhanced relative to the pattcrn for the disk cdge shown iii 
Fig. 1 b). This indicates that the [ 11 1 } plaries are ncrrly perpendicular to the face (par,dlel 
to the beam) and that the (2205 planes are parallel to the face. The patrern for thc edge 
shows nearly nom~al peak intensities as would be expected for a random planar orientation. 

The { 11 1 ] and (220) peak intensities for the face; edge, and a standard powder ptrern ATC 

listed in Table 5 along with the { 11 1 )/[ 220) peak interishy ratio which givec ai l  indication 
of the degree of orientation. The same whisker orientation has been obseivcd in  sintered 
composite samples. 

s u m w  

1). Fracture toughness was fixmured for composites containing Fither YAG or cordierite 
a<  the liquid phase sintering did, both in the as-fired and annealed condiiiolib. r'he 
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cordierite composition showed a higher as-fired fracture toughness (7.83 vs. 5-34 
n/IPcjm1/2), but thc toughness was rcduced b y  aranealing (6.52 MPa .n~ l /~ ) .  The YAG 
coairpo.aition, however, shvwcd an increase io toiiglaness after annealing (6.32 M P ~ . I ~ ~ / ~ ) .  

2). For composites with a matrix consisting of Beta-20 SiAlQN with 10 vd .% YAG, good 
sinterability was obtained for saniples with u p  to 3 vel.% S i c  whisker loading. 
Rowever, san-rples containing 40 vel.% whiskers dicf not densify. 
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 able le 1. Composite sample compositions. 
- ................... .......... .................... I_._ ,--I__-__.- 

Weight P- ,,rccn t 

Y 70/10/20 50.15 6.53 15.99 7.89 19.44 
Y 6 0 /  1013 0 42.9 1 5.59 14.53 7.87  29.10 
Y 50/10/40 35.69 4.65 13.07 7.86 38.73 

5.15 14.05 4..04 19.86 Y 7 5 I5 12 0 ____I_ 54.9 1 . . .  . . . . . . . . . . . . . . .  ...... 
5 A113 Y / 0  * * 81.46 6.63 8.87 
5 A! / 3  Y/ 1 0 76.02 6.00 7.95 10 .OO 
5 A ! 13 Y 12 0 67.56 5.34 7.10 20.00 

. ...... .............. 4.66 6.20 30.00 5 A1/3Y/30 .. 5?. 1 2 .-. ..... 

C87.5/12.5/0* 6'3.38 5.30 8.78 17.11 1.42 
C70/ 10/20 53.42 4.21 6.96 13.57 1.13 20.7 I 

........ 12-79 0.56 20.30 -. C75/5/20 56:33. 2:09 .............. 7.39 .......... ..... 
5 A! /3  Mg/O* * 88.09 6.96 4.95 
5 A i l 3  M i /  10 79.28 6.26 4.46 10.00 
5 A i l 3  Mg!20 50.48 5.56 3.96 20.00 
5 A 113 M g b 3 0 .  6 1 ~ ................... .................... .......... 4.88 3.46 30.00 _ _ _  
* Letter indicates liquid phase composition: Y = Y A G ;  C = Cordierite 

First iiunihcr is vol.% Beta-20 Si;2lON; second numbel is v01.% liquid phase; 
t h i r d  number is v01.% SIC whiskers. 

* *  5 cq.% AI; 3 eq.% Y or Mg; last number is wt.% SIC whiskcrs. 

Table 2.  C nmpositc sampl: fracture toughness comparison 

C70/ lO/20  A s  -fired 7.83 

Y 7 O /  1 0/20 A:. i l i cG  5.34 

.................. .................... *mealmi .................... 6.22.. . ~ 

- Y70/10 /20  



Table 3. Propel tics of sintceed composite samplcs. 

Te rrip er  a t u r e  Time Bulk Density Poros i ty  Wt. Loss 
( ._̂ ...II_.__ (c:) ( r n i n )  ( g In / c  C >  ( V O l ~  % ) 

Y 87 " 5  f 12.5/0 1550 60 3.141 0.19 0.29 
1650 60 3.219 0.08 2.2'7 

Y 7 0 f  10/20 1650 60 2.859 12.99 3.55 
1750 68 1.31 4 3  1 
1850 60 3.185 0.21 6.47 

Y60/1Qj30* 1950 5 3.078 0.06 1.14 
Y50/ 4 0/40 * 1950 5 2.771) 16.36 1.83 
Y75/5 I 2 0  1850 60 3.066 0.08 5.12 

1900 20 3.043 0.12 4.27 
__lll 1950 5 3.002 0.12 3.46--- 
5 A1/3 Yj0 1550 4 20 3.242 0.16 1.20 

1650 60 3.1'78 0.3 i 0 .9? 
17 5 0 6 0  3.1 1'1, 8.15 0.90 

5A1/3Y/10 17563 60 3.189 0.26 1.08 
1850 20 3.205 0.12 0.75 
1950 10 3.201 0 .oa 3.22 

5 Al l  3Yf 20 1750 60 2.855 10.71 1.03 
1850 20 2.905 5.64 0.8 1 
1950 10 2.897 7.10 3.21 

5Al f3Y l30  1'750 60  2.342 34.92 1.27 
1850 20 2.370 35.07 1.41 
1950 10 2.390 33.38 2.48 

C87..5/12.5/0 1550 60 2.78 1 13.40 2.35 
1650 6 8  3.071 0.14 3.89 

C70/20/2cB 1650 60 2.747 11.72 6.88 
1750 60 2.942 3.84 7.7 1 
1850 60 3.033 0.86 8.03 

c35/5 /2hs  1850 60 2.563 16.66 3.8 1 
1900 20 2.614 12.84 3.67 

----- 1950 5 2.67 2 12.97 3.02 
5A1/3Mg/0 1550 420 3.1 12 0.1 1 3.30 

1650 6 0 3.089 14.21 
1750 60 3.063 0.1 1 

5R1/3Mg/10 1750 60 3.054 0.29 
1850 20 3.001 0.15 
1950 10 2.956 0.00 

5A1/3Mg/20 1750 60 2.796 8.41 
1850 20 2.846 4.64 
1950 10 2.791 4.23 

5 A 11 3 Mg 13 0 1750 60 2.379 23.93 
1850 20 2.507 12.38 
1950 10 2.255 39.82 

2.14 
2.50 
2.34 
1.87 
2.12 
5.20 
5.20 
6.65 
5.83 
5.26 
7.73 

* Firing schedule was: 5 nnin. at 1950 C:,  followed by 15 min. at 1900 C, 
and 45 min. at 1850 C. 
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Table 4. Coriiparisoii of oxide additions to the composite samples. 
_. - ... .............. 

MgO/Y203 Total Oxides Best Iknsity T e m p e r a t u r e  
_- ( W J  96) ( wt, _ _ _ _  ~ ~ - ~ ~ : ! ~ / ~ . ~ . ~ . - ~ . . ~ ~ ~ _ _  

Y87.5112 510 9.79 23.64 3.719 1650 
Y 7 0 l l  Of20 7.89 23.83 3.185 1850 
Y 601 1 Of 30 7.87 22.40 3.078 1950 
Y 501 1 Of40 7.86  20.93 2.770 1950 

...... ......... 18.09 ............. 3.066 ^ 1 8 !L! Y 7 5 f 5 120 
5 A 1 f 3 Y /O 8.87 15.54 3.242 1550 

4.04 

5 A l f 3 Y f  10 7.98 13.98 3.205 1850 
5 P.1f 3 Y f 20 7.10 13.44 2.908 1850 
...... 5 A .- 113 Y f 30 .......... 5.20 1 0 .E- 7.390 1950 
C87.5112 510 1.42 23.83 3 071 1650 
c70/10/20 1.13 18.91 3.033 1850 
C'7 s I S  /2 o____ 0.56 ....... 15 .QA ........... 2.672 1950 
5A1/3Mg/0 4.05 11.91 3.1 12 1550 

"____ - 

5 P. 113 M g l  1 0 4.46 10.72 3.054 1750 
5 A l  f 3 Mg/20 3.96 9.5% 2.846 1850 
5 A 1 f 3 v&OL,- 3.46 .................... 8.34 2.507 ................... 1830 ............ 

'I'ahle 5. 3cta S i c  x-ray diffraction peak intensities. 
_--___-_ ........-.. __ 

S u r f a c e  Peak Intensity Peak Ratio 
_.-_ Analyzed  - __- (111) .. ..-A2.2A ..... ( 1 1 l.l.L(22.!2- 

Face 38 100 0.38 

Edge 100 30 3.33 



Figure 1. C o m p ~ s a n  of the Beta-silicon carbide x-ray diffraction 
peak intensities for a green ceramic body containing 40 vd.% Sit? 
whiskers. a> Rat surface of pressure slip cast disk, bj Edge of the 

by cutting through the thickness. 
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1 . 2 . 3  O x i d e  M a t r i x  

Dis~ersiore-Toughen_ed Oxide Co inp~~s i i e s  
T .  N .  T j e g s ,  ,I W .  Geer, P .  0 T e n n i s ,  and  S .  M.  Leahy (Oak R i d g e  N a t i o n a l  
L a b o r a t o r y  ) 

-. O h j e c t i v e / s c o p e  . . . . . . . . . . .. . . . . 

Th’i s work i n v o l v e s  d e v e l o p m e n t  and  c h a r a c t c r i z a t i o n  o f  S i c  w h i s k e r -  
r e i n f o r c e d  ox id^ c o m p o s i t e s  f o r  i m p r o v e d  m e c h a n i c a l  p e r f o r m a n c e .  To date, 
most o f  t h e  w o r k  has d e a l t  qv i th  aluni l ina a s  t h e  m a t r i x  because  i t  ; a s  
deemed a p r o m i s i n g  I n a t e r S a l  f o r  i n i t i a l  s t u d y .  However,  a new o f f o r t  jrl 
S i c  w h i s k e r - r e i n f o r c e d  s i a l o r r  i s  b e i n g  i n i t i a t e d .  Emphasis i n  t h e  ilew 
sys tem w i l l  be on p r e s s u r e l e s s  s i n t e r i n g  and  c o n t r o l  o f  t h e  w h i s k e r - ! n a t r i x  
i n L e r f a c e  p r o p e r t i F s .  

I n t e r f a c e  c h a r a c t c r i z a t i o n  o f  s i a l o n - S i c  w h i s k e r  c o m p o s i t e s  

I n i t i a l  r e s u l t s  i n d i c a t e d  t h a t ,  i n  t h e  s i l i c o n  n i t r i d e - S i C  w h i s k e r  
co r r i pos i tps  where  c o n s i d e r a b l e  amounts o f  l i q u i d  phases  a r e  p r c - s e n t  d u r i n g  
d e n s i f i c a t i o n ,  Lhe b o n d i n g  a t  t h e  w h i s k e r - m a t r i x  i n t e r f a c e  i s  c o n t r o l l e d  
by t h a t  l i q u i d  phase .  The s u r f a r ?  c h p m i \ t r y  o f  t h e  w h i s k e r  i s  5pcondary ,  
w h i c h  i s  i n  c o n t r a s t  t o  t h c  a l u m i n a - S i c  w h i s k e r  sys tem l o  f u r t h e r  exam- 
i n e  t h i s  e f f e c t ,  a s e r i e s  o f  c o m p o s i t e s  w i t h  v a r i o u s  w h i s k e r s ,  w h i s k c r  
s u r f a c e  c h e m i s t r y ,  and m a t r i x  c o m p o s i t i o n s  were ho t -  p w s s e d .  Resiiltr on 
t h e  m e c h a n i c a l  p r o p e r t y  t e s t i n g  a r e  sumrnariied i n  T a b l e s  1 and  2 .  

A s  shown, t h e  f r a c t u r e  t o u g h n e s s  was measured by two  d i f f e c e n t  
methods, ’ , ’  arid each  gase a d i f f e r e n t  v a l u e .  An assessmen t  o f  t h e  two  
methods i s  be i i i g  made t o  d e t e r m i n e  wbi:ch i s  more a p p l i c a b l e .  I n  any  c a s e ,  
t h e  a d d i t i o n  o f  t h c  S i c  w h i s k e r s  i n t o  t h P  s i l i c o n  n i t r i d e  i i i a t r i x  u s i n g  t h e  
Ube E l 0  powder  i m p r o v e d  b o t h  t h e  f l e K t u r a l  s t r e n g t h  and t h e  f r a c t u r e  
t o u g h n e s s  o v e r  t h c  m o n o l i t h i c  n i a t r r i a l .  No improvemen t  was o b s e r v e d  i n  
t h e  m a t e r i a l s  u s i n g  t h e  Ube E2 Si,N, powder .  

O f  p a r t i c u l a r  i m p o r t a n c e  i s  t h e  a f f e c t  o f  w h i s k e r  s u r f a c e  c h e m i s t r y  
on t h e  f r a c t u r e  t o u g h n e s s .  The w h i s k e r  t r e a t m e n t s  used  were i n t e n d e d  t o  
l o w e r  t h e  s u r f a c e  o x i d e  and i n c r e a s e  t h e  s u r f a c e  c a r b o n  c o n t e n t s .  Tlicsi? 
methods were sL !cCess fu l  i n  t h e  a l u m i n a  m a t r i x  sys tem a t  i n c r e a s i n g  
d e b o n d i  rig a t  t h e  w h i  s k e r - m a t r i x  i r i t e r f a c e  and i n c w a s i  ng Lhe composi  t c  
f r a c t u r e  t o u g h n e s s .  However,  i n  t h e  5 i  1 i c o n  n i t r i : d e  sys tem t h e r e  a p p e a r s  
t o  be no a f f e c t  o f  t h e  5dhiskcr  s u r f a c e  c h e m i s t r y .  T h i s  i s  f u r t h e r  e v i -  
dence t h a t  t h e  l i q u i d  phases p r a s r n t  a r e  much more e f f e c t i v e  a t  
c o n t r o l l i n g  t h e  w h i s k e r - m a t r i x  b o n d i n g  t h a n  t h e  i n i t S a l  w h i s k e r  s u r f a c g  
c h e m i s t r y .  l h i s  i s  e x e m p l i f i e d  i n  t h e  s i a l o t i - m a t r i x  c o m p o s i t e s ,  w h i c h  
havp h i g h  l e v e l s  o f  t r a n s i e n t  l i q u i d  pha. jes.  I n  t h o s e  c a i e s ,  t h e  f r a c t u r e  
t o u q h n e s s  v a l u e s  were  e x t r e m e l y  l o w .  

Ceramograph ic  p o l i s h e d  s e c t i o n s  o f  t h e  s i l i c o n  n i t r i d e  and s i a l o n  
c o m p o s i t e s  showed t h e  S i c  w h i s k e r s  t o  ba c l e a r l y  v i s i b l e .  I-lowever, o n l y  
t h e  s i l i c o n  n i t r i d e  c o m p o s i t e s  showed any s i q n i f i c a n t  c r a c k - w h i s k e r  i n t e r -  
a c t i o n  on f r a c t u r e  s u r f a c e s  examined w i t h  t h e  s c a n n i n g  e l e c t r o n  m i c r o -  
scopep a s  shown i n  F i g .  1. 

- 
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Table 1. Summary o f  resu l t s  on silicon n i t r i d e  m a t r i x - S i C  w h i s k e r  c o m p o s i t e s  

..... 

E2 
E% 
E2 
E2 
E10 
E10 
E10 
E10 
E10 
E10 
E10 
E10 

E10 
E10 
E10 
E10 
E10 

_ _  - -  694 ~t 56 5 . 3  k 0 . 1  6 . 5  5 0 . 5  

Aineri can Matrirb'" 20 699 t 29 5 . 3  .t 0 . 2  6 . 6  ~t. 17.6 

Ta teha  

American M a t r i  xbJ@ 10 657 i 36 4 . 7  .!- 0 . 4  6 .0 ~tr 0 . 8  

20 638 77 4.8 .!: 0 . 1  6.2 c 0 5 d 

_ _  _ -  660 t. 58 5 . 5  k 0 . 2  6.4 2 0 . 5  

20 771  t 39 5 .9  .? 0 . 2  8 .8  2 0 . 5  b Amer ican M a t r i x  

 mer i can  at v i  x h y c  20 757 L 17 6 . 7  ?: 0 . 1  8.5 k 0 . 6  
10 7x1  -e 44 5.1 .* 9 . 1  7.9 t- 0 . 6  

20 793 k 34 6 . 7  3 0 . 3  9.0 t 1.1 
30 726 ~f- 59 6 . 8  0 . 2  3 . 1  2 0 . 5  

b,e 
K7,e 

b,e 

I ? , f ? , f  

Arne r i car) Mat?. i x 

Amer i can  Mii t r i  x 

Amer ican M a t r i x  
Amer ican M a t r i x  b,f 20 787 k 3 5  7.13 t 0 . 1  8 . 7  I O . 4  

T o k a i  C a i - b ~ n ~ ' ~  20 573 t 38 6 . 5  It 0.2 8 . 2  It 0 . 4  

20 802 c 3s 6 . 3  a 0.2  8 . 9  L 0 . 7  American Mc3t,r.ix 

~ o k d i  Garbmng 20 648 I 39 6.8 ~t 0 . 1  5 . 8  t 0 . 6  

Toka i  Carbong '' 20 608 k 20 6 . 5  ~t 0 .3  5 . 7  2 1 . 0  
20 S91 2 35 6 . 3  A 0 . 1  7 . 8  t 0 . 5  T a t r h o  

I l b A  20 473 t 23 6 . 7  t. 0 . 4  9 . 1  ? 0 .8  

d 

CSF 

3 7  
33 
37 
38 
16 

52 
37 
46 
46 

57 
5 1  
47 
7 2  

83 
95 
7 4 

129 

. .. 

57 
53 
57 
53 

61 
84 
91 
79 
83 

102 

7a 
RD 

120 
1 3 %  
1.31 
111 
24D 

313 
- -  
_ _  
_ _  

31 4 
325 
329 
329 
332 
312 
322 
319 
777 
Jl 

- -  
_ _  
- -  
_ -  

% a t r i c e s  c o n t a i n e d  6 wt % Y t O ,  and 2 w t  % A1,0,; S i 3 M , t  was e i t h e r  E2 or  E10, b c t h  

"American M a t r i x ,  Inc .  

" i a t c lho  ~ c l r p . ,  g r a d e  SCW-IS, r e c e i v e d  1/86. 

JAcid-leached i n  1x1 fol l r jwed by HI-. 
gToka i  Carbon Co., T o k a i  whisker, r e c e i v e d  3/86. 
h ~ o a t e j  w i t h  -25 A ca rbon .  

Coated w i t h  -50 A C a r b Q n .  i 

j V t x  I n d u s t r i e s ,  O-Si,N, w h i s k e r ,  g r a d e  SN-B. 

manu?act,ured by Vbe I n d u s t r i e s ,  Japan.  
grade 1, r e c e i v e d  9/57. 

H e a t - t r e a t e d ,  vacuum, 1450°C. c 

H e a t - t r e a t e d ,  Ar-.4% t f , ,  1 4 5 0 O C .  c": 

P r e s s u r e l e s s  s i n t e i - r ' n g  o f  s i a l s n - S i C  whisker c o m p o s i t e s  

Pressureless s i n t e r i n g  o f  s i a lon -S iG  w h i s k e r  c o m p o s i t e s  was examined 
a s  an a l t e r n a t i v e  d e n s i f i c a t i o n  method t o  hot-pressing o r  e n c a p s u l a t e d  
H I P i n g .  P r e v i o u s  r e s ~ l t s ~ 9 ~  on sint .er ing sf A1,O,-SiCw and S;i,N,-SiC, 
c o m p o s i t e s  showed t h a t  the  d e n s i f i c a t i o n  i s  h i g h l y  dependent  on t h e  amount 
o f  l i q u i d  phase s i n t e r i n g  a i d  p r e s e n t ,  the  w h i s k e r  volume c o n t e n t ,  and t h e  
w h i s k e r  a s p e c t  r a t i o .  The e f f e c t s  o f  w h i s k e r  volume c o n t e n t  and a s p e c t  



7abIe  2 .  Summary o f  r e s u l t 5  orl s i a l a n  m a t r i x  29 v o l  7; 
S i c  wh! s k e r  coi i lp l ls i  t e s  

F r a c t u r e  to\rcihiiess, F l a y  s i z e  E l a s t i t -  I- Iexu.-a! 
S i a l o n  i i a t i i x  ,,,ur;u;,,s K I ~  (MPa;:-?) ( Vli l )  

compos i t i  onQ ( GPa ( W a )  
Y i i y t h  

~ 

CSF' M 1 k i  CSF M I F  

S i  ,A1 ,O,N, 2 1  3 163 L 13 2 . 1  ? 0.1 1 . 9  I 0 . 2  108 88 

5 i  ,A1 ,,CION,, ?63 281 I 7 3 . 6  + 0.1 4 . 5  I O . 1  105 165  

f i l l  c o m p o s i t i o n s  c o n t a i n  8 w t  7; Y,O, and t h e  w h i s k e r s  w c w  
~ ~- -~ 

a . .  

t r e a t e d  i n  Ar- . l% 3, a t  145OOC. 

r a t i o  have ~ P R  f a i r l y  ~ 1 1  d e f i n e d  i f 1  the z l u i i i i i l a  sys tem aiid were h e l d  a5 
c o n s t a n t s  i n  t h e  c u r r e n t  w ; X .  P a r a n i c t n r s  t h a t  -'ere e x a i i l l n d  W E  t h e  
amount o f  l i ' n i i i d  phase  s i n t e r i n g  a i d  and Lhc s i a l o n  c o m p o s i t i o n .  

I h c  r e s u l t s  o n  t h e  p reS5 IJ iY lesS  s i n t 2 r i n g  o f  b i a l o n - 2 0  v o l  % Sic, 
c o m p o s i t e s  1,vith v a r i o u b  amoun t s  o f  s i n t 2 r i n g  a i d  a r e  suninlar-5ied i n  
T a b l e  3 .  A s  shown ,  hliti-1 l o w  s i n t e r i f i y  a i d  c o r r t e n t s  ( 5 0 . 5  v:t 7;) vet-) l i t -  
t l e  d e n s i f i c a t i o n  o c c u r s .  lhe s i a l o n  i i i a t r i x  c o m p o s i t i o n s  iiaic v i t h  t h e  
m i x t u r e  o f  s t a r t i n g  powd s s h o t 4  b e t t e r  d e n q i f i c a t i o n  i h d n  t h e  f u l l y  
i o a r t e d  s t a r t i n q  powder .  I h i s  i s  p r o b a b l y  dhe t o  t h e  p r c s c ~ c c  o f  t r a n -  
q i e n t  l i q u i d  p h a ~ e s  t h a t  form a5 t h e  pgwdars rez::t VJ i th  one a n o t h e r .  A s  
t h e  s i n t p s i i g  a i d  c o n t e f i t  i s  i n c i e a s e d  t o  8 4. %, p a r t i c l e - t w b ' s k p r  
r e a r r a n g e m e n t  i s  p ro i i l o ted  aR:i h i y h  s i t i e s  a r e  e a s i l y  obta i r red .  

The e f f e c t  o f  s i a l o n  m a t i - i n :  c o  s i t i o n  i s  g i v e n  i n  Table 4 .  A s  t h e  
A 1 : S i  r a t i o  i s  i n c r e a s e d ,  d r n s i f i c a L i u n  f s  i n c r e a s e d ,  w h i c h  i s  a g a i n  prob- 
a b l y  a r e s ! i l t  o f  h i g h e r  a m t i n i s  o f  l i q u i d  phase c o n t c n l  duri.fig s i n t e r i n g .  

The f l e x u r a l  s t r e n y i h  aiid f r a c t u r c  t o t~qh i i s s s  o f  t h e  s iS7on-20  v o l  % 
Sic, r n i n p o s i t e s  w!th dF- iv%it i .es >9% T.0 ' e r e  d e t e  i r l z d .  [ h s  r e s u l t s  
t h e  f l exu t -a :  s t r e i i g t h  Z'P g i v e n  i r l  l a b l e  5 .  T h e  rtl s u r d  f r a r t u r c  
toug l rnesses  were  i n  t h e  4 - 5  i+4Pq% r-aggp f o r  211 c o m p o s i t i o q s .  
T a b l e  5 ,  t h e  o v e r a l l  strefigttls Y C ~ C  lo!!; h o w v e r ,  a co i i i pa r i son  w i t h  h o t  
p r e s s e d  m a t e r i a l s  shwiwd a c t u a l l y  b e t t e r  s t r e i i g t h s  f o r  t h e  s i n t e r c d  
c o m p o s i t i o n s .  I n  a l l  r z S e s ,  t h e  p o o r  s t r e n g t h  i s  a t t f r i b u % a b l e  t o  a d q t - s -  
d d t i o r i  o f  t h e  a h i s k c i s  a t  t he  z a t r i x - w b i s k e i  i n t e r F d c e .  t h i s  i s  a l s o  
r e f l e c t e d  i n  t h e  f a c t  t h a t  t h e  s t i - o n g t h s  g e n ? t - a l l y  d2c rcas t .d  a t  t h e  h i g h e r  
s i r i t c r i r i g  t e m p e r d i u r e s .  Thus, i t  a p p e a r s  t h a t  i f  s i a l o n s  a r P  t o  be used  
w i t h  C i C  \e)h'sker- r e i n f o r r e n o r i t ,  c o a t i n g s  or- some othc; mcans w i l l  be 
nerr jssat-s,  t o  m i n i r n i z r  r e a c t i o n s  a t  t h e  m a t r i x - w k i  sket-  i f i t e r f a c e .  

- 

A s  show3 i n  

S _ t a t u s o f  m i  1 estonec,  

M i l e s t o n e  123105, "Coiiiplet? C h a r a r t ~ r i 7 a t i u n  Study o f  W h ' s k e r - S i a l o n  

M i  l e s t ~ n e  12'3107, "Comp le te  k a b r i e a t i o n  Clt~idy o f  Whisker-Sialon 
I n t e r f a c e s  ,I' w z s  compl e t d  i II dune 1988 

Coinpusi t e s  by P r e s s u r e 1  e s s  S i  n t e r i  n g  ,I' w 2 s  coii lpl e t e d  i n  S e p t e m b r  1988.  





T a b l e  3 .  Surnmary o f  r e s u l t s  on p r e s s g r ~ l c s s  s in tees ing  
o f  s i a l o n - 2 0  v o l  % S i c  w h i s k e y  con ipos i t r s  iv4t-h 

v a r i o u s  l i q u i d  phase s i n t e r i n g  a i d  c o n t e n t s  

Dezs i  t y  at. var io las 
Sialors Noiri-i ,la1 s i  r r tep i  ng tempera tures  

c u n t e n t  ( W t  - 
1700 1950 1800 

s i n t e r i n g  a i d  (% T.D.)  composi t i o n  

b S i  ,A1 3O3NSb 

S i  ,A1 s03N5b 
Si,A1,03N5b 
Si,A1,03N, 

0 57 .6  57.2 53.3 
0 .5  N.W. 83.1 83.4 
2 N.D.  78.9 ’30.5 
9 97.0 98.0 39 .1  

Tab le  4 .  Summary o f  resu l t s  on p r e s s u r e l e s s  
s i n t e r i n g  o f  s i a l o n - 2 0  v o l  X S i c  w h i s k e r  

compos i tes  w i t h  v a r i o u s  s i a l o i l  m a t r i x  compos i t l s r rs  

D e n s i t y  a t  v a r i o u s  
s i  n t e r i  nq temperat.ures 

(% T . U . )  a M a t r i x  compos i t i on  

1700 1750 1800 1850 

71.7 70.6 69.5 71.7 b S i  3Nlc 
s i  ,AI , o , N ~ ~  9 5 - 0  96.4 96.2 - -  
S i  , A I  3 0 3 N s C  97.0 98.0 97 .1  - -  
S i  ,A1 ,O,N, 99.3 99.7 99.8 - -  

A1 1 compos i t i ons  c o n t a i n e d  Amer ican M a t r i x  a 

b S i 3 N 4  (Ube E10), 12 w t  % Y 2 0 3  (Mn:ycorp), 

M i x t u r e  o f  a p p r o p r i a t e  amodnts o f  S i 3 \ ,  

S i c  wh iske rs .  

4 ~t % A1 203 (Reynolds RCHP-DBM). 
C 

(Ube €IO), , 4 1 2 0 3  (Reynolds RCtlP-BBM), A I N  
(ART AINe l -100)  and 8 w t  X Y z O ,  (Mo lyco rp ) .  
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Table 5 ,  Summary o f  results on f l e x u r a l  strength 
o f  pressureless s j n t e r e d  s ia lon-20  vol  % S i c  

whi  sker composites 

Flexural strength o f  composites F1 exural  
pressureless-sintered a t  various strength O f b  

temperatures ( hut-pr.essed Matrix 
composition i-li____ 

1700 1750 1800 

281 
163 
189 

"8  wt % y2o3 contained i n  a l l  c o m p o s i t i o n s .  
bHot-pressed at 1650OC. 
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Measuring Fracture TQU hness: 11, S t r e n g t h  Methud, lR J. Am. 

( 9 ) ,  539-43 (1981). 

2. R .  F .  Cook and €3. R .  lawn,  " A  M o d i f l e d  Indentation Toughness 
Technique," Comm. Am. Ceram. Sac* 11, C-200-1 (1983). 

3 .  T. N. T i e g s  and P. F.  Becher, ""Sintered A 1 , B 3 - S i G  
Composites Am, Gerarn, Soc. Bull. 56(2) 339-42 (1987) .  

4 .  T. N. T i e g s ,  I-, A .  Harris, and J .  W .  Grer, "Dispersfon Toughened 
Oxide Composites9" p p .  60- 6 i n  Ceramic ~ e ~ ~ ~ ~ ~ o ~ y  f o r  Advanced Heal 
Engines Pi-oject Semiannual Progress Report for Clctuiber f98? ~~~*~~~~ 
March 1988, ORNL/TM-10838 (Uecember 1988). 



98 

P C K C S S ~ ~ X  0 f Jitl Pi -OVed  Traii sfco--rig.ri.i.zg -TTug&gncd -Ge ramic .s 
E .  Lilley and G. A .  R s s s i  ( N o r t o n  Company) 

otij.e.G.Ll-Yd~.G.u!c 
The o b j e c t i v e  of Phase IIA is ta optijn.i.ze the prope r t i e s  
of twc classes of t ransformat ion  toughened ceramics, whi.ch 
were al.ready stud;.sd in Phase I of t h i s  c o i l t r a c t .  'rhese 
c e r a m i c s  a r e  Y - ' P ' % P  ( Y 2 0 3  s t a b i l i z e d  T e t r a g o n . a l  
Z i r c o n i a  P o l y c r y s t a l s )  and ee-zTA (Ce02--ZarD2 toughened 

For the Y - % % P  m a t e r i a l s ,  one of t he  mai.n e f f o r t s  will be 
t o  s t u d y  t h e  low temperature degradat-ion and unde r s t and  
how it is affected by m i c r o s t r u c t u r e  and composi t ion .  I n  
t h e  case of t h e  C e - Z T A  c e r a m i c s ,  t h e  3mi.n goal  is to 
optimize t he  h i g h  t e m p e r a t u r e  mechanical- p r o p e r t i e s  by 
i T i i r i i m i z  i .ng  the f l a w  s i ze  and c o n t r o l l i n g  t h e  micro- 
s t r u c t u r e s .  

Al,O,) 

. TFchn ica l  . . . . . . proqrrss  

Some powders are bei.iig prepared with d i f f e r e n t  p a r t i c l e  
s i z e s  us3.ng d i f f e r e n t  nilling t i m e s  i - r i  order to o b t a i n  
d i f f e r e n t  g r a i n  sizes i n  fully d e n s e  bodies. 'These 
materials are i n t ended  f o r  st-udy: ( a )  t o  op t imize  the 
m i c r o s t r u c t u r e s  and inechanical p r o p e r t i e s  between RT and 
7 0 0 ° C ;  and (b) t o  i 3 v e s t i g a . t . e  the  r e s i s t a n c e  to low 
temp e r a t  13 re d eg ra d a t i r3 n ~ 
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R e s u l t s  

~ o i a r  p o i n t .  s t r e n g t h  s t u d y  NOR m e a s u r e m e n t s  have heen 
performed on b o t h  M i l  Spec and Norton s i z e  bars ( 1 , 3 7 ’ i  x 
1.25 x 1 - 2 8  i n c h e s  w i t h  a f i x t u r e  0 , s  and 1.0 i n c h  
s p a n s ) .  Two b a t c h e s  af each  composition w e r e  tested with 
jWcPrtcin s i z e  bars  w i t h  strengths as fallows: 

Code Yt t r i a MOR MPa Std.Dev. # of Rars 
Wt.% % 

M G - 0 0 8  4.66 1164 49 aa 
G-032/34 4.7 1137 18 10 

ME-024 5 . 2 7  1 2 2 0  15 14 
MG-026 5 . 5 2  909 20  16 

It interesting t o  see that t h e  higher yttria composition 
i n  the Case of MG-024 has nut led to a significant de- 
crease in s t r e n g t h  when compared t o  the two lower y t t r i a  
c o n c e n t r a t i o n s .  MG-026 presumably has l a rger  processing 
defects g i v i n g  a lower  strength.  his r e s u l t  is important 
because t h e  h i g h e r  ytteia concentrations are ex 
exhib. i t  greater resistance to low t e m p e r a t u r e  degradation, 

‘~‘lsree k i n d s  af tes ts  are be ing  used for t h e  s t u d y  of l a w  
t e m p e r a t u r e  d e g r a d a t i o n .  These w i l l  be d i s c u s s e d ,  

~ h c  first tes t  is done a t  2 5 0 ° C  i n  m o i s t  nitrogen. The 
s a m p l e s  are held in an oven a t  a t m o s p h e r i c  pressure 
t h r o u g h  which  s l i g h t l y  moist n i t n a g e n  is passed havi-ng 
heen bubbled t h r o u g h  water at RT (PH,-, = 0 . 0 0 2 3  M P a ) .  
 his is e q u i v a l e n t  t o  air an a humid day. Thc mechanical 
d e g r a d a t i o n  which is asscciaized with t h e  t r a n s f o r m a t i o n  of 
t e t r a g o n a l  t o  monocl in ic  s t r u c t u r e  has  been t r a c k e d  i n  two 
w a y s ;  first, w i t h  xRD m o n o c l i n i c  % measurements and 
second ly ,  with MOR measurements. Typically, abaut. 10 MOR 
bars  are  required for each data point. to g ive  a reasonable 
a v e r a g e  value. Once s e r i o u s  d e g r a d a t i o n  occurs ,  t he  
scatter i n  t h e  r e s u l t s  become s i g n i f i c a n t l y  reduced and 
t h e  number of bars may be reduced t o  5 o r  even 3 in s o m c  
cases I 

Fig. 1 shows t h e  change i n  st.rengtl-b f o r  bath HIPed arid 
bar s  w i t h  exposure  t i m e s  up to 11000 hrs. for t h e  

HIPed and to 4000 h r s .  f o r  the s i n t e r e d  material. The 



HiFed material  shows a more dramatic d p c r e a s c  i n  strcrsgth 
than  t h e  sintered m a t e r i a l .  T h i s  is b ~ c a ~ s t ?  the micro 
c r a c k s  which form dur i  ny the t r a n s f o r m a t i o n  have a s i  ze 
g r e a t e r  than t h a t  s f  ?be p r e e x i s t i n g  d e f e c t s  in t h e  IIPPerS 
materials, whlrreas t h i s  is not the car;:= f o r  t h e  s i r i t c i - ~ d  
Y - T Z P .  

XRD has heen ust2d t o  follow t h e  i n i t i a l  t e m p e r a t - u r e  
d ~ g r a d a t i o n  reaction a t  2 3 ~  "c .   his met-hod only examines 
< l o  micron surface depth due t o  absorption of the x-rays. 
The % m o n o c l i n i c  formed f o r  L W ~ I  different mater ia l s  is 
shuwn i n  F i g .  2 as a furaction of exposui-e time. M G 0 0 8  has 
4 . 7  w% Y 3 0 3  and M G 0 2 4  hzb  5 . 3  w &  Y2Q3 2nd a finer 
g r a i n  s i z e .  The l a t t - c r  m a t e r i a l  is  lrmre r e s i s t a n t  t o  
degradation, a5 expected. 

I lI1e ,I- second tes t  w a s  t o  hold samples a t  2 0 0 " ~  and 200 p s i  
i n  w s . t , e r  vapor  for 50 hours .  This is a tes% t h a t  has been 
u s e d  by Swab a t  t h e  Army Mate r i a1 . s  Technology L a b  t o  
e v a l u a t s  z number of J apanese  Y-TZF ceramics. T h i s  is  a 
much more severe test, t h a n  t h e  l a s t  one d e s c r i b e d .  The 
b a r s ,  a f t e r  a u t o c l a v i n g ,  were t e s t e d  for MOR and t h e  
results are g iven  i.n Fig .  3 .  'I'he change i n  streng-tkr is 
comparable t o  t h a t  found by Swab. 

The t h i r d  test invol.ved immersing bars i i i  water at. 1 2 0 ° C  
in a p r e s s u r e  cooker  € o r  di.fferent- t.i.nes. The resixl.ts a r e  
shmm i n  F i g .  4 f o r  exposiire 'iiines 0 ,  2 0 0  a n d  4 0 0  hours .  
A g a i . n ,  the HXBed b a r s  show a more p r e c i p i t o u s  decline b u t  
the r e s u l t a n t  s t r e n g t h s  a r e  - 8 0 0  m a  widrh Norton s i z e  
b a r s .  M i l  Spec b a r s  w9tild have a s t r e n g t h  -10% 7.ower  t h a n  
. t k l  i 5 . 
In f u t u r e  studies, we p l a n  to measure khc d e p t h  of the 
monocl i n i c  zorre by H a m a i l  microprobe meascremeiits. 

Duri-ng this c o n t r a c t  p e r i o d ,  the main acconpl i shments  were 
. the p r e p a r a t i o n  and c h a r a c t e r i z a t i o n  of  t h e  C e 0 2 - Z r 0 2  
powders made from t h e  r a p i d l y  s o l i d i f i e d  ( R / S )  crude, t h e  
fabrication o f  s in t e red /HIPed  billets of @e.-~'1'A ceramics  
of t h r e e  c s m p o s i t i a n s  a n d  t h e i r  c h a r a c t e r i z a t i o n  
(mechanical. properties , f r a c t o g s a g h y  , m i c r o s t r u c t u r e s ,  
phase  c o n t e n t  by X W D ) .  'The powders used t o  make tlir 
billets were p r e p a r e d  by mixing F),js c ~ G ~ - - Z ~ O ~  and 
Sumitorno AMP-30 A1203 powders. The bes t  cornposi. t ion 
w a s  identified on the basis of -the mechanical. p r o p e r t i e s  
measured. 'rhj~s composition is made up of 4 0  W/o ( 1 6  w / o  
@ e D 2 - 2 ; r O 2 )  a n d  6 0  w / o  A 1 , 0 3  a n d  i .s a b b r e v i a t e d  a s  
Z I ~ C E ~ O A .  Finally, a c r u $ e  of this c o m p o s i t i o n  w a s  
prepared a t  NORTON Plasma M a t e r i a l s  i n  Manchester ,  N H ,  by 
r a p i d  s o l i d i f i c a t i o n  of a lne3.t of t-bree three o x i d e s ,  
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“Phis c r u d e  is ROW being m i l l e d  tm a submicron p~~wdei- w h i c h  

characteri zation. 
vi91 be used tcl m a k e  b i l l e t s  for meokanicdl  p rope r ty  

nwders were a l s o  charac te r ized  f o r  BET area and  
phase  e o n t e n t  by XRD The BET i’;~-eas ( s i n g l e  point) w e r e  

s i z e  d i s t r i b u t i o n  cu rves ,  
7.0 m 2 / g  and 5 . 3  m 2 / g ,  in ag-reemeuat with the particle 



Z I W E  crude . 0 4  . 0 5  . 0 5  -11 0 5  . 0 0 5  . 0 1  

- _  x 1 QCE pawdcr . 0 8  - 1  . 0 3  .15 . 0 5  -01 

T h e  r ; ~ u d e  of c o m p o s i t i o n  Z i b C E 6 0 A ,  inade zt Plasna 
Materials, w a s  v i b r a t o r y  milled with water in order to g e L  
a s~abnicrorr p o w d e r .  Thc  particle size diskribution vs. 
milling time i s  given in F i g .  9 L o r  t h r a e  m i l l i r i c ~  time:;. 
The powder m i l l e d  for 109 h r s .  has  bpen used to make 
b i l l e t s ;  which h a v e  shown v i r t i i a l l y  thmre t ica l  density 
a f t e r  f i r i n g  a t  1600°C/Z hr. T h s  billets wnrc su'umi&Led 
f o r  m a c h i n i n g  i n t u  MOR bars a n d  KIP (doi ible  "Lrs io r i j  
samples, 

The R/S Z 1 6 C E  and ZL4CE powders w e r ~  m i x d  v l i t l r i  Sumitorno 
A K P - 3 0  powder i n  water i n  a p la r ic ta ry  mill f o r  2 h r s .  T h e  
aqiieaus slurry was poured i n t o  l i q u i d  N 2  and ?-he f r o z e n  
mass was f r e e z e - d r i e d .  111is was clone i n  ortipi- t o  prevent 
phase scyregation a n d  to p r o d u c e  a powder with soft 
agglomerates, 

, ,L 

The pcmde4-s of t h e  t h m e  compcziti ons, prepared as describ- 
ed above, w ~ r e  d i e  pressed at 69 MPa and cold i s o s t a t i c a l l y  
pressed a t  20'1 MPa into b i l l e t s .  

I n  parailel with dry p o w d ~ r  p r e s s i n g ;  the lilolfat 'L techri iyue 
oT coacervat ion (1) idas invest ir jaled.  T h i s  t ~ c h n i y u e  con- 
s l s t n  i n  preparing an aqueous solution of t ~ ~ o  powd~rs o f  
d i  ffcrent d e n s i t y ,  electrostaticai l y  s t a b i l i  ~ e d ,  c o n t a i n i i i g  
pslyvinyl alcohol ( F V A ) .   he addiLion s f  acetone, a non- 
s o l v e n t  for PVA, causes t h e  p r e c i p i t a t i o n  (eoacesvation) of 
t h e  two powders i n  the form of a "cheese curd." ' ,  which i s  
csll~cted on a sieve and c o l l o i d  pressed, to squeeze the 
l i q u i d  a u t  tliroizgh a porous s t a i n l e s s  sterl d i s c .  Problems 



103 

were encountered at first", ruainly due to the loss o f  powder 
with the liquid d u r i n g  colloid pressi.ng. A t r i p  was made 
to MIT to discuss this problem. Recently, we have found 
the s ra l .u t ion ,  by vacuum filtering the cheese curd an a 
filter paper befare colloid p r e s s i n  , i n  orcler to eoxlsoli- 
date  the flsrcs by dr.aini.aq out t h e  excess l i q u i d .  

Recently a 3 3 B  diameter disc ,  about 1/498 t h i c k ,  was suceess- 
fully made, dried and fired at 1500°C. The green d e n s i t y  
after drying was 5 5 %  of 'FD, 5 8 %  after cold isostatic press- 
ing at 207 MPa and  9 8 % 5 %  of TD a f t e r  f i r i n q .  Ns cracking- 
was observed., The d i ~ c  will be H I P &  and then character- 
i zed fo r  micsostsueturc and In@c?aaxlicaP properties * 

'P'ke billets o f  the t.hree campositions w e r e  Eirst fired in 
air at 150Q"C/3 hrs. and then HIPed  in Wr at 1 5 5 0 ° C  fer 4 5  
minutes to eliminate the residual p o r o s i t y .  

T a k a I e  I. shows greenl s in t e red  and H l P e d  d e n s i t . i e s  i n  
M g / m  . 3 

2 n 4 7 4 . 3 6  4 . 3 7  4 .30  
2 " 4 6  4.34 4 . 3 7  4.30 
2 . 6 3  4 a C"7 4.65 4.67 

MOR bars ( 3 x 3 ~ 3 0  mm) w e r e  machined f r o m  the billets and 
tested i n  4 PT bendi.ng wit21 spans of 12-3 and 25.4 mm, 
w i t h  a crass-head speed of 0 . 5  mm/'mi?n. The OR bars  w e r e  
broken at 2 5 ' C  and 1 0 0 8 ° C .  

Samples of 5 0 ~ 2 5 x 1  mrn w e r e  aksa machined f o r  the tougk- 
n e s s  measurement at. 25°C a n d  1QOB"C with the double 
torsian method. 

Table 2 shat.ls the resu l t s  f o r  s t r e n g t h  and KPC at 2 5 ° C  
imd looooc. 
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Table 3: 

- St renaLh  and Touqljnpss of (72 -ZTA Ceramics 
at 2 5 ' c  and 1 0 0 0 ° C  

Con1;s . MO2 ( 2 5 ° C )  MOR ( 1 0 0 0 ° C ; )  K j - c ( 2 S " C )  KIC(IO0O"C) 

Z 1 6 C E 8 9 A  889 (10) 5 4 4  (10) 6 . 1  ( 5 )  3 . 0  ( 5 )  

Z 2 4 C E 8 0 A  8 4 0  (10) 46?- (10) 5 . 2  ( 5 j  2 . 5  ( 5 )  

Z16CE60.9 1020 (10) 5 3 7  (10) 7 . 5  ( 2 )  N/A 
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or iqi .ns ,  whereas t h e  weakest. bars f a i l e d  due t i3  machininyg 

the tensile surface I 

__..̂ I___... S t a t u s  ....... o f  .lÎ_l..l_._ m i l e s t o n e s  .......... .... 

A l l .  m i l e s tones  are on schedule. ?“he list of imi.lestones 
f o r  Phase IIA of the contract. is s h o w l a  below, 

I___. L i s t  of _l_l...l.... milest.ones 

damage along the chamfers and/or pc?rsus regions close to 

1. 

2 .  

3 .  

4 .  

1. 

2. 

3 .  

4 ,  

_I Y - T Z y - y z - 1 1 0 )  _ _  S t u d y  

Complete p r e l i m i n a r y  eva lua t ion  af low tempcrature 
degradation (L?’ra) c 0Gtai.n rapidly s o l i d i f i e d  (W//S) 
c r u d e  f r o m  C h F p p a w - a  o f  d i f f e r c r r t  Y o 
compositions f a r  microstructural studies ... , J u n e  ?ssi 

Choose best Y Z - 1 1 0  compcasi.ti.an and formi.ng method 
based on previous measurements of 1,TD and mechanical  
properties to be used in op t imiza t i sna l  studies in 
t h e  remaining p e r i o d .  A t  Perm State prepare and 
carry aut i n i t i a l  mec:haa-nieal testing of ~ i . ~ ~ , ! z r a ~  
c e r a m i c  b o d i e s  m a d e  f r o m  R / S  ch ippawa crude ................................................... ‘88 

Complete ( i 1 processi ng/microstructural studies for 
optimization of mechanical properties; (ii) measure- 
ments of MOR, R betwr;..en Rrp and ’700°C; (iii) low 
temperature degra atinn t e s t i n g  .............. Feb. ‘ 89  

Finish all documentation and s u p p l y  test bars to 
L..........................................May ’89 

~ h a o s e  best composi t ion on the basis of mechanical 
properties obta- ined at room temperature and at high 
t e m p e r a t u r e .  U s e  H I P i n g  t o  quickly evaluate 

positions, Demonstrate and perfect M o f t - a t t !  s 
t e c h n i p e  ................................... June’88 

Evaluate rapidly s o l i d i f i e d  powders made i n  ilhippawa 
and PMI and choose between chemically derived and 
rapidly s o l i d i f i e d  ~ Q W ~ ~ I - S ,  based on mechanical 
p r o p e r t i e s  obtained at R T  and high temperature .......................................... oeoct. “ 8  
Complete study on proc~~ssing/microstructure/psopertr 
organizat ion ................................ Feb. ‘89 

Finish a11 documentation and supply test bars t o  ORNL ............................................ May ‘ 8 9  
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pub1 i cat io0 .s  

G -  A .  R s s s i  and P. J. Pellrtirz- have subitiitted a munu- 
script- which ,  if a i c c ~ p % s G ~  w i l l  he published i n  the 
Proceedings of the 3rd I n t e r r i a t i  o n a l  Symposiam on 
I I 4 a t e u i a l s  and Ccramies F o r  ~ a i j i n e s ,  to be held i n  ],as 
V e c ~ a s ~  N V ,  i n  November, 1988. The paper c a n t a i l i s  the 
r e s u l t s  o €  th- study on the Ce-3TA ceramics perfor-coed 
dmii-ig Phasc 4 of t h i s  contract-,. 

Re f a r e  rrce s 
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1.48 . 
1.20 . 
1.0B. 

Fig. 5: 

0.60 
B .40 
0.20 

45.0 50.0 S5.B 60.8 65.8 78.8 75.6 8B.8 

XRU pa t te rn  of t h e  Z16CE R/S crude 

Fig.  6 :  TGA c~irve of the Z16CE R/S c r d e  
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Fig. 7: Par t ic le  s i z e  distribution curves for powders Z16CE nlnd Z24CE 
used to prepare the Ce-ZTA b i l l e t s .  
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Fig. 8: XqD patterns of the powders obtained from the  Z16CE 2nd Z 2 M X  
crudes by vib-catory milling. 



.. 
O\ 

3
 

4
4

 
0
 

.. 
C

 
4
 



115 

Fig. 11 : Microstructure (SEN) of sintcred/HiPed CP-ZTA ceramic wi.th 
composition Z24CE80A. 

Fig.  12: Microstrllcttn-e (SW) of sinterd/WLPed Ce-ZT.4 cernmic of 
cmpos i t i on Z 1 6CEGOP,. 
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Fig. 13: Fractography of an PIOR bar of material Z16CZ80A, showing 
surface defec t .  

Fig- 14: Fractography of an MOR bar of m t e r i a l  Z2&CEEOA, showing a 
1.arge A1  0 - r ich grain near the S1Ji:faCe. 2 3  



117 



1 I t :  
/ 



119 

Specimen Te.-J- ak Temp. No. spec, Strength 
Presarat ion (BC 3 -- Tested (-?Pa) 

2 5  
2 5  
2 5  
2 5  

7 5 0  
$ 5 0  
9 Li 0 

1200->750 

The strength d q r a d e d  slightly w i t h  t e m p e r a t u r e  ( see  Table 1) 

t~an~f~rmation-induced st.-i.es;ses are not t he  primary 
strengthening mechanism since s t r e n g t h  was identical to that 
measured upon h e a t i r q  t.0 750°C.  This is consistent with x-ray 
diffraction data w k i e h  showed no transformation to monoclinic 
zirconia upon grinding (see Table a ) .  Specimens polished to a 
1 ym finish w i t h o u t  grinding showed on ly  a moderate s t r e n g t h  
improvement ( s t r e n g t k  of 5513-49 MPa) d e s p i t e  a significant 
improvement i n  s.ur2a.w f i n i s h ,  demons t r a t ing  that qrdnd ing  
does more than  improve surface f i n i s h .  ~n order to see if it 
is possible that g r i n d i n g  introduces compressive stresses due 
to plastic dEformation, A 1 2 ~ 3 r  Z r 0 2 #  monolithic outer layer 
material ( 2 ~ 3 _ ~ 0 ~ - 1 5  vole % 2;ra2) and three-layer composites 
were all. tested (see  Table 2) i n  %he unground (edges chamfered 
before HIPing) and g r ~ u f i d  state ( 2 2 0  g r i t  wheel at down feed 
sf 2.5 rnieronsJpass before sparking out). The strength 
i nc reased  ( b y  3 0 - 6 7 % )  far all. specimens, although t h e  

aJ-umina, zirconia, and ~ l ~ ~ ~ l i t h i ~  o u t e r  layer bars all failed 
from the tensile surface3, whereas monolithic i n n e r  layer and 
three-layer bars showe6 z large percentage of b a r s  f a i l i n g  
from near t h e  chamfers. 

A number of f a c t ~ r s  a f fec t  the streiigth increase 
including improved su r face  finis5 arid %ransfarmation-i~duccd 
stresses f o r  the ZrcZI m o n o l i t h i c  outer, and three-layer 

no me~su-rabl-e msnoclinic Zro2 -gas obszrtred on the grousid or 
f r ac tu re  su r face  ( see  Table a ) .  While others[7-10] have s e e n  
a streggthening vi a grinding for. t r a n s f o r m a t i o n  tcughened  
cerzmicsr it has a!wsys acco:npa-~ied  by an increzse in 
monecXislic conte~t. i - r ,  is f o r  this reason t h a t  t h e  stresses 
introduced duris?g grinding are not dependent  on the m - - > t  
t r a n s f o r m a t i o n  t empera tu re  [ 61 and ground m n o l i t h i c  inner 

but "ceStin5 a"i 750'e ( a f t e r  COOlZslCj  f r o m  1200°c) showed - tha t  

magni'r,Ude Of the Sfi3-e.iagt.h inCP.2aSc3 Was CJZ'E?ateSk f o r  ZTCb2 and 
the monolithic inner l a y e r  specimen. Practography showecl 

S ~ P C ~ X T I O T I S ,  T h e  inner IZYL?.~  a ~ ~ ~ , l i t h i ~  Z s r 0 2  is unique iil that 



--- -I- 3.9% 8 3 0 2  3 0  e 434 6 4  --- 
1.9 2 4 , 8  

4 . 2 9  E: 389 2 3  5 650 59 83.1 5 5 . 6  8 8 . 5  

tb i ckness  n 

1. Not measured. but has substantial ml?;caackianie  Zs-02 [ 2 3 1 .  
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2 . 5  
2 . 5  
2 .5  
5.1 
5.1 
7 . 6  

16.2 
15.2 

w e r e  p repa red  f o r  s t r e n g t h /  i n d e n t a t i o n  measurem.ents as 
beEore[S]. The. streng-%h at indentation loads  sf 3 7 ,  6 4 ,  125, 
and 2 9 6  N agreed with previous data f o r  usrground m o n o l i t h i c  
inner l a y e r  specimens [5] I b d i c a t i n g  t h a t  -cesidl:.al stresses 
introduced by grinding are very shal.bo%\r, as expected.  The 
f a c t  t h a t  the stresses are sha l low,  as csmpaned tu stresscs 

p ro tec t ive  compressive stress layer of at I r a s t  100 pm[l]. 
i i a  three layer speciinens,  f u r t h e r  sl-ipports t h e  need f o r  ;a 

S l i p  Casting 

Acpz.ous s l i p  casting was used  to make monolithic and 
three l a y e r  Wb203-15 v9la % Zx-02 plates (appro-ximateiy 9 0  mm x 
7 0  mm M 6 mm), T h e  s l i p  c a s t  plates were sectioned into bar s  
using a diamond wire saw. The. sintere6 bars %had densities 
greater t h a n  99% 02 theoretical. S t r e n g t h s  of s l i p  cast 
m o n o l i t h i c  and th rse  laysr I i L 2 O 3 - 1 5  ~ 8 1 .  % Z r C ?  I bars made by 
aqueous s l i p  ckasting[i;] ranged 'ustween 8 0 8  and 3 3 0  MPa, which 
w a s  no ~mprcvement over p r e v i o u s  s l i p  cast composites (The  
strength of monolithic i n , r ~ e r  bars  c u t  from a similar p l a t e  and 
diamond ground w a s  3 2 2  i ~ s  ( s t d .  de17. of 4 9  b ~ a ) .  This 

layer bars) 1°C is believed t h 3 t  the main limitation in 
a c h i e v i n g  higher strengths is  associated wi th  e l i m i n a t i n g  
surface cracks created dlzlrislcg dryi l rg"  Experiments u s i z g  
microwave dryin: in a eontrolle? humidi ty  environment are  i n  
p r c g r e s s  u Savera1 o t h x  ag9iu;aches rdic being pursued  
i .ncluding Ronaqurous slip c a s t i n g .  'The uriiformity in o u t e r  

StpenCj%h ES CQY.paraba&? t 0  t'na"r, Of Cjr nd d r y  p:-"ess& inner 



1 2 2  

TeKtperatQre Stresses 

tI3e r O Q m  temperature st-i-eng-$l-s Of t.hreE! layer esmposite% was 
investigated by maklnq a Z-n-B-&3 mal, % Yz0,]-30 voi .  % A9203 

tho: i n n e r  layer composition and using A E 2 0 y e 5  Val. % Zr82(3 
mol. % y203) ( ~ = $ . ~ X I O - ~ \ Q C I  a s  the outer l a y e r  composition, 
~ssuming a square W E ~ T F ~  s t ress  distribution, a temperature 
differential of 1000°C over w h i c h  stresses a r e  p r e s e n t ,  i n n e r  
layer t h i c k n e s s j t o t a l  t h i e k n a s s  of 0 . 8 3 3  (i 1) e. ow.ter layers 
1/12 t h e  total $hi.Ckn.ess of the part), and ident ical  P a i s s ~ n ~ s  
ratio (0 .25 )  and % T O U R ~ ’ S  moduPus ( 3 0 0  G:$a) f o r  i n n e r  and outer 
materials, the predicted CsBIpress ive  residual. stress in @he 
outer la .yers  is 3 6 7  P P a .  

The strength sf the three layer 1/3~%-5/6-1/12 composite 
it7as iacrszse5 by 2 2 0  MPa ovzr t h e  strength of t h 7 , a  mcanolithic 
outer 3.aye.r specimens The strength of t h s  unground three 
layer bars was 787 MPa. Assuming that a r e s i d u a l  stress of 

eoimpasite is expected to be approximately 1.2 G P ~ .  The 

The feasibility of usizzg temperature  stresses to imprave 

C2OITkpOSitiQPi (therkisaP eXpanSPC9n expected to be 9 l ? . X l o - 6 / ” @ )  as 

400 MPa can be w~perimposed by grinding t h e  a u t e r  layers 
before testing, the s t r e n g t h  of the ground. three layer 

s t r e n g t h  of ground specimens w i l l  be investigated as well as 
efforts to rnazrirnizc the magnitude sf the compressive residual 
stress. Further work on temperature stresses and the 
superposition of stresses is in progress. 

S t a t u s  of Milestones 
On schedule. 
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gkie c t i ve / s cope 

The m a j o r  o l t j e c t i v e  of t h i s  r e s e a r c h  i s  t o  i n v e s t i g a t e  s e l e c t e d  

ox ide  Lysternb for- t h e  development  of B low expans ion ,  h ~ g h  t h e r m a l  

shock  r e s i s t a n t  c e r a m i c ,  Specjfically, i t  i s  the g o a l  of  t h i s  s t u d y  t o  

dcvclcp an i s o t r o p i c ,  ultra-?ow expansion c e r a m i c  wbrch can be used  

above 1200°C itnd wliicka is I e l a t i v e l y  i n e x p e n s i v e ,  

Technical p r c > & r ?  

T h i s  ~ e s e s a c h  p r o g r a m  i n c l u d e s  t h e  synthesis, p r o p e r t y  

chsn a c t e r i z a t i o n ,  and f a h i  i c a t i o n  of c a n d i d a t e  low t h e r m a l  expansion 

c e r a m i c s  from f v a r  systems based  iipun almirau~m phospha te ,  s i  1 i c a ,  

mullite, and ~ i ~ c c ~ n .  In t h e  first two sys t ems ,  t h e  g o a l  i s  t o  

s t a b i l i z e  low t h e r m a l  expansion, high t e rnpe rab i r e ,  high c r q s t a l  

synznietiy phases  v i a  solid solution f o s m i ~ t i o n .  In m n l l i t e ,  devimLion 

from s t o i c h i o m e t r y  and s o l i d  s o l u t i o n  formation a r e  uti1 i h e d  t o  reduce 

t he  thermal ~ X ~ ~ E I S ~ G I I .  Xa z i x c o n ,  t h e  c r y s t a l  a n i s o t r o p y  tindl t h e m a 1  

e x p a n s i o n  a r e  r educed  v i a  s o l i d  solution f o r m a t i o n .  Hsascd ~ p o n  e a r l i e r  

d a t a  of Lhe i n v e s t i g a t o x s ,  compositional r a n g e s  ase  e v a l u a t e d  by 

f a b L l c n t i n g  ekpeilmeutal speeimaus and deteimlning phase c o n t e n t  plus 

m i c i o s t r u c t u i e ,  thermal  expanszota, s o l i d u s  temperature, and densr  L y ,  

a"ho:;e c ~ m p o s i t ~ o n s  w b i ~ h  e x h i b i t  a c c e p t a b l e  s i n t e a i n g ,  p h a s e  

c o ~ i p n s i t i o n ,  and expansion c h a i a c t e n i s t i c s  a r e  s t u d i e d  i a i  more d e t a i J  

iiic.ndir,g f l e x u r e  s t x e n g t h ,  c r e e p ,  theimal conductivity, and c r y s t a l  

structure. F,naliy, t h o s e  ceiarnic compos i t ions  e x h i b i t i n g  t h e  best 

combina t ion  of  p r o p e r t i e s  a r e  e v a l u a t e d  as  t o  t b e i  r f a b r i c a t i o n  

b e b a v i o r  ITI t h e  f o i D i  o f  s p e c i ~ a r e ~ s  having  masses up t o  about 0.5 kg. 



p-b.;ci>ptite-hll 'CA System 

A l P 3 A  i s  a well-Bzia h i g h  m c l t i r i y  cumpound vith c r y s t a l  

s t r u c t u i e s  polyxorphisii i  s i r r i t l a i  t o  t h a t  of  S i 0 2 .  S o l i d  s o l u t i o n 9  

of e-cuciypt i .  t e  ( L i 2  . A i 2 O 3  . 2 S i 0 2 )  elth Al iqC4  a r e  b e i q  s t u d i e d  i n  an 

e f f o n t  t o  s t ~ 5 . l i - r e  t h e  h i e h  t e  e i a t u r e  po lyu~o iphs  silrch a s  

P - c r i s t o b a l i t t .  Currezt woik Lips focused  orr h i g h  A1P04 c o n t e n t  s o l l d  

solution f o r m a t i o n  k i c i ~ e : ~  P.?E':)4 and 8- ?,iA1StOA, aiid elementa3 

s u b s t l e u t i o n  i n  s o  of t h e  s o l i d  s o l u t i o n s .  

Exp e L' in:c z t a  I. 
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T a b l s  1. Se;n;h?e p r o c e s s i n g  and t b e m m l  expansion r;saBts 
for the AlP04-P-LiA1Si04 s y s  tentc 

Sample Init i a1 
No.  compo^ i t  ion  

0 4qA1'0. 5 gSi0 .  4 4'4 1 L i  N . A ,  

0.  2SALPO. 75' 2 5'4 2 L i  12001 5 8,  lZSSi 35 , 31 .E-. 
1300124 

N . A ,  

9.2A1P0.8S*0.204 
3 L i  12 eo/ 5 8.12 5 01 3 5 , 

1300124 
lJ 1'. N . A ,  

12001 5 8,1250135 
1360126 

1.2 .P . N . A .  

1200/58,1250/35. M.?. 
1 3 0 0 1 2 4  

N.A. 

S.S.  12081 72 
k-isr: 1200/10 

-19.3 

l2O0/53,1200/36 S . S .  -11.9 
Bar: 1200/10 

l20O/53,1200/ 36  S .  S. 
B a r :  1200110 

9 I , i  0 .4gAlP0. 52si0 48'0.4 1 2001 72 e , s .  - 3 . 6  

lo L i O  ,48A1P0 . 5 2 s i 0  .576'4 .I92 12OOI53,1200/ 36 S S ,  -10.5 

Bar:  1200418 
-. . .. ...... __._ L_ __  ~ 

~ .............l-l-l.̂ .- ~ _.l__l__. 

l20Q6 5 3 12001 3 6 S . 8  -12 " 9 
Bas: l 2 0 0 l l O  0.48A1P0 .528i0.67204 .384 11 L i  

_. . . . . . . ._. ~ ~ ....................... ~ ~ ~ _____ 

l2 MgO, olIaio. q6A1P0. 52S io. 12OW 52 12001 4 4  S . S a  -3.8 
Bar: 12EsO./T.O 
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Table  1 ( c o n t ' d )  

1200/ I 2  l200/ 4 4 S . s . 
l3 .02LiQ.44A1P6.52Si0 .48'4 Bar: 1200110 

-3 .I 

1200/72,1200/44 S . S .  - 2 . 6  
'.4 Mg0.Q3LiQ.42A1PQ.52SiQ.480$ Bar:  1200114) 

1288/42,1200/44 S . S .  
Bar: l200/10 MgO .04Ei0 v4A130 .5ZSiO .48'4 

-2 .o 

Sol-gel ;l205/36 S . S .  
L i O  .4SA18 e !45Ti0 -05'Q .gSiO .5'4 with Rutile 

N.A. 

1200/849 1200/ 60 S .s. M.A. 
2o L i O  .4A1Q.9Ti0 1'0 m5si0 .5'4 1200136 with Rutile 

1200/ 4 8 ( m e l t e d )  Mu1 t iphas e 
21 L i O  .qA1'O. gSiO .4STi0 .0S04 1 is014 m 

N . A .  

A 1  Ge P Si 8 1180/48,119Q/36 S . S .  -10.4 
2 2  Li0.42 0.95 0.05  0 . 5 2  0.48 4 1205j25 with smal l  

N . A .  

1170130 

118Q/48,1170/ 30 S . S .  
with  s m a l l  24 Li0.48A1PQ.52Si0,32C"0,1604 1180/30 

N.A, 





"- (D'TAI res-FltA. C o ~ y o s i t i o n s  showing B s i n g l e  pbasc  b y  XltD 

a n a l y * s i s  w e r e  analyzed b y  '11% t o  e v a l u a t e  t h e  the rma l  s t a b i l i t y  a d  t he  

e f f e c t s  oE cornpos i t ion  c b a n ~ s  on me1 t i n g  b e h a v i o r .  Peaks  c o r r e s y o n d i n g  

t o  phase  t r a n s f o r m a t i o n  weie  n o t  observed  f o s  any of t h e  samples 

a n a l y z e d  a 

'I'he DTA r e s u l t s  shswn i n  Tabale 2 i n d i c a t e  t h a t  t h e  m e l t i n g  p o i n t  

o f  L h ~ e  P-LiA1Si04-AIP04 s o l i d  s o l u t i o n  increased  w i t h  AILPO4 c o n t e n t  a 

'This i s  i l l u s t r a t e d  by c o m p o s i t i o n s  No. 2, N o .  4 ,  and N Q .  5 where t h e  

PIP04 c o n t e n t  i n c r e a s e s  from 50 to 5.1. BIOI x i c s c e @ t .  The melting p ~ i ~ t  

O K  the s o l i d  solution appea.rs t o  i n c r e a s e  w i t h  i n c i e a s e d  SiOZ c o n t e n t ,  

a s  i l l u s t r a t e d  by t h e  f i r s t  t h r e e  conposilions in Table  2 .  P a r t i a l  

s n b s t i t u t i o n  o f  KIP+" cos 1,i' ( ~ o ,  71 and ~ e 4 +  f o r  ~ 1 4 +  ( ~ $ 3 .  9 )  a p p e a l e d  

t o  l cwe i  t he  meltinzg temperature when compaied t o  composition N o .  4 

(witboat s u b s t i t u t i a n s P .  
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T a b l e  2 .  DTG r e s u l t s  o f  s i n g l e  phase c o a ; c s i t i o n s .  
. --I . - - - -  

Max i m n m  t e q c  ra  t u r e  
Composit ion reached ( O C )  Re S U I  t S 

-__I - ....... - .... - - .... --- - -- . ............... _-- .... - ....... ̂ - _  I.___ 

1. L i  0. 5 A 1 P 0 . 5 S i 0 . 4 4 5  0 o . 3 ~ 3  1300 0 0 . T . P . '  - 12,OS C 

2 .  L i -  " . 5 A 1 P 0 . 5 S i 0 . 5 0 4  i300 0 . T . P .  - 1213OC 
. ............... .___I I - _ _ . .  ................. - ----_- _.......-._.----I-.___ ..................... 

3. I * i  0.5A1P0.5Si0.604 .2 1400 O . T . P .  - P24loC 
~ ......... ............ I_.---_-_---__.___-_...I 

* L i O .  4ZBA1'0. 52si0.  48'4 1500 O . T . P .  '-" 1.222OC 

5 .  Li . A l P  1400 O.T.P. - 1246OC 0.4,: 0 . 5  4' 46'4 
.................. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

hI - 1300 O . T . P .  .. l 2 . 1 8 O C  0 .4 6 6 0 .  01 *"O. 5 2' 10 .4  8'4 
6 .  ( L i  

................. - ............................................................................ 

~ ..................... . . . . . . . . . . . . . . . . . . . . . . .  ...... ------ 

............. _------  ......................... ........................... 

2 Eeating r a t e  - 20  0 C/min. 

b ~ . ~ . ~ .  = ~ n s e t  temperature p o i n t  on m e l t i n g  peak of  DTA c u r v e .  
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Temperature ("C) 
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Table 3 .  The relative r e t w i n r d  MOR values are S ~ O - A J I I  i x  Figure  3 ;  

p l o t t e d  as  a f u n c t i o n  of t h e  n w b e r  o f  theLmraa?, shc rk  c y c l o s .  

TaSke 3 .  Results of  t h e m 3 1  shock experiiricnts.  

The rmr3i 1 e r p  a 11 s i o 13. 

. ................. - - ,..__._I -~ .... .. -. . 
B e l  a t i v e  

( 3  o-loQooc) i-etai;zed 
Composit ion iL ( x10- ' 1 OC) AT ( O C )  s t xe ng t h .  max 

......... ( % I  .... -. ............................ - 

0 - 5 . 8  1150 3 9 . 3  Lio  .46A1?o. 5 4 S i  0 .46  4 

L i  0 .4IbfgO .03SA1P0 . 5 2 s i 0  .45 0 4 - 2 . 3  1155 46 

0 -0.96 11.75 6 3 . 4  0 . 5 s i 0 . 4 5 5  3 . 9 3  Lie. 5A1? 

*%OR o f  specimen a f t e r  10  thr,rliial shock rycle/E:DR of  spccimea as 
o r i g i n a l l y  Eonfiled w i t h - o a t  any t h e r m a l  shock c y c l e )  x 100% 

F i g u r e  3 .  Rol . .? t . ivz r c i a i n e d  s t r e n g t h  of  t h e r m a l l y  shocked specimens ~ 
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Attempts t o  form a s i n g l e  phase s o l i d  solution between &i-LiAISx04 

O4 w i t h i n  the hlP04 c o n t e a t  range of 55-90 ~XIQ~!?O w ~ r e  

u n s i i ~ e c e ~ s f ~ l .  The: l i m i t  of s o l i d  salnbility was €mud t o  b e  5 4  mol%, 

SiQZ c o n t e n t  can change  within a s m a l l  r ange  in tbe  SQlid 

S O ~ U ~ ~ O ~ S  without the s t r u c t u r a l  changes .  A d e c r e n s e  i n  Si02 c o n t e n t  

will seduce the negative theirma1 expansion and, on Lhe o t h e r  hand, 

decrease  t h e  molting tempeiature o f  the  s o l i d  s o l u t i o n s .  

About 20 mol% o f  L i f  can be s u b s t i t u t e d  by Mg*' i n  t h e  s o l i d  

solutions ' I h i s  s u b s t i t u t i o n  can f u r t h e r  d e c r e a s e  t h e  n e g a t i v e  thermal 

expansion and expansion anisotropy of' t h e  s o l i d  s o l u t i o n s .  On t h e  

o t h e r  hand,  t h i s  subssitution d e c r e a s e s  t h e  m e l t i n g  t e m p e 2 a t u ~ e  and may 

lOWer the Strength  Of t k e  SOlid S O l Y l t i Q X l S ,  

ue t o  i t s  l a r g e  s i z e ,  ~i'+ cou ld  n o t  be i n t r o d u c e d  into 
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4-coordinated p o s i t i o i l s  t o  r e p l a c e  A 1 3 '  o r  S i 4 +  i n  t h e  s o l i d  s o l u t i o n s .  

Si4' v a s  substituted (my t o  a b o u t  1 6 . 7  mol%) by Gc4+, l e a d i n g  t o  a 

A I 3 +  d e c r e a s e  i n  t h e  n e g a t i v e  thema: e x p a n s i o n  of  t h e  s o l i d  s o l u t i o r .  

c o u l d  n o t  be subs i i tmted by  Ge4' i n  l h z  s o l i d  s o l u t i o n .  

S i l i c a  S y s t w  

The e f f 5 c t  of t h e  p i c s ~ i i c d  o f  f a L c i g n  s p e c i c s  on t h e  high-?ow 

i n v c r s i o i i  behavior-  of  c r i s t o b a l i t e  b a s  b e e n  s t u d i e d  1x1 d e t a i l  i a  t h e  

p i e s c i s t  . r , ~ r k .  I t  was found t h a t  s o l i d  s t a t e  rcsctions from s t a r t i n g  

o x i d e s  wculd n o t  s t a b i l l y e  J3 c i i s t o b a l i t e  d w  t o  a l i m i t e d  s o l i d  

s o l i i t l n a  r a n g e  i n  t h e  c r i s t o h s ! i t e  e ~ d ;  however, i n  soms cases t h e  

i i ivers iom t eLpaza tks  e of t h e  c z i s t o b a l i t e  s o l i d  s n l n t i o n  wax s h i f t e d  t o  

a significautly lower  v a l u e .  Thcr;foir, t h e  s o l - p e l  d e c o m p o s i t i o n  

t e c h n i q u e  has  bcsn l o y e d  ir* p r e p ~ m i n g  s t a b i l i z e d  p- c r i s t o 5 z l i t r  The 

g o a l  i s  t o  ach ieve  t h e  f i n e - s c a l e  homogcnoovs mixir ig  o f f e r e d  by s o l - g a l  

y r e p a i a t i u n s  a i d  t h e  p r c f c r m d  nc t -v -rb  s i r a r i a i ~ e  i n  t h e  g e l .  'L'he f i n e  

p a r t i c l e  s i z e  w r y  a l s o  have sone k i n e t i c :  e f i e c t s  on t h e  phase  

t i a n s f o r m a t i o n .  Tw.73 b a s i c  s y s i c a , s ,  C ~ t 3  I' l2 0 §io2 a d  MgO-A1203-Si02, 

y a r e  s e l e c t e d  f o r  t h e  presFnt  s t u d i e s .  Phase  f o r m a t i o n  and t h e  thern ta l  

e x p a n s i o n  behaviol of t h i :  . c t a b i l i ~ z d  s i l i c a  p h a s e s  weie  c h a i a c t e r i A e d .  

Expe r iwe n t  a1 

The s t a r t i n g  w e ~ . e n ? ~ l  used f o r  s o l  g e l  p i e p a r a t i o n  of t h e  

composi t i o x l s  show? i n  Ta31s  4 i n c l u d e d  t e t - i s e t ? i y l  o r t h o s i l i c a t e  

[ S i ( O C 2 X 5 ) 4 ] ,  a l a m i n ~ ~ i  t n i - s c c  b u t o x i d e  [ A 1 ( O C 4 t 1 3 ) 3 1 ,  c z i l c imn  

p r o p i o n a t e  [Ca(O2.C3H5I2], cal.sitr:o n i t l a t e  [Ca(N03)2.4%a0],  wagncsiun 

a t k o x i d e  hMg(OC2E5121, and magrrasiun n i t r a t e  [h lgIN0312.6H20] .  Both  

Ca(N03)2 .41i263 acd Ca402C3K5)2 w & i @  i i s c d  a s  S O U T C Z S  o f  c a l c i u m ,  and 

hfg(wo3)7 .6Ii2O and E4g(Or711s)2 x e i e  wsed as soi lrccs  of magnesium, t h c  

d i f f e r e n c e  b i i i i g  t h a t  G i i r a t a s  a r c  moie s o l u b l e  i n  a l c o h o l .  Sample 

c e m g o s i t i s n s  wc;e prep-icd by mixing t h e  s t a i t i n g  m a t e r i a l s  i n  e t b y l  

a l c o h o l  u n t i l  t h e  c a l c i u m  or aiiagresiui.1 . yec i e s  d i s s o l v e d ,  The s o l u t i o n  

  as t h e n  hydro lyzed  by  RddiEig d i s t i l l e d  w a t e i .  The m o l a r  r a t i o  of 

aaater t o  t h c  framework c a i i o n s  (AI  + SI) was R t a t  2 : l  and t h e  pll 
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T a b l e  4 .  Phase analyses o f  compositions 
on t2:e C a O - A 1  0 -?,Si0 - S i 0  2 "  join. 2 3  2 

-_-.s_.-l_l__._ -__ ..................... ____"  -- .. - _ _  ............................ __ 
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valac was a d j u s t e d  t o  8 w i t h  aijmoeiuiii hydrox ide  solution. A 

t rPEspavan t  gel r e s u l t e d  a f t e r  t h e  s o l n t i o n  was a l lowed t o  s t a a d  a t  

ambient  t e m p e r a t u r e  f o r  2 4  hours. The g e l  was d r i e d  a t  6Q-78"C a i d  

t h e n  gradually h e a t e d  t o  1OOO0C f o r  4 8  hours .  PhasE i d e n t i f i c a t i o n  was 

carx-ied ou t  by X H J  and petrogizphic microscopy.  I9i.f f e r e n t i a l  s c a n n i n g  

calorimct.ry (DSC) and DTA were use:! t o  s tudy  t h e  phase  t r a n s f o r a a t i o n  

of t h e  s i l i c a  phase .  l 'hc p ~ v d r i  saniples w i t h o u t  phase  t r a n s f o r m a t i o n  

and shoaviag s i n g l e  phase  c o m p o s i t i o n  werz  pressed i i i t o  bars and 

s i n t c x e d  at, IOOOOC f o r  24 houi -s .  ~ h c s c  b a r s  w e i e  used  f o r  tfiermiil 

e x p a n s i o n  measuzements ,  using a dual push  io3 d i l a t o m e t e r .  A x i a l  

t he rma l  e x p a a s i ~ m  of  t h e  c o m p o s i t i o n  Ca0.A1203'40SiQ2 w a s  measured by 

hi.gh t.eniperature X W  u s i n g  P t  a s  thlc i n t e r n a l  s t a n d a r d ,  

R e s u l t s  and Dxscuss ioa  

- 
-I_ C n O - s 4 1 2 ~ - 2 ?  Sys_te;Ef, Ihe composi tioiis  s t i ldic=i Y Z L C  p i e p a l e d  

u s i n g ,  8% a b a % s s ,  t h e  chec , ica l  formula  CaA12Si 0 *(2Lx., x 2 2 ,  t o  form 

a thnea dLmensiona1 franievjonk s t i u c t u r e  l l a k e l l  by t h e  A ?  R R ~  Si 

t e t x a h e d r a .  -All t h e  ox5gen a t c m  a r e  bridging o x y g e n  and t h e  calcium 

i o n s  f i t  i n t o  t h c  i n t e r s t i c i e s  t o  halartcc: t h e  c h a r g e .  The c o n g o s i t i a n s  

s c l r c % e d  a l s o  l i e  ofi t b e  CaQ*AI2O3'2S1O2 S i 0 2  b ~ n n i y  j o i n  of  tllc 
CaO-AI203-Si02 t e r n a r y  system a5 shovirr i n  F i g i i r e  4 .  2 

I Anoilhilt + T r i i y m 3 t  I 
4 1- 1200 L I 

C041,SI,O, 20 4c 4 9 5  6 0 5  00 SIO, 
I Anoiihw) ISd4CO)  

L lm'iqure 4. The C a i ' i l  Si 0 --Si0 b i n a r y  j o i n .  
2 2 8  2 
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R e s u l t s  f r o n r  b o t h  XRD a n d  SC m e a s u r e m c n t b  s h o w e d  t h a t  

p - c r i s t o b a t i t e  was c h e m i c a l l y  s t s b i l i ~ e d  i n  a11 t h e  c o m p o s i t i o n s  

preparcd. R e p e a t e d  s c a n n i n g  i n  t h e  c r i s t o b e l i t e  i n v e e s i o n  range 

revealcd no phase  transformation, and t3 a ?  th!: o b s e r v e d  c~ i s t o b a l i t e  

phrase i s  indeed  h i g h  c a i s t o b a l i t e ,  'The c o n c e n t r a t i o n  of about  5% 

(CaO -t A 1 2 0 3 )  I as  i n  t h e  composition Ca0*Al2O3-50Si02, a y p e n a s  t o  be 

c r i t i c a l .  Above t h i s  c o n c e n t s a t i n n ,  a a i o s t h i t e  i s  a l w a j b  p r e s e n t ;  and 

b e l o w  t h i s  c o n c e n t r a t i o n ,  e i t h e r  a-quaztz o r  atiioipbons phase  c o e x i s t s  

w i t h  t-cristohalite (Table 4 )  

'The a x i a l  thp:Intal exGansion nE t h e  gel-derived fi c r i s f o b a l i t e  is 

s h o ~ v n  in F i g u r e  5 .  The a g g r e g a t e  L h e r m s l  a x p a u s i o n  c u r v e 5  $01- most  of 

t l ie c o m p o s i t i o n s  Eollow t k e  tiend . ;husn ID F i g a n e  5 ;  bovsc-ccs, t h e s e  

d a t a  a ; e  n o t  r e p o r t e d  b e c a u s e  of t h e  pre:..gn;;e of multiple p h a s e s .  The  

obse rved  non- Iinenii b t h a v i o r  i n d i c a t e s  t h a t  t h e  s t ~ u c t u r e  s t i l l  s k w s  a 

s i g n i f i c a n t  fjexibility a t  liow trm;jeiatures.  I t  i s  the flsxibblity o f  

t h e  bond a n g l e  t h a t  results i i n  t h e  t i j g h  e : -pnns ion  i a  t h e  i n i t i a l  s t a g e .  

m1as IPppears eo be  i n  I.",untrast tL. t h e  a n t 1 c i p a t c d  1e:.2ult f o r  

@ - c d i i s t o b a l i t e ,  s i n c e  t h e  c h a r a c t e r i s t i c  expansion cli i ive of 

u r i s t o b a l i t e  n s u a i l y  shows B linear regiota  a f t e r  t h e  inversroa w i t h  a 

'I'he 

s p e c u l a t i o n  i s  t b a i  t h e  bond ar;g l s  s t r e t c h ~ ~ ~ p ,  is typ:cnl P v r  fiame.l\.ork 

s i l i c a t e s ,  i n c l u d i n g  s i l i c n ,  D u i i n g  t h e  s t n e t c h i n g ,  p h a s e  

tiansformation may o i  may n o t  O C F M I  depend ing  cspz wbethei B qcw symmetry 

is geneiated, w h i l e  d a m s n s i r m a l  changes  always ies:ild. By the  bzmc 

t o k e n ,  B framework s i l i c a t e  w i l l  xioimally e h h r b a t  h i g h  cxg:rinsioap u n l e s s  

i t s  theimai e x p a n s i o n  i s  h i g b , y  a r i i s o t a v p  Lb:. 

S i I l G a L  CTE v a l u e  i n  tLe v i c s u a t y  o f  3 ~ x l o - ~ / * c  10, @-cL istobn!ite, 

...... 
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F i g u r e  5 .  Axial e x p a n s i o n  of  j 3 - c r i s t o b a l i t e .  

&g~;;&l~Os-SiO;n Sys tes2-  The c o m p o s i t i o n s  p~ epared  a r c  based  o n  t h e  

chemica l  f o r m u l a  MgA12,Si,02,(2+x), x > % ,  a s  l i s t e d  ifi T a b l e  5 .  F i g u r e  6 

shows t h e  2B1gO*2P,1203 .5Si02-Si02 j o i n  i n  t h e  Eg0--A1203-Si02 phase  

d i a g r a m  from which t h e  con ipos i t i ons  were  s e l e c t e d ,  Unlike t h e  

C a 0 4 I 2 O 3  - 2 S i 0 2 - S i 0 2  j o i n ,  t h e  2Mg0.2A1203.jSi02-Sj02 j o i i i  i s  n o t  a 

t r u e  b i a a i y  j o i i l .  

._ 

Phase  a n a l y s e s  and t h e r m a l  e x p a n s i o n  fiii3asuremerits a r e  a l s o  

p r e s e n t e d  i i i  T a b i e  5 .  'I'b.c r e s u l t s  a r e  s u r p r i s i n g l y  d i . f f e i - e a t  f r o m  t h e  

Ca0-6l2O3-SiO2 system s i n c e  J3-quai-t.z W R S  s t a b i l i z e d  i r ;s tCnd arid 

r e p e a t e d  DTB scas,ning d e t e c t e d  *io phase t r a n s f o r m a t i o n  i n  t h e  a~*qurlriz 

r a n g e .  The p r e s e n c e  of  anincphons phase  i s  p r o b a b l y  r e l a t e d  t o  

i n c c m p l e t e  ccndensa  t i o n  reactions d u r i n g  g e l  foi-niatibrr.  A n o t h e r  

i n t e r e s t i n g  , e s n l t  i s  t h a t  c o r d i e r i t e  W R S  n o t  o h s e r v e d  i n  ally of  t h e  

C c m I i O s i t  i o n s ,  i n c l u d i n g  t h e  zpecimen w. t h  a s t o i c h i o m e t r i c  c o r d i e r i t e  

compos i t ion  (TS---137i in t b i s  casc, ,  t h e  phase  p l - e s c m ~  was 6 - q u a r t z  and  

s p i n e l .  The s c l u b i l j  t y  of  (MgO + A 1 2 0 3 )  I n  fi--qr;a;.tz a p p e a r s  t o  be  m u c h  

h i g h e r  t h a n  t h a t  of  ( C a O  + A 1 2 0 3 )  i n  f i - c r i s t o b a l i t e .  The t h e r m a l  

e x p a n s i o n  a p p e a r s  t o  depend on t h e  c o n c e n t l a t i o n  of  (MgO + A 1 2 0 3 ) .  As 
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shown i n  bigixrc 7, t h e  csqansion o f  j3 qharta besonce  i n c r e a s i n g l y  

non-linear a s  t h e  c o n c e z t r a t i o n  of (Xba -+ .4I2*O3) dec:ra i s , c s .  l f i c  

d e c r e a s e  in ( X g O  + A 1 2 0 3 )  c o n c c a t r a i i o n  a n y  i c s ~ z l t  i n  B m n r s  f l e A i b l e  

( i e l a w e d l  s trzrc lule  and, t h e r e f o r e ,  a higher e x p a a s i o n .  On ttae o t h e r  

hand, when suffi~ieatly high  in c o n c e n t r s t i o n ,  t h c  prcbonce  of 

(MgO + A ?  0-1 m y  p l a y  an  important role in hindaF-ing t h e  bond a n  

s t i e t c h i n g .  
2 5  

i 

/ I 

F i g u r e  7.  Thermal e x p a n s i o n  U E  P - g ? i a r t ~  s t r r s c l u r e ,  

The p h a s e s  o b t a i n e d  i n  i h z  above two s y s t c n s  a f t e ;  f i r i ny .  a t  

l 0 0 O o C  a r e  conspa I ed t o  t h e i r  co r re spond  i v g  phase  3983  r a m s ,  

t h e  p h a s e  d i a g r s m s ,  tile formalion t enpzra tn :e  o f  c i i s  t o b a l i t e  should 

be  above 136OoC ( F i g u i - e  4 1 ,  and t h e  t e m p e r a t u r e  t o  form j3-quartz aap 

b a  we11 b e l 0 3  1000°C ( F i p u r c  6 ) .  Erccpt f o x  a n o r t h i t e ,  nose of t h c  

obse rved  phases a e r e r c  ::ith t h e  p r e d i c t e d  r e s u l t s .  Farthcrnoie ,  t o  

t e s t  t h e  s o l  *pel r e s u l t s ,  some of t h e  c o n p o s i t i o a s  q r e  s e p a r a t e l y  

p r a p a r e d  u s i n g  o x i d e s  and c a r b o n a t e s  a s  s t a r t i u g  a a t e r i a l s  and 

f o l l o w i a g  t h e  same h e a t  t r e a t i n e a t .  N e i t h e r  P - c r i s t o b a l i t e  nor p - q u s r t ~  

:vas o b s e r v e d .  To e x p l a i n  thls d i s c r e p a n c y ,  ths c o n c a 2 t  of  t o p o t a x y  m ~ y  

bs applied, t h 3 i  i s ,  t h e  product  phase  of a s o l i d  s t e t ?  r e a c t i o n  

Ac.ccording to 



Summary 

Experimental xesnl t s  show t k a t  b o t h  C-cr i s  Loba l i t e  and p-qciartz 

can be chemical ly  stabilized using  s o l - g e l  techll igues.  -cI;istobd).li t o  

can be s ; t a h i l i z e d  by t he  G10-A1~0~-S i  

C u O : A l . 2 0 3 ~  ana P-quartz i s  s t a b i l i z e d  by s i h s t i t u t i n g  M g  f o r  Ca. 

high s t r u c t u r e  phases may occur as a xcsult o f  topotace ic  r e a c t i o n s ,  

and the  pel s t m c t u r e  dzberrn~nes which phase i s  f a v o x e d .  The thermal 

expansion o f  both  s t r u c t u r e s  p ~ ~ c e : s d s  ~ i a  bond ang le  s t r e t c h i n g ,  and i s  

i s  independent o f  the prescace  of phase t i a a s f a ~ . m a i i o n ,  
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P r c l i m i a a r y  l e s u l t s  i n d i c a t e  t h e  c r y s t a l l i z a t i o n  t i m ,  i s  on t h c  o r d e r  

of  a few Boais. For t h e  saronix p r o c e s s ,  i f  p a i t i a l  h y d r o l y s i s  o f  t h e  

TEOS is allowed t o  taktt p l a c e  f o r  twenty  m i n u t e s ,  s r y s t a l l i z a t i o n  takes 

p l a c e  a t  i Q O O ° C  in abou t  24 hours. Posh m u l l i t e s  a r e  formed F ~ o m  t h e  

c r y s t a l  l i 7 a t i o n  of an  amorphous ox ide  ( s t o i c h i o m t i i c  mallite 

compos i t ion )  Er9rmed by- c s ! c i n i a p  t h e  A I  SI  (On) , ,  gek 

at 6 5 O o C  f o r  one houz. 

which i t s e l f  W R S  6 2  

The above two p r o c e s s e s ,  a long  w i t h  t h e  s t a n d a r d  s o l i d  s t a t e  

mul l i te  f o r m a t i o n  from s imple  o x i d e s  a t  155OoC, will be used  i n  an 

a t t e m p t  t o  introduce oxygern v a c a n c i e s  i n t o  t h e  mullite l a t t i c e .  Each 

of t h e  above p r o c e s s e s  x j l l  be carmicd o u t  unde r  a n  oxygen d o f i c i e n t  

a tmosphere formed by a s i n g  a C 0 2  CO m i a t n r c .  I'he o x y g e ~  p a i t i a l  

p r e s s u r e  w i l l  t hen  be s g s t c m s t i c a l l y  van ied  along wiih ills time and 

t cz ipe ra tn rc  of  sample exposure .  l h e  r c s i i l t i n g  ma , t c r i a l  w i l l  bc  t e s t e d  

f o r  a p o s s i b l e  i n c r e a s e  i n  oxygejk v a c a n c i e s .  The e f f e c t  of  t h e  

v a c a n c i e s  on t h e  thermal  expans ion  p i o p e i r i c s  w i l l  t hen  be e v a l u a t e d .  

Zircon-Based System 

Ws: have previnars ly  reportcd 0x1 t he  synthesis of s e v e r a l  mod i f i ed  

NaZr2(F04)g-type (NZP) s t  nactures  ( i  . e ,  W $ Z P ~ ( P O ~ ) ~ ,  CsZt24PU4),, s o l i d  

s o l u t i o n  of (Bb -Cs)  z i iconi i im phosphnke, and i 'ao.5Wgo,5Zr4(I"Qq) Q) which 

e x h i b i t  v e r y   lo^ thermal  expans ioa  b e h a v i o r .  Fro% m n n g  t h e s e  

componmls, Kbo.5Cso~5%r2~V134)3 t v i l h  a CTL? v a l u e  -0 .3  x 10-7 /oC,  and 

Ca0.5Kgo.5%e4(?04)6 w i t h  a CTE v a l u e  of - 5  x 10- -7 /oC,  w e i e  s e l e c t e d  f o r  

more d e t a i l e d  examina t ion .  T h i s  s t u d y  included c h a r a c t e r i z a t i o n  of 1 

compos i t ions  i n  te lms  expans ion  a n i s o t r o p y ,  t h e r a a l  shock. r e s i s  l a n c e ,  

and phase s t a b i l i t y .  

expe 1 iwen t a1  

Bsr specimens p i e s s e d  and f i r e d  a t  13OO0C f o r  8 h ~ ~ e ~ c  used i s  t h e  

c h a r a c t e r i z a t i o n  s t u d i e s .  (No a t t e m p t  iP'as nlade t o  OptiRliZc t h e  h e a t  

t r e a t m e n t  s c h e d u l e , )  L a t t i c e  paiarcrnzter m ~ s s n r m o ~ n t s  V ~ L C  cor idwied  a t  

t h e  Oak Ridge N a t i o n a l  Lahora tosy  t o  d e t e r m i n e  ax; a1 t he rma l  expans ion .  

High t e m p e r a t u r e  XRD was performed up to 1 4 O O 0 C  at 200°C i n t e i v a l s  

using a scintag a 9 goniometez equipped b 7 i t h  a Buehler high  ternpt2Ln.tin-n 
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a t t a c h m e n t .  ' b e  d i f f r a c t i o n  p a t t e r n s  w e r e  ob ta ined  in a 28 r a n g e  of 

18' t o  42" with a scanning r a t e  of 2"2&/min. The s i x  major  peaks  

s e l e c t e d  t o  c a l c u l a t e  t h e  l a t t i c e  par.ameters i nc luded  (1101, (1131, 

(0241, (1161, (214)  and (308). 

The c r i t i c a l  maximum t e m p e r a t u r e  w a t e r  quench t e s t  and r e p e a t e d  

w a t e r  quench t e s t s 7  were conducted  to c h a r a c t e r i z e  the rma l  shock  

r e s i s t a n c e .  DTA was used t o  d e t e r m i n e  phase  s t a b i l i t y  up t o  1500°C, 

using a h e a t i n g  r a t e  of 20°C/min. Long-term s t a b i l i t y  was e v a l u a t e d  by  

exposure  a t  1400°C f o r  96 ir, fo l lowed  b y  c o o l i n g  t o  I O O ~  t e m p e r a t u r e  

Results and D i s c u s s i o n  

A x i a l  t he rma l  expans ion  values f o r  compounds C30,5Mg0,5%~4(P04)6 

.5C~0,5Zr2(P04)3 a r e  t a b u l a t e d  i n  Tab le  6 and shown i n  Figures 8 

and 9. Rb0s5CsOs5Zr2(P04)3  showed a x i a l  expansion of -11 x 1 0 - 7 / 0 C  

for tbe  a-axis and 21 x .10'-7/oC € o r  the  c - - a x i s .  These two a x i a l  CTE 

values prov ided  a c a l c u l a t e d  ave rage  l i n e a r  C'H'E v a l u e  o f  -0.3 x 1 0 - 4 / 0 C  

[based  010. aJ, = [ ( 2 a ,  + a,)/3], which c o r r e l a t e s  w e l l  w i t h  the measured 

l i n e a r  a g g r e g a t e  CTE value  ( - ~ . 3  x I O - ~ / O C )  

Table 6 - Axial expansion resi.11 ts . 

Cag.S&fg0.SZr4(POq) e x h i b i t e d  a d i s c o n t i n u i t y  in expans ion  

b e h a v i o r  a t  abou t  6oo"C, where tbe CTE changed from -39 x 1 Q - 7 / o C  t o  

-14 x 1 8 - 7 / o C  f o r  t h e  a -ax i s  and from 66 x 10-T/oC t o  47 x S.0-7/oC f o r  

t h e  c - a x i s .  L i n e a r  a g g r e g a t e  expans ion  v a l u e s  o f  -4 x 90-7/oC and 

6 x 119-7/oC f o r  the r ange  of 2 5  t o  600°C and 6 0 8 O C  t o  140QoC, 

r e s p e c t i v e l y ,  were c a l c u l a t e d  from the a x i a l  CTE v a l u e s .  These v a l u e s  
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were c a l c u l a t e d  from t h e  a x i a l  CTE v a l u e s .  These v a l u e s  a g r e e  w i t h  t h e  

measured l i n e a r  CTE v a l u e s  whic;h changed from n e g a t i v e  to p o s i t i v e ,  
1 

around 700°C, as  p r e v i o u s l y  r e p o r t e a .  

Thesmnl shock  r e s i s t a n c e  was c h a r a c t e r i z e d  by  t h e  watcr  qnench 

method t u  d e t e r m i n e  t h e  maxianmi quench t e m p e r a t u r e  d i f f e r e n c e  (ATmax) 

and t b e  number of  r e p e a t e d  quench c y c l e s  nceded t o  f o r m  c r a c k s .  Results 

a r e  szlmniarized i n  Tab le  7 .  One sample of each  compos i t ion  was quenched 

i n t o  i c e  w a t e r  from s u c c e s s i v e l y  h i g h e r  t e m p e r a t u r e s  tanti1 SUrfaGe 

cracks  were d e t e c t e d  by v i s u a l  o b s e r v a t i o n ,  For t h e  compound 

CaO, 5Mgo. 5%rg(P04) 6 ,  AT,,, L l415"C. The compound Kbo , 5 C s o ,  5Zr2(P04) 3 

r e s i s t e d  f x a c t u r e  up t o  1625%. 

Table 7 .  C h a r a c t e r i z a t i o n  of  thermal. shock  r e s i s t a n c e  
f o r  Ca ~ M g  , Z r { PO4 1 and Rb ~ C s , %r2 ( PO4 1 . 

Compound ATmaH ( OC) w i t h  AT = 1200°C 

._. _ -  . I ___I^_-I - - _.-------I - - - -- 
Allowable  Repeated Quench 

TI- - - - - - - - - -  - -. - - - I - --- -I- -- -__ - _I - . - - - - - _- - - I-________ I - - - - -I 
N o  c r a c k i n g  w i t s  observed  up t o  t h e  maximum v a l u e  of 1625  C used i n  t h e  
c u r r e n t  expe r imen t s  

bNo c r a c k i n g  was observed  a f t e r  20  quench  c y c l e s .  

Repca ted  w a t e r  quenching f r o m  1225'C t o  R.T. was done for b o t h  

compounds. Specimens were  h e l d  a t  S22S°C f o r  30 minu tes  and t h e n  

qlaencbed i n t o  i c e  w a t e r .  C a 0 . 5 ~ ~ g 0 . S Z f q ( Y 0 4 ) 6  was c racked  a f t e r  6 

quencb c y c l e s .  5Cso g%r2(P434)3 a f t e r  20 

quench c y c l e s .  

No  c r a c k s  were observed  i n  Rb 

DTA r e v e a l e d  no t r a n s f o r m a t i o n  ox r e a c t i o n  t o  l5QQ'C fo r  e i t h e r  

compos i t ion .  In long-term s t a b i l i t y  s t u d i e s ,  no changes  w e r e  d e t e c t e d  

i n  ~ a O " s ~ ~ ~ 0 . s ~ r 4 ( ~ ~ ~ ) 6  a f t e r  h o l d i n g  a t  1400°C f o r  9Gh; however, X 

phase i d e n t i f i c a t i o n  r e s u l t s  i n d i c a t e d  t h e  p r e s e n c e  of Zr02, Rb20. and 

C s 2 0  i n  compound Rb0.5Cs0.S%r2(P04)3 f o l l o w i n g  thema1  e x p o s w e .  " J i s  

instability i s  l i k c l y  due t o  t h e  decompos i t ion  of P205. 

A t  this Lime,  i t  i s  a p p a r e n t  t h a t  ~ a * ~ ~ ~ ~ o . ~ ~ ~ ~ ( ~ ~ ~ ~ ~  shows nwch 
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promise z s  e. thermal shock r e s i s t a n t  ceramal; c o m p o s i t i o n  which i s  

cheii;;cally s t a b l e  t o  t emperatures  w e 1 1  above 12@0°@. J L  s h o u l d  bc: 

n o t e d ?  hovese r ,  t h a t  n o  o p t i m i z a t i o n  s t u d i e s  have  been  c o n d u c t e d .  

E f f o r t s  t o  o p t i m i z e  s t r e n g t h  and poiosity a l e  p r e s e n t l y  ilnderway. 

1 .  J. 5 .  brown, J r . ,  R .  E .  Swanson, and F.  A .  Hummel, ''Low 
Pxpans ion  Ceramics  f o r  Diesel Fng ine  A p p l  i c n t  ions ,If Seml -Ani2ual 
Progress Hcport f o r  t h e  P e r i o d  October I ,  7987 iflarch 3 1 ,  1988, VPI 
& SU, Dept .  ? l a t e r i a l s  Fngfnp+rjng, A p r i l  1 0 ,  1988. 

3 .  E. M. L e v i n ,  C .  R .  Robbins ,  and H .  F .  McMurdie, "Phase 
Diagram f o r  C e r a m i s t , "  Thn Arnrrlcan C e r a m i c  Society, Columbos, Ohio  
(196L). 

3.  J .  R. Gurtter and H-R Oswald, " A L L e ~ i ~ 1 p t ~  Lo a S y s t e m a t i r  
C l a s s i f i c a t i o n  of 'Lopotac t i c  Rear t i o n s  B u l l .  Tnsf  . Ch~ni. Res., Kyoto 
U n i v . ,  53 [2] 249~55 (1975). 

4 .  E .  G o r l i c h ,  K .  B l a s z c z a k ,  and G .  S i eminska ,  " I n f r a - r e d  Si;idic.s 
o f  V i t r e o u s  S i l i c a  at r levated Ternperartire," J. Mat. Scl., 9 ,  1926-32 
(197(~). 

5 .  J .  R. Bates, "Karnan S p c r t r n  o f  u and ? C r i s t o b a l i t e , "  J. C h e m .  

P h y s . ,  57 191, (t042-(1/ ( 1 9 7 2 ) .  

6. A .  H. N a r t e n ,  " D i f f r a c t i o n  P a t t e r n  arid S t r u t  cu i  c of  o 
N o n c r y s t a l l i n e  KeF and Si0 a t  25 C , "  J. C h s m .  Y h y s . ,  56 [i], 1905-9 
(1  972) a 

2 7 

7 .  D. L e w i s ,  111, "Thermal Shock and Thermal  Shock F a t i g u e  
T e s t i n g  of  Ceramics  w i t h  the Water Quench Test ," F r a c t u r e  Mechanics 
of Ceramics, Vol.  6 e d i t e d  by R .  C .  R raJ t ,  A .  C. Evans: D. P .  I i .  
Hasselinaii and F. F .  Laiige, I'leiluin P r e s s ,  N e w  York,  1983. 



149 

S t a t u s  OT Mirestones 

S t a t u s  of milestones i s  presented  i n  Table 8 aad F i g u r e  IO. In 
support of t h i s  program, a Pcrkin  Elmer S e r i e s  7 T h s m a l  . b a l y s i s  
Systt:m was  purchased using $52,OO from tbe  S t a t e  Equipment Fund. This 
system includes DSC and DTA c a p a b i l i t i e s .  

None t h i s  p e r i o d ,  
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Tab le  8 .  Key i o  m a j o r  milestones 

VPI 1.1 

VTh 1.2 

VPI 2 L 

VPI 3 . 1  

VPI 3 .2  

WH d e l  

VPI 4 . 2  

VPI 4.3 

VPI 4 . 4  

VPI 5.1 

VYI 5.2 

vv: 5 , 3  

wx 5 . 4  

W I  6 . 0  

P r o c e s s  s e l e c t i o n  f o r  phosphate-  znd s i l i ca t e -bz i sed  systerrs 
(Oc t .  3 1 ,  1986)  

ConyPete literature rcvic-r  (Oc t .  31,  1986)  

Corrrpl e t e upg rada of c herac i c r i  za t i  on f nc i 1 i t y  
( D e s . ,  31.. 1386) 

Complete -sipglad, of s p c c i o ~ e a  f a b r i c a t i o n ,  processing 
f a c i l i t i e s  (Junie 30 ,  19573 

Ccii;lpleta i n i t i a l  scraenjng of p h o s p h a t e - b a s e d  systems 
(Dec .  31 ,  1987; 

Complete i n i t i a l  screaning o f  s i l i c e i c - b e s s d  systems 
(Dee, 3 1 .  1987) 

Complete i n i t i a l  s c r e ~ n i n g  of  z i rcon-bassd  s y s  i s m  
(Dee. 31 ,  19871 

Complcte i a i t i a l  s c r e e n i n g  of mnl l i t e -based  s y s t e m s  
(Dec ,  3 1 ,  1987)  

Complete second-s tage  propezty aad c h a T a c t a r i z a t i o n  
e v a l u a t i o n  o f  p h o s p h a t e . b a s e d  s y s t e m  (Scpt. 30, 1988) 

Complets second-s t a g e  property and c h a r a c t e r i z a t i o n  
e v a l u a t i o n  o f  mul l i t e - -based  sy r i c s , :  ( N o v .  30,  1985) 

Complete second s t a g e  p r o p e r t y  and r h a r a r i c r i z a t i o n  
evaluation o f  z i rcon-2ased  s y s t e m s  (Dec. 31 ,  1883) 

Complete s c a l e -  up  spp,cinwc f a b r i c a t j  o n  o f  n o s t  profficiaing 
low-expansion ce ramics  (Fcb. 28, 1989)  



N
 

In
 

1 n 





153 

AL AND WEAR COATINGS 

1 . 3 . 1  ZrO, Base C o a t l  

Objecti  w-~-d.~QJ3g 

engines has been identifled a s  a major source o f  ceram-a'c component failure 
i n  experimental engine tests. Therefore, the o b j e c t i v e  o f  t h i s  program .Is 
t o  reduce o r  eliminate the contact s t ress  damage a t  t hese  i n t e r f a c e s .  
Contact sti-esses w i l l  be reduced by chemically vapor d e p o s i t i n g  a coating 
t h a t  c o n s 4 ' s t s  o f  A1,0, and a s o l i d  lubricant t o  m i n i m i z e  the  c o e f f i c i e n t  
o f  s l i d i n g  friction. T h j s  work supports a larger contract w i t h  GYE where 
chemically vapor depusi&ed zireonia-toughened a lumina coatings are being 
developed t o  reduce ccsrtact st ess  damage to sflicon carb ide  and silicon 
n j t r i d e  components, 
produced a t  OR L tribologjcal t e s t i n g  w i l l  i d e n t i f y  the opt-imum esmposi- 

friction. 

Contact stress damage at ceramfc-ceramic interfaces f n  gas turblne 

After sat s fac to ry  A1,0,-lubricant caatr 'ngx have been 

t i o n  and CQnCentsation O f  l u b r  C a n t  t o  I l l i n i I I l ~ Z e  the CoE?f f iC i t?nh  O f  

Equipment modlficatians made this perjod significantly s'mpr~ved the 
quality ai' the  AP,O, c o c ~ t i n g s  being deposited. ~ ~ m ~ ~ e ~ ~ ~ u ~  nucleation of: 
A l z Q J  in t he  gas phase was wduced by replacing a l l  metallic components 
w i t h a ^ n  the coating system with fused s i l i c a  components. 
fused s?lica, chlorides o f  I r o n ,  nickel, and chromium tha 
aggravate t h e  homogeneous nucleation problem were avoided. Changes to the 
chlorination and piping design also increased the efficiency o f  t h e  A I C I J  

amounts o f  A l @ 1 3 ,  @02, and W , .  High oxygen supersaturations were used to 
enhance the  formation o f  very fine-grained deposites. The b e s t  c o a t i n g s  
w f t h  the least gas phase n ~ ~ l e a t i ~ n  were deposited a t  low H,:C(P, r a t i o s .  

carbide and s i l icors  nitride are quite susceDtible t o  corrosion, par t icu-  
l a r l y  from sodium, Other research has indicated t h a t  the inclusion o f  a 
'lubricant phase such as MOO, COO, or MoS, c u l d  aggravate the corrosion 
problem. Since lfttle progress has been ma e toward i d e n t i f y i n g  a s o l i d  
l u b r i c a n t  t o  codeposit with alpha alumina, w i l l  be redirected 
to develop a o a t i n g  for corrosion protection o f  s l l l ' con  carbide and 
s i l i c o n  n7:tri  e .  The coating system to be described in  detail next period 

a s  beta-a1 umi na erefare, t h e  effort expended tu date in development o f  
alumina coating capability can be utilized i n  the redirected program. 

s e t  o f  coatr 'ngs was produced this period asslng varying 

Recent r e s e a ~ " c h  at ~ A ~ ~ - L ~ ~ ~ s  Research Center has snown that s i l i c o n  

w i  11 i n c l  tsde o f  t he  refractory compound Na,O.llAI,O,, referred tu 

Status . . . .. o f  .__ __ milestones 

The m i  1 estone due September 30, 1986, "Iddenti f y  promi s i n g  A1 20,- 
lubricant systems for optimization," was delayed because o f  t h e  difficulty 
depositing h igh  q u a l i t y  coatings. 
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The objective of this program is to develop oxidalioii-rzsistant, tiigh-tough- 
ness, adherent coatings for silicon-based ceramic substrates, namely, rcaction- 
bonded Si3N4, sintered S ic ;  and HIPe3 Si3iU4 for use i n  an advanced gas turbine en- 
gine. The program wil l  uti l ize a singular coating technique, chemical vapor 
deposition (CVD), to develop appropriate coating configurations to accommodate as 
many of the mechanical, thermal and chei-rrical requirements demanded of the appli- 
cation as possible. 

Protective Layer Coatirq Process Devclspment 

Task 1.3, Protective Layer Deposition Stiidies, was cornpleted. A CVD process 
for growing the A12034 ZrO;! composite layer was developed. Dense, adherent coat- 
ings were grown on the AlN/AI,O N, intermediate layer on  all three substrates nuer 
a range of pressures and tcrnpcrati ires. These ranges, 50 - 100 torr and 950°C - 
1050"C, were also used for the intermediate layer deposition. Although composite 
layers of 2-3 v m  thicknzss can be reproducibly grown, precise control of the compo- 
sition has not yet been addressed due to lack of manpower for characterization of 
the layer. To adds-ess this concern, arrangements were made with Case Western 
Reserve Uii iversity arid the [Jniversity of California at Ssnta Barbara to pe!i~form elec- 
tron microscopy work. Samples were sent to each for analysis. No results have 
been received yet. 

Statement of Work 

The Statement of Work for Phase I of the contrdct was riiodified and approved 
by O R N L  The following changes were implemented: 

1. Thernial shock, oxidation, and contact stress testing wil l  be done  at 1200OC 
in addition to 1000°C: and 1375°C. 

2. Contact stress tests wil l  be pcrforimed by Garrett in conjunction vvith GTEL. 
I hese tests wil l use specially designed MOR bars and pins, both of which 
must be fabricated and coated. 

- 

3. The nuinber of samples tested at each temperature wil l be  reduced to ac- 
commodate the addition of 1200°C: to the test matrices and extensivc oxida- 
t ion and thermal shock studies. 

The milestones for the tei i idi i ider of ?hase I of the colitract were modified aLcord- 
ingly. Arrangements were also mdde with Garrett to perform the contact Stress 
testy. 
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1208°C 

The oxidation studies at 1200°C have a lso bcen cornplet:?tl out to 500 hours. 
The coated I-ISN alii; SSC samples gained approxiniatcly .70 rriglcin2 after 25 hours 
and are unchanged theieaflur out to 500 hours. I he uncoated HSN and SSC gdincd 
no weight. These results are shown in Figure 2. 1-lie coatings on HSN showed 
soroe cracking arid spallirig after 25 hours, which becarne more exterisivc aftcr 50 
iiout-s. Blistering was also observed after 350 hours. For RBSN, cracking of the 
coating was observed in the 56-100 hour range. Fur SSC, more cracking of the coat- 
ing was otiserved after 50 hours, leadirig to extensive cracking arid some blister for- 
mation after 250 hours. 

The uncoated K O S N  gained an average of 3.6 mg/cni*. which is appr-oxirnately 
1/3 of the weight gained after the same t ime period at 1000°C. For the coatings on 
RUSN, there is a small amount of crackii ig arid some blister formation after 50 
hours. Spall ing arid blistering were defected after 250 hours. The coated RDSN 
samples heated for 25 aiid 50 hours. respectively. are being examined in cross sec- 
tion by SEM-EDS to determine the extcrit of chemical arid diffusional effects. 

- 

1375°C 

Oxidation experirricnts at 1375°C produced severe c h a n g ~ s  in the coating on 
all thr-ee substrates. Additionally, sarnples with only the coinposit- coating and only 
the AIN coating were also investigated. In a11 cases there was cracking and soii le- 
t inies blistering of the coating configuration. After 25 hours the coating on H S N  
showed extensive blistering and spall ing and 3 trarisformaiion into a glassy type 
structure that was r ich in S i  arid AI, as determined by EDS. Additiorially, i n  one 
case, the coating spal lcd off the HSN and was found h y  x-ray diffraction to be 
cl-Al203 with a large fraction of a rnullite phasc. The coated RRSN substrate also 
showed extensive spall ing and sonic blistcring, but to a lesser degree than the HSN 
and did not show the sai i ie glass formation. It also sl iuwed a Si-r ich surface. T h e  
coated SSC substrates were hea!ed for an  addii iorial 50 arid 100 h o b r s  at 1375°C. 
There was a smal l  adciitional incrcase in weight after 50 hours with somewhat 
greater frequency of surface deformation accompanied b y  SOIT I~  cracking. ,4fter 100 
hours there was extensive cracking and blistering. 

By way of comparison, studies were also conducted using CVD a-Si3N.4 as thn 
subsirate with the full coating configuration and with only the AIN intermediate 
layo:. This tilaterial does not contain the glass phase present in the HSN and the 
SSN samples. Alt l iouyh a small  amount of cracking of the coating was observed for 
tlie full coating configuration. none was detected for the AIN coating alone. Furlher- 
rnorc, no spall ing or blistering was detectcd after heating for 2 hours at 1375°C. 

Studies were also conducted or1 coated sllbstrates that had been heated in an  
Nz atmosphere (30 psi) for 2 hours at 1375" prior to heating in air. The heating in N2 
produced no apparent ctlange in the appearance of the surface; however, after the 
oxidation step the results were similar to those obtained earlier: severe blistering 
arid spdl l ing  for- t i le coating on the HSN substrate, blistering and spalling for the 
RBSN substrate, and a small amount of surface deformation for the SSC substrate. 
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Thermal Shock. 

T’lie Lhird and fourth milestones, d u e  in June arid AUCJLJS~ 1988, were completed 
on tirne. ‘The fifth milestone d u e  in September, 1988 is delayed due to insufficient 
t ime ifnr coating the M O R  bars .  

On 4/20-21/88, V.K. Sarin and J.T. Smith trave!r-?cl to Oak R i i l g r  National L..atm- 
ratory to present t h e  status of the p r ~ j e c t  and l o  dlsc;i.iss modification of t h e  State- 
ment of Work. 

O n  5/11-13/88, V.K. S a r i n  traveled to Garrett Tui-bine Engine Company to dis- 
cuss contact stress test ing of MOR b a r s .  

On 7/12/88; V.K. Sariri traveled to A.G. Associates, Sunnyvale, CA to make ar- 
rcangernents for them lo perform the iherrnal s h o c k  t es ts .  

On 7/13/88, V.K. Sarin visited Prof. M. R r ~ h l e  at t h e  University of California 
Santa Barbara to discuss eler: iroi~ microscopy of tlie interfaces and ihe conipasite 
layer. 

Ch ip  to eqiiipmcnt liniitalions, the required n u m b e r  of samples for tesliriy C O I J I ~  
riot bc: coated iri tirnr? to r1lt.t.i the fiflh rnilestorir-!. Delays in getting pins made far 
contact stress testing also occurred and will result in  faillure to complete the sixth 
i-n i I e st o 1-1 e o r I  t;c h e d  u I e. 

P II b B i ca t i Q n s 
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3 Q Q  4 0 6  5 8 0 6C.B 1 0 0  

Figure 1: Change i n  (Sample Wcfghi/Unit Area)  as  a Function 
O f  T i K c  O f  Coated a n d  Uncoated RBSN d ~ , - i n q  
Oxidation i r l  S t d i  i c  Air at 1000°C 
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, I 

F i g u r e  2 :  Weight 
d u r i n g  
t.0 500 

Gain o f  Coated and Uncoated Substrates 
O x i d a t i o n  i n  S t a t i c  Air a t  1200°C up 
Haurs f o r  a )  HSN, b )  RBSN, and c )  SSC 



The g o a l  of t h i s  tech1i.i cal. picogram j ~ s  t o  dnve,! op w e a r - - r e s i s t a n t .  
c o a t i n g s  t o r  p i s t o n  r i n g  arid c y l i n d e r  l i ne r  components f o r  low h e a t -  
loss d i e s e l  engiiles.  

Wear i-esist:ant. coa l  i .rigs w i l l  be  app1.i.ed to m e t a l l i c  subs l i r a t e s  
u t i l i z i n g  pl.asrit,i s p r a y i n g ,  V Z ~ G ~  d e p o s i t i o n  (CVD-PVD) and enameling 
c o a t i n g  p r o c e s s e s .  P i - -   at t h e  adherence  o f  each  c o a t i n g  f o r  each  
c o a t i n g  process t o  t h e  rnet-all i c  s u b s t r a t e s  w i l l .  be optiini.zed. Msthods 
which can be u t i l i z e d  f o r  i~mproving t h e  adherence  of these c o a t i n g s  
i n c l u d e  development of un iq iw  s u b s t r a t e  preparaLion methods be fo re  
app l i ca t i i on  of t h e  coai:itig, g r a d i n g  c o a t  1115 composi t ions  t o  illai:ch 

i-hermal expans ion ,  composi i i o n a l  cliangc:.; laser or e lec t z -u t ' i  beam 
f u s i n g  and /o r  opt.i.nrizing c o a t i n g  t t t i  c h e s s .  
each  c o a t i n g  system is op t imized ,  each  coating w i l l  be  screened f o r  
wear arid f r i c t i o n  a t  3SOoC under  l u b r i c a t e d  c o n d i t i o n s .  
which show promise afker t h i s  i n i t i a l  s c r e e n i n g  vi11 be  fij-c,thc?r 
op t imized  by adjustxienLs t o  chemi.st~-r-y and hasd  particle cont.ent t o  
m e e t  t h e  wear and f r i c t i o n  r equ i r emen t s .  Then t h e  op t imized  c o a t i n g  
sys tems wil.1 be  f u l l y  cha rac t - e r i zed  f o r  o x i d a t i o n  r e s i s t a n c e ,  
adhei-ence, u n i f o r m i t y ,  thermal shock resistance, w e a ~  and f r i c t i o n .  

Select ion of t h e  lllosi: promis ing  c o a t i n g s  and c o a t i n g  proc:?ssei; 
will. be made a f t e r  coinpIehion of t h e  c h a r a c t e r i z a t i o n  t a s k .  Criteria 
f o r  s e l e c t i o n  w i l l  i n c l u d e  n o t  on ly  porformance ( i . e .  wear,  adhes ion ,  
f r i c t - i o n  coeff icierit:, t he rma l  shock r e s i s t a n c e  add the rma l  s t a b i l i t y )  
b u t  m a n i i f a c t u r a h i I i t y / c o s t  f a c t o r s ,  as w e l l .  Uti1.izing bo th  c r i t e r i a  
a c o a t i n g  system having  accepiah1.e c o s t / b e n e f  1 t r e l a t i o n s h i p s  wil.7. be 
select-ec! e 

Cilee t h e  adherence  of 

Coat3.fngs 

Tec hn i c a 1 P K ~g res s ____.._...lll .... ~ .-.- 

Plasma Spray ing  

The the rma l  expans  ion c o e f f i c i e n t s  f o r  the fo l lowing  plasma 
sp rayed  c o a t i n g s  were dei iiiiiied: Pfetco 750 (CaF?.), Metco 70C 
( C r 3 C 2 ) ,  Metco 03NS (Mo), Metco 3.50 (Mo-Fe-C), Metco 136CP ( C r l O 3 ) ,  
Metco 66F-NS (High Co, Mo, C r ) ,  Hohman PS212, Metco 461 (bond c o a t ) ,  
h d r y  961 (bond c o a t ) ,  Metco 143 (Zr02-Ti02-YZ03), Metco 19E (Ni ,  C r )  
and Z i r c o a  Zr02. 
s p r a y i n g  trhe var ious  coat.irrgs on a s a l t  coat-ed rod and t h e n  removing 
t h e  c o a t i n g  from t h e  r o d .  Thus, t h e  thermal. e x p a x i o n  coef f ic inr i i l s  
were de termined  on cyl.i.nde~-s of each  pI.as~xia sp rayed  coatiing - 

The the rma l  expans ion  d a t a  i n c l u d e d  i n  Tab le  I i l ~ l . u s t r a t c ~ s  tihat 
the  Soi lowing  plasma s p r a y  c o a t i n g s  can be a p p l i e d  t o  either. the g r a y  
c a s t  i r o n  o r  19-13 t o o l  steel  s;ubst:rai:es wi thou t  c r e a t i n g  a s i g n i f i c a n t  
mismatch i n  thermal. expans ion .  

A 1 1  the the rma i  expans ion  s p c i . m c n s  YE?TE sbta/ined by 



Metco 19E (Ni, C r  Powder) 

Hohman PS212 
Eetco 7505' (hi.& MQ, Ni, C r  powder) 
k t c o  3508 (h igh  carbon i ron ,  140 powder) 

Mete0 66F-NS (High co, Mo, Cr powder) 

Pl.a.sma coat-i.ngs such as Metco 1 4 3 9  Zircoa  and Metco 706 have 
si gnificarrt i ly lower coeff ieients of thermal expansion t h a n  tihe 11-13 o r  
gray  i r o n  s u b s t r a t e s .  
I-Ietco h.61 (honti c o a t )  i n  order to match the  thixnial expansion of t h e  
substrate  and t h e  c o a t i n g .  

The  e f f e c t  of gm-adi ng plasma s p r a y  coat- ings 0 ~ 1  thermal  expans ion 
c o e f f i c i e n t  was determined by Cat.c..rp i l l a r  i n  contract. DEN3-332 of tihe 
DOE/NASA Heavy Duty 'Transport Technology program. I n  c a n t  tract DEN3- 
332 it was l e a r n e d  t h a t  when blending plasma sprayed c o a t i n g s ,  :i.f the 
as sprayed m i c r o s t r u c t u r e  of the c o a t i n g  is  un i-fon-m, t h e  thermal. 
expansion c o e f f i c i - e n t  of t h e  blended c o a t i n g  will fo l low t h e  r u l e  of 
mixtures. .  That is, a SO/SU, by v03.rirne, blend will have R thermal 
expansion c o e f f i c i e n t  midway between that: of each iri.di.vidua1 plasma 
sprayed c o a t i n g s ,  

Tab le  .TI i l l u s t r a t e s  t h e  e f f e c t  of grad ing  or blerading bot.11 t h e  
Netco 143 and Zirccxm c o a t i n g s  wit111 a k t c u  46l  bond c o a t .  By 
u t i l i z i n g  the follow i.ng grading  schedule  t h e  d i f f e r e n c e  i n  thermal 
expansion between t:he s u b s t r a t e  and coa t ing  can be  s i g n % f i c a n t l y  
reduced: 

These coatings w i l l  have t o  be graded w:ith the 

100% Metco 461 
75% Metao 461/25% 'Sop Coat ( e i t h e r  Metco 143 o r  Z i r c s a )  
Sc)% Metca 451/50% Top Coat 
2.5% Metco 4 6 1 / 7 5 %  Top Coat 

100% TOP Coat 

W-13 t o o l  steel specime-ns w e r e  chemical vapor d e p o s i t e d  ( C V n )  
w i t h  Cr3C2 arid a l a y e r e d  T i C I T i N  coat:ings a t  S y I v e s t o r  and Co., 
Cleveland,  O h i o .  H - 1 3  t .0~1 steel .  specimens we.se a l s o  p h y s i c a l  vapor 
d e p o s i t e d  (P'dI)) wit.h a T i N  c o a t i n g  a t  C a t e r p i l l a r .  F ina I l . y ,  1 7 - L t  PH 
s t a i n l e s s - s t e e l  spec i . m e n s  w e r e  mid-t.emperature CVD coated w.i.t-h 
T i ( C , N ) .  

w a s  inc luded  as  p a r t  o f  Lhls program because it o f f e r s  two advantages 
over the h i g h e r  tempera tuxe  CVD processes  .( F i r s t . ,  the process ing  
tempera ture  'of t h e  mid-temperature  CVD process  i s  200-25O0C 1 ower t h a n  
a normal  CVD process .  T h i s  lower processing temperature.  wi.1.1. cause  
less d i s t o r t . i o n  of the 17-4 PH s t . a in less  steel r i n g s  dur ing  c o a t i n g .  
Second, whi le  t h e  maximum t h i c k n e s s  of a C r 3 C 2  anal T-iC/Til\T CVD coating 
is  l i m i t e d  t o  s i x  and 12 microns . r e s p e c t i v e l y ,  t he  mi.d-temperature 
T i ( C , E I )  c o a t i n g  can be a p p l i e d  t o  t h i c k n e s s e s  up t.a 2.0 microns, 
ach.i.eve t h e  program goal.s of 10 000 hours  o p e r a t i o n ,  CVD c o a t i n g s  with 
thickness greater t h a n  s f x  o r  1 2  microns migh t  be r e q u i r e d ,  evem with 
very  l a w  f r i c t i o n  c o e f f i c i e n t s  and wear ra t . ios .  

The mid-temperature  CVD T i . ( C , N )  c o a t i n g  on 1 7 - 4  stainl .css-steel  

To 
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r h c  PVD, CVD a n d  mid-temp-1-aturc- CVIJ c o a t e d  1: 13 o r  1 7 - 4  PH 
a d h 3  ~ n r : ’  s p e r i  JWll ’ ;  a l l  had an  e x c e l l - n t  p h y s i c a  1 appea rance .  I n  
a d d i t i o n ,  no f l a k i n g  and/oL s p a l l i l i g  ”-is obse rved .  An o p t i c a l  
microscopy examina t ion  of thest. s p t > c  Iiwns i l l u s t i - a t o d  thd t  a1 1 tile 
c o a t i n g s  weie unifoLiiiiy app1 and t i i d i  iio chemica l  ~ i , j i ‘ t i o n s  
occur rpd  dur i i ig  t i i t ?  coai i n g  ration Nhich w c i 1 j  r l  a d v e r s e l y  a f f e c t  t h e  
adhe rence ,  chemica l  s t a b i l  i t y  of t h e  r o a l  ‘ n g  o r  t h e  mechm ical  
properties of  the B-13  o r  1 7  4 PFI s a b q t r a t e s .  Using t h e  c r o s s -  
s e c t i o n e d  o p t i c a l  photomicrographs  t h e  t h i c k n e s s e s  o f  each c o a t i  ~ i g  w a s  
deteLm3iStad i o  be: 

kiigh ‘TemperaPiirc CVD - Cr3C2 - 5 mic rons  
High Leinperature CVD T i C / T i N  - 8 mic rons  
Mid-Temperature CVD-Tj (C,,N) 1L micron  
PVD T i N  - ?-3 microns  

Ths CVD and Z W J  roai i n g s  conformed t o  t h e  surfdicie of t11e mcLal 
\~111st rat e t o  which i h e y  were appl  i -d .  AS a r ~ 1 5 1 1 1  t h e s e  specimens 
had a 5 t o  10 micron s u r f a c e  f i n i s h  a f t p r  c o a t i n g  One s i g n i f i c a n t  
advan tage  f o i  t h e  SVD/’PvU c o a ~ i i ~ g ~  i s  t h e y  w i l l  n o t  rqgiro, costly 
machinilig a f t e L  c o a t i n g  ~ C J  o b i d i n  i h e  d e s i r e d  s u r f a r z  f i n j s h .  

PVD c o a t i n g s .  However, iiie ecvrtcqt  gave  i n c o n c l u s i v e  Adhrrenccx 
r e s u l t s  bec.?use t i i t ?  d a t a  o b i d i n e d  was very  s c a t t e r e d .  t o r  tills 

,4 R e v e t e s t  ws  u t i l i 7 e A  t o  i i w ~ ~ u r s  t h e  a d h e ~ e r i c e  of t h e  SVD and 

sort, a m o d i r i d  ierisile p u l l  t es t  i s  be ing  d e s i g n e d  f o r  adhe rence  
t i r l g  o€ t h e s e  spec imens .  

Enamel Coa t ing  

- 
lu:: metiiods of l o a d i n g  an  A . I .  Andrew‘s c o b a l t  t > t l m p l  %<e were 

e v n l u a i   ti. One method consisted of p l  ds~irrl spi-ayi ng t h e  h a r d  p a r t i c l e s  
on t o p  o f  ihe enamel q f t e i  the m a r n t . 1  coaLing was a p p l i e d  t o  and f i t d  
on t h e  metal1 i c  S i i b s t r a t P .  l h c  r,rrc.iid method e v i l u a + e d  c o n s i s t  ed of 
s p r i n k l i n g  t h e  har2 p t t i c l c s  on Lop of t h e  mol t en  enanel when t i i t ’  
enamel was f i i e b  orri-o ihp meial 1 i c s u b s t r a t e .  

Z i r c o n i d  ( Z r O Z ) ,  chrome o x i d e  (Cr203) ,  a i d  rhromr r a r h i d e  ( C r 3 C p  ) 
u l l y  plasma s p r a y e d  OIP t o p  of all A . I .  Andrews’ c o b a l t  

bd.sed cnamel. 
s p r i n k l e d  on t h e  mol ten  enarix:l, prvduced v e r y  P O P O U S  h a r d  particlc 
coa i i r ig s  which .,ere nut bondrd v e r y  well to t h e  e n a n e l .  P ~ ~ P T -  
e v a l u a t i n g  t h e  in;i i a l  spe r imens  produced by t h i s  s p r i n k l i n g  metiiud, 
i t  w a s  d e c i d e d  l o  d r o p  t h i s  approach  a:d ~ 0 1 i ~ ~ i l t i d t -  on i-he plasma 
s p r a y  tr.c-ilniqiie. 

o r  Cr3C.2 on t o p  of  ail k.1. Ardrnws‘ c o b a l t  enamel weic . , C L ~ L T I P ~ ~  f o r  
w a r  and f r i c t i o n ,  l u b r  icat-cd ai- 3>fi°C, i t s ing  a Z L O ~  p i n .  P L P ~  imin,?ry 
wear d a t a  i n d i c a t e d  t h a t  i i i ~  fric’i i o r i  c o e f f i c i e n t  f o r  t h s s e  ixz?erial 
p a i r s  were: 

S i l i c o n  c a ~ b i d z  (Sic) a k L t b  s i l i c o n  n i t r i d e  (S i3N) ,  when 

Cas t  i r o n  F a l e x  speci~ncm r o i i i d i n i n g  p l a s m  s p i a y e d  Zr02, Cr203 

A .  Zr02 p i n  - plasma sp rzyed  ZrO? over ~ r \ , i r w l  - 0 .25  
B .  7r02 p i n  - plasma splayed Cr2O3 o v e r  enamel - 0 . 0 9  
C .  Zr02 p i n  - plasma s,pLaYed Cr3C2 over enamel - O . O / c  
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Materi a1 
Substral es 

I:-13 Tool Steel (1) 
Gray Cast Iron(?-) 

Plasma S p r a y  Coatings 
Metco 461 (Bond Coat) 
Andry 961 (Bond Coat) 
Mntco 143 
Metco 19E 
Metco 66F-NS 
I-Iohnan PS2 12 
Zircoa 
Metco 70C 
Metco 750F 
Metco 63NS 
Motco 350A 

Table T 

'lheimal Expinsion Coefficient (x10-60C) 
7OO0C l~O0OC 

11.5 
12.3 

12 .33  
12.58 

10.7 
9.9 
9.76 
7.95 
8.35 
10.62. 
4.27 
8.85 

7 . 5 ?  

Plasma Spray Coating 

Thermal Expansion Coefficients 

Gray Cast Iron 
M e t L . 0  h61 Bond Coat 

Metco 143 
75% Metco 143125% Metco 461 
50% Metco 143150% Metc:o 461 
25% Metco 143175% Mrtco 461 

12.2 
14.4 

13.70 
13.79 
8.46 
11.79 
11.38 
11.37 

9.48 
11.30 
4.75 
11.09 

8.09 

rheranal Expans ion 
Coefficient - 4QOoC 

10-60c 

14.4 
13.70 

8.46 
9.77 
11.08 
1 2 - 7 9  

Zircoa 8.09 
75% Zircoa/25% Metco 461 9.50 
50% Zircoa/50% MeCco 461 10.9 
25% Zircoa/75% Metco 461 11 . o  

( A l l  percentages are volumc percent) 

Table TI - E f f e c t  of Grading Plasma. S p r a y  Coatings 

Status of Milesi ories 

MS1 Manufacture L O O  adherence test s p ~ c i r n e n s  complete 
MS2 Maniifarture L'riction and wear test specimens - complete 
MS3 Identify a minirniirn of 12 adherent coating sys tems - complete 

.I______x- 
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The objective of this prmrarn is to develop advanced wc2.r resistant coatings €or 
in-cylinder components foi f;lture, low k a t  rejcctinri diesel Fngines. Coatings and 
s~ibsirates (for pistoii rings a ~ ~ d  cylinder 'liiieis) aic to be developed io meet the 
following reqiirements. 

: 1-w wcar (as measured in laboratory iig tests at anlbisnt  ten^ eratdre and 

targeted (at 350OC). 
350.C). Weal ccefficicrrts i l l  the rangc SxlC-17 to 5x10-11 inm r: /nim/N aiz 

: Low friction coefficiests when tested untie; L.st:iiddrj 1ubi icated coilcliiions 
(target 9.1) and un l l lb t  icated coditions (target 0.2) at :ainbient temperature 
and 5 S O O C .  

: Good iiiermal shock reristancc. 

: 

: IIig'ri uiiiformity and reproducibility. 

High adherence arid compatibility wit11 the substrate material5 up to 650OC:. 

U'ezr 'l'esting 

Wear testi~ig and microstl uctural c h i  acterizatioii of chioirlillnj oxide wear 
coatiiigs is in progl ess Testc werc per formed with x commercial Air Plasma Sprsy 
( A H )  chromium oxide 'aistoii iiiig' coating slidiag apiirist slurry-sprayed 
silica-cliru~lia-alui~~ifia (SCA) and g i q  cact i l  on 'cylinder lineis'. l he test 
conditions and results die summarized in table I. 

Wesn!ts Using F r a t  Lnbricant 

W e a  data is plotted in f i p i e  1, togct312: with bcct-fit C W V ~ S  foi the conventiorial 
electroplated chroiriiurn-grey cast iron (b;lseliiie) tritxlogical systefil. The !:lI>ricailt 
was a mirier a1 oil based CE/SF ISW4C eil. 

+ liner) by approximately a factor of thirec compared to the baseline. This wear 
improvcmeri: was causec! by a sigmificnn; reduction in ;he .war of the liner sample 
On thc cthcr hand the ring sample had a highen wear rate than for the conventiana! 
system. Much IC)WP_I. rinE wear rates wen e obtained wfieil testing APS chrsixiiufil 
oxide agaimt gley cast iroil, but at the expezsr 4 sigiiif~cantly higl-rcr liner wear 
(figure 1). 

The ,AI'S ehiomium oxide/SCA wear coiipls was found to reduce total  we^ (iing 



1 S I  

Rillg 
Material 

Mineral Oil: 
Fresh 



Figure P 

Figure 2 

1 w 
~ __-- .. I _ _ ~  .......... ~ .. __ _.__ ._.... ~ 

CAMERON PLlNT WEAR PEST DATA 
C E / W  1SbV46 Lubricant (Fresh) 

Wear coefficients for A PS chromiuni oxide sliding against SCA and grey 
cmt iron ifi ,.-/esh oil. Lower curve S ~ O V J S  vat idon  of V J W ~  coefficient 
with teniperniure for Cr plated ring sliding against grey irori liner (best-fit). 
Upper cume = best-fit foi iron limr diding ugnitisf Cr rkg. 

Wear coeficienis for various ceramic coatings. Solid and dashed liner; 
show besi-fit for bmelim ,\ysiem. 'Mineid' 1 CA/SF 15W40 mineral oil, 
'Synth ' = polyysl ester bawd luhffcani. C t  203 = APS chro:?zdum oxide, 
CrSC2 - APS chrortziiim carbide-Ni-Cr, T ic  = APS titaniurn carbide 
with C'aFT-Ni-Cr-Fe. SCA = Si02-Al@3-Cr203 dipped coatirig. 
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atim of Iubeicanit wear perftarmance for metallic materials is not fully 
~ ~ ~ e r ~ ~ ~ ~ ~ ~ .  ~ ~ o ~ ~ ~ r i ~ ~ t ~ n ~  factors may include: 

: 

: 

: 

: 

bui1d-iap of products derived from f u d  combustion (e.g soot, sulphuric acid) 

depletion of anti-wear additive by oxidation or other processes 

build-up of corrosive oxidation prod~cts of the Iiibricant 

build-up of dirtlwear debris (below naiiiiniiitn size removed by filtration) 

Figure 4 shows the difference in friction coefficient betwccn fresh and 
engine..tested lubricants for APS chromium oxide sliding against SCA. The used oil 
generally s h ~ ~ e c i  higher friction and less variation with time than the fresh oil. At 
one point, the fresh oil showcd a transition in friction coefficient from 0,l to 0.15 

evidence of formation of metastable surface films during the test. 
y the reverse transition after approximately 50 minutes. This may be 
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R.l ic ro s t r w  t u r al C vacterization of Coatings 

‘1 he microstructurrr; of APS chromium oxides A ail: 3 aie  c ~ m p a i e d  in figcirec 
5 - 8. Material B (higher wear) colriairis higher porosity, i1loie microcracking and a 
greater proportion of unrnelted materia; (cliiTters of fim- p i  tides) than material A. 
1 he chemical cornposition of the ‘Lno coatings is similar. comprising a few perccnt 

T i 0 2  and Si02 in addition to Cr202 ( f iprcs  5 and S). Variations in composition 
through the niiicrostr ucture arc visi61e 3 5  c:h;liiges in grey scales in the Imckscattered 
elcctron SEM inagec (figm es 5 arid 6). 

The inicrostructllre of the sluri y-sprayed silica-c~romia-:llumtl?a (SCA) coatin$ is 
shown in figure 9. 1 he coating was proddced by 12 demification cycles 
(impregnation with chromic acid followed by heating) with no sniface fmishing 
operations. 1 hc coatin? was fully dense, comprising a mixturc af S i 3 2  and A1203 
particle? (from thr osiglnal sprayed slurry) with Ci?O, formed in the densification 
cycles. I’he grain size is appruirnately 5 niicroi1s, ~i-iuck less than the coating 
thickness (20 microns). A thin layer of pure CrzO has forme:! on the wrfdce, 2nd 

coating. The composition of the coating was detemiincd by EDS analysis to be 
5570 Cr203 - 41%Sio? - 4% ,4?&J3 by weight. 

X-lay diffraction was pzdormed to compare the phase content of the present 
coating with a sample obtaincd from Kxinan Sciences Inc (!Joulder, Colorado) 
(1986 viritagc). Thc cirrrent iilaterid was found to contain more C I @ ~  and less 
A1203 tlian t h e  Kamari c o a t i q  (figlire IO). 

we1 e similar. approximately 1000 kgfmm-? (~Cioop) (table 2). 

- 

in places extends into the bulk of the cxt ing,  to f i  T 1 cracks in the original slurry 

Microhardizcss valiieGp for the AFS chroinium oxide (A and E) a ~ ~ d  SCA cnatings 



171 

. ......... 

............ 
.................... .. 

.................... ...... 
I 

I '. .i 

;-- 1. 

................. , ..___ 

I 1::: .... ~~ * _ .~____  ! '  

+-. !i ...- .............. 
..................... : .................. 



172 

-. ........ I______. ...... .-__. 

-. ..... _W___.._.._ 

Figkt e 10 X-riiji difiacfion spectrri! 
two SCA samples: 

(a) cur-rerit material 
(b) sample obtaimd from 
l~anzcrn Sciences (1 986 
vintage). 

Coating 
.......... 

Cr203 (A) 
lll-..-l- 

Piasma Spi-aycd Cr203 (B) 
.... 

__ ........ _..IC____I 

__I 

I_ 

1013 
96 1 39 
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"8-riorn surfaces were examined in the scanning electron microscope 
ure and wear belaa 

'splat? interfaces may be an important 

r may also contribute to  he wear process. 
two distinct ~ ~ c ~ o s t ~ ~ ~ ~ ~ ~ ~ r ~ s :  in some 

intact ~ ~ ~ ~ ~ t - ~ ~ ~ ~ ~ ~ ~ ~  arsas), while 
3 ~ ~ ~ ~ c r ~ ~ ~ ~ ~ ~ ~ t ~ r ~  was visible 
ating was tested in the as-coated 

sh correlations between t - ~ ~ i c r ~ s  
s with the APS chromium oxide 
the coating ~ ~ ~ ~ ~ ~ s t ~ . ~ c t ~ i r e  was 

SCA produced a relief 
le (figure 11). Shallow 

1ding of small particles from regions 

~ o n d i t i ~ r ~ ,  with PIO slldace finishing. The ~ ~ r ~ ~ t ~ r ~ ~ ~ h  area5 may thus ~~~~r~~~~~~~ 
n the original surPzce. 
surfaces frmn luhricatcd and ialnlubricated tests are ~ 4 ~ ~ n ~ a ~ ~ ~  in 

ifferexace in weat- 
between the two cases (a ough wear rates ere nlLlc1-l lewer when 
figure 1). in 130th cases, the worn siirface was highly polished, especially 

rphologies nf the two forrfis of APS 
at high ternperature without lubrication. 

particks adhering to the surfi-ace. mme size of  the s p a k d  regions was clearly greatcr 
than in the lubricated tests jccsmpare figures 14 and 15). Coating A also showed 
inter-splat ~~acture/slrla"llatioia but, in this case, the wear surface between the spalls 

the ~ ~ ~ ~ ~ s ~ t ~ ~ c ~ ~ r ~ ~  differences discussed above. It is s 
der particles were not heated i ~ i  the plasma for a sufficient annsunt of 
ce conrsplete melting. 

figures 53 and 54. For this material, t re was very little 

Coating R (higher w ve spalling and small fragmented debris 

was highly pdishcd, with no evidence of Wear grocaves gure 16). Evidently, the 
splak Eadherexace was much greater in coating A than in %nag.. be rehated 

that ia coating 

7'ask 1 Expelriinental Plan an 
Task 'E Characterization 
Task 3 Seleetitsn of Coating 
Task 4 Fabricate Cumpornerrts 
Task 5 cyorling 
Task h ualily Assuxance 

Tasks 1 (18 ~ o ~ ~ ~ i ~ ~  a ~ i d  2 (16 months) are in progress and on schedule. 

~ ~ ~ ~ - ~ ~ . ~ ~  
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1 . 4  JOINING 

?he objective o f  t-his t a s k  i s  t o  deve lop  s t r o n g  r e l i a b l e  j o i n t s  t o n -  
t a iaa ing  ceram-ic components f o r  a p p l i c a t i o n s  i n  adyanced h e a t  eng ices .  
C u r r e n t l y ,  t h i s  work  i s  f ocused  on t h e  j o i n i n g  o f  part.ia3i.y s t a b i l i z e d  
z i r c o n i a  t o  n o d u l a r  c a s t  i r o n  by b r a z i n g ,  
be r e q u i r e d  f o r  a t t a c h i n g  m o n o l i t h i c  pieces  o f  partially stabilized 
z i r c o n i a  to c a s t  i r o n  p i s t o n  caps i n  order  f o r  t h e  ceramic  t o  p r o v i d e  t h e  
I n s u l a t i o n  necessary  f o r  use i n  l o w - h e a t - r e j e c t i o n  i ese l  engines .  A 
novel method f o r  b r a z i n g  z i r c o n i a  t o  c a s t  i r o n  has a l r e a d y  been 
e s t a b l i s h e d .  The emphasis  o f  t h i s  a c t i v i t y  d u r i n g  FY 1988 was on 
i n v e s t i g a t i n g :  (1) t h e  e f f e c t s  o f  t e s t i n g  temgcra tu re  and z i r c o n i a  s u r f a c e  
f i n i s h  O R  t h e  f l exure  s t r e n g t h  o f  z i r c o n i a - t o - z i r c o n i a ,  and r i r c u n i a - t o -  
c a s t  i r o n  j o i n t s ,  (2 )  c o r r e l a t i n g  z i r c o n i a  b r a z e  j o i n t  r n i s r c s t r u c t u r e s  
w i t h  s t r e n g t h  d a t a  t o  i d e n t i f y  any f a c t o r s  t h a t  may l i m i t  j o i n t  s t r e n g t h ,  
(3 )  flexure t e s t i n g  o f  silicon n i t r i d e  b r a ~ e  j o i n t s ,  and (4 )  developing a 
method a f  c a l i b r a t i n g  t h e  i n d e n t a t i o n  f r a c t u r e  t e c h n i q u e  t o  determine t h e  
accuracy o f  r e s i d u a l  s t r e s s  measurements i n  ee ramjc - to -me ta l  j o - i n t s .  

Jofnts o f  t h i s  ar rangement  will 

Tec hn i c a l.-.wr.gre s s 

Areas i n  wh ich  t h e r e  was s i g n i f i c a n t .  technical  a c t i v i t y  a r e  o u t l i n e d  
i n  t h e  following s e c t i o n s .  

B r a z i n g  o f  z i r c o n i a  

A s e r i e s  o f  3 .5  x 4.5  x 50 rnm ZrO,-ZrO, and ZrO,-cast i r o n  braze 
j o i n t  f l e x u r e  t e s t  specimens was prepared  f o r  e v e n t u a l  exposure i n  the  
combust ion chamber o f  a small laboratory diese l  eng ine .  The TS grade o f  
Nilcra z i r c o n i a  was used f o r  t hese  j o i n t s .  S i x t e e n  ZrO,-ZrO, and 113 
ZrO,--cast i r o n  j o i n t  specimens were t e s t e d  a t  room tempera tu re  by f o u r -  
p o i n t  bend ing  t o  e s t a b l i s h  a r e f e r e n c e  p o i n t ,  and these d a t a  are shown 
plotted i n  F i g .  2 ,  The h i g h e s t  s t r e n g t h s  r e c o r d e d  were 328 MPa f o r  

,-Zr.O, andl 311 MPa For Zr02-cast i r o n .  %Re average s t rengths  and scat-- 
t e r  f o r  b o t h  t y p e s  o f  j o i n t s  were a l s o  similar, i n d l i c a t i n g  t h a t  the  
e f f e c t s  o f  res idua l  s t r e s s  i n  t h e  ZrO,-cast i r o n  j o i n t s  were perhaps o v e r -  
shadowed by o t h e r  f a c t o r s .  A comple te  analys- is  o f  t h e s e  specimens will be 
pe r fo rmed  when t h e  d iese l -eng ine -exposed  speca’mens a r e  available. 

Tncusil-15 ARA a c t i v e  b rasyng  a l l o y  (hg-24@u-laln-1.2%ii). Twen ty - fou r  
3 .5  x 4 . 5  x 50 mm f l e x u r e  b a r s  were made f rom these coupons  and t e s t e d  a t  
room tempera tu re  by f o u r - p o i n t  bend ing .  These d a t a  a r e  shown i n  F i g .  2 
a l o n g  w i t h  t h e  d a t a  f o r  t h e  TS grade ZrO,-ZrO, joints shown i n  F i g .  1 and 
d a t a  f o r  m o n o l i t h i c  MS-ZrO,. The average s t r e n g t h  o f  t h e  Incus i l  j o i n t s  
was 334 k 106 MPa, and t h e  Weibull m ~ d u l u s  was 2,46. The h i g h e s t  s t r e n g t h  

A se t  o f  ZrO,-ZrO, (MS grade)  joint coupons were made u s i n g  
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value  r ~ c o r d e 3  was 493 MPa. The f rac tured  specimens were examired i n  same 
detail atad t h e  f r ac tu re  i n i t i a t i o n  s i t p  was typically i n  t h e  z i r con ia  
w i t h i n  a b a u t  PO v m  o f  t h e  brazed s u r f a c e .  Ths region near  t h e  brazed 
i n t e r f a c e  on t h e  t e n s i l e  c u r f a c e  o f  a broken rlexure b a r  1 s  ihown i n  
F j g .  3 .  T h i s  f r a c t u r e  behavior i n d i c a t e s  t h a t  bonding to t h e  z i r c o n i a  i s  
re la t l ’ve ly  good. This region o f  t h e  zirconia, hcrwzver, i s  typlical’lly 

cna t ’ ing  o r  t i t a n i u m  I q  t h e  braze  f i l l e r  m e t a l ) ,  sugges t ing  t b a t  c 
r e a c t i o n s  between t h e  z i r c o n l a  and the b r a z i n g  mater ia l s  may be ~ ~ ~ r a ~ ~ n ~  
t h e  s t r e n g t h  o f  the  z i r c o n i a  near the brazed surface. Another  po5;sible  
e x p l a n a t i o n  i s  t h a t  res idua l  s t resses  produced by t h e r m 1  exp i sn . s i sn  v i s -  
match between t h e  f i l l e r  nle-tal and t h e  z j r c o n i a  a re  r ~ d l a c i n g  t h e  l s a d -  
carryjng c a p a c i t y  s f  the zirconia near t h e  brazed surface. No unusual 
microstructural  f e a t u r e s  o r  c o m p o s i t i o n a l  ~ a r i a t i o n s  were i d e n t i f i e d .  

ed by r e a c t i o n  w i t h  t h e  b r a z i n g  mater-?dl5 ( e i t h e r  t j t a n i u m - v a p o r  

Re sa’ dual stress mea s el reme n t 

The possibil i t y  o f  u s i n g  a11 i n d e n t a t i o n  technique f o r  estimating 
r e s idua l  s t ress  l e v e l s  j n  ceramic-to-metal j o i n t s  i s  s t i l l  b e i n g  explored .  

from i n d e n t a t i o n s  made under -9”dentical c o n d i t j o n z  ran u n s t r e s s ~ d  and 
ue i s  based an a comparison o f  f; e c r a c k  patterns r e su l t i ng  

F i g .  3 .  Scanning e l e c t ~ o n  micrograph  o f  tensile 
sur face  o f  a broken ZrO,-ZrO, a c t i v e  f i l l e r  meta l  bra,-e 
j o i n t  Flexure t e s t  bar i n  v i c i n i t y  o f  brazed z i r c o n i a  
surface - 
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s t r e s s e d  s u r f a c e s  o f  t h e  satlie m a t e r i a l .  R e s i d u a l  s t r e s s e s  i n  t h e  str-esqed 
specimen can t h e n  be e s t f i l i a t e d  u s i n g  t h e  e x p r e s s i o n .  

where K, i s  the f r a c t u r e  toughness ,  I' i s  a g e o a e t r i c a l  c o n s t a n t ,  and c o  
and c r  a r e  t he  c r a c k  lengths  i n  u n s t r e s r e d  and s t m s s e d  m a t e r i ' a l ,  
r e s p e c t i v e l y .  
f r o m  i n d e n t a t i o n  a l s o :  

- I n @  f r a c t u r e  toughness  K, sisd hardness H can be d e t e r m i n e d  

where E i s  Young 's  modulus, @ i s  a T i a t e r i a l  i n d e p e n d p n t  c o n s t a n t ,  P i s  
i n d e n t a t i o n  l o a d ,  a i s  a geometrical  c o n s t a n t  w i t h  a v ~ t l ~ i e  o f  2 fr7tg a 
V i c k e r s  inder i te t - ,  and a i s  t h e  h a l f - d i a g o n a l  o f  a h a r d n p s s  i n d e n t .  

n i t r i d e .  I t  was d e r i d e d  Lo g e n e r a t e  t h e  harclnes.5 and f r a c t u r e  toaghness 
v a l u e s  r e q u i r e d  b y  t h e  r c s i d u a l  s t w s s  e x p r e s s i o n  a s  a means o f  checki'ng 
t h e  c a l i b r a t i o n  o f  our equ ipment  and hecause  o n l y  m a n u f a c t u r e r s '  m a t e r i a l  
p r o p e r t y  d a t a  a r e  a v a i l a b l e  f o r  t h e  Si,N,4. SOiq  t h e  e s t i m a t p s  o f  H and K,, 
20 i n d e n t a t i o n s  were made (?TI an a n n e a l e d  Si,N, specimen a t  i n d e n t a t i o n  
l oads  o f  0 . 7 ,  0 5 ,  2, 5 ,  and 10 kg.  the r e s u l t s  f o r  t h e  h a r d n e s s  cfeterml'- 
n a t i o n  a r e  g i v e n  i n  T a b l e  1. Hardness  shou ld  n o t  v a r y  w i t h  l o a d ,  and t h e  
c a l i b r a t i o n  o f  o u r  e q u i p m e n t  i s  cui-rently b e i n g  checked.  A c c o r d i n g  t o  t h e  
r n a n u f a c t ~ r r e r ,  t h e  hardness o f  SN-220 i s  1 4 . 7  GFa. 

The c e r a m i c  we have been u s i n g  - in  t h i s  ws:-k  i s  K y n c c r a  SN-230 s i l i c o n  

I 

T a b l e  1. b!ardi-ress o f  Si,N, 

111 _I____................. ___._______...._____,. 

I n d e n t a t i o n  l o a d  ( k g )  Hardness (GPa) 

8 .2  
8 . 5  
2.0 
5 . 0  

1 0 . 0  

3.6 -?- 0 . 3  
7 . 1  0.6  
8.3 i 0.5  

11.5 k 0 
12.8 -t 0 

The g e n e r a l  b e h a v i o r  o f  t h e  e x p r e s s i o n  f ~ r -  o r  g i v e n  above was a l s o  
i n v e s t i g a t e d ,  and t h e  w s u l t s  a r e  shown i n  F i g .  1 where c a l c u l a t e d  
r e s i d u a l  s t ress  i s  p l o t t p c !  a g a i n s t  t h e  r a t i o  c o : c r ,  The f r a c t u r e  t o u g h -  
ness v a l u e  used f o r  t h e  c a l c u l a t i o n  was 7 M P ~ - ~ I ' / ~ ,  and t h e  c r a c k  l e n g t h  
i n  t h e  s t r e s s e d  s t a t e  was a l l o w e d  i o  i n c r e a s e  a s  a f r a c t i o n  o f  c,, starting 
a t  a v a l u e  o f  c y  
v a l u e s  were e x p e r i m e n t a l l y  de termined a1 though,  because o f  t h e  c a l i b r a t i o n  
p r o b l e m  i n  o u r  i n d e n t e r ,  t h e  l o a d s  i n d i c a t e d  i n  F i g .  4 arc n o t  a c c u r a t e .  
The d a t a  show, h o w v c r ,  t h a t  t h e  s e n h i t i v i t y  n f  t h e  i n d e n t a t i o n  t e c h n i q u e  

c,, w h i c h  i m p l i e s  a t e n s i l e  res idua l  s t r e s s .  Thfi c 0  
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F i g .  4 .  Calculated resl:dual s t r e s s  shown as a fune- 
t i o n  o f  indentat . ion ' load.  

decreases cons iderably  a t  h i g h  i n d e n t e r  l o a d s .  A t  an i n d e n t e r  l o a  
approximately 10 kg t h e  maximum res idua l  s t r e s s  va lue  t h a t  can be deter - .  
mt'ned u s i n g  Eq .  ( I )  i s  about  300 MPa, while a t  an i n d e n t e r  load of about 
13.5 kg residual st resses  a s  h igh  a s  t h e  the  f r a c t u r e  s t rength  o f  t h e  
SI,N, ( r e p o r t e d l y  500-600 MPa> can be measured 

Braz ing  o f  s i l i c o n  n i t r i d e  

The titanium-vapor-coated Si,N, was brazed t o  i t s e l f  w i t h  two conrner- 
c i a 1  brazing f i l l e r  meta ls :  BAg-8a with a ccmposition i n  wt. % n f  
71.7Ag-280u-Q03&i, and BVAu-7 G r  1 w i t h  a composition i n  w t  % o f  
5OAu-25Ni-25-Pd. The EAg-8a and BiIAu-7 Gr I alloys were I n  t h e  fo rm o f  
t h i n  f o i l ,  50 and 25 pm t h i c k ,  r e s p e c t i v e l y .  ~ble S1,N, surfaces used f o r  
b r a z i n g  were vapor coa ted  with a 1.0-pm-thick l a y e r  o f  titanium by melt ing 
a titanium source w i t h  an e lec t roo  beam i n  a v a r u m  chamber. All  brazing 
was done under a vacuum p r e s s u r e  o f  about 130 The b r a z i n g  tempera- 

h o l d i n g  time a t  each b r a z i n g  temperature  was 5 t o  10 min.  The assemblies 
made f o r  f l e x u r e  t e s t i n g  were he ld  on edge i n  a g r a p h i t e  f i x t u r e  w i t h  t h e  
brazed i n t e r f a c e  i n  the  horizontal plane .  No l o a d  was  a p p l i e d  t o  any o f  
t h e  assembl ies  d u r i n g  brazing. Braze j o i n t  assemblies were s u r f a c e  ground 
an both f aces ,  polished t o  a l - p m  f i n l s h  on one Face, and ru t  i n t o  f l e x u r e  
t e s t  bars  w i t h  dirnensl'ons o f  26 x 2.5  x 2 mm hav ing  a b razed  j o i n t  i n  the 

I 

t u re s  used were :  ( I )  Ag-Ba, 79QRC; and ( 2 )  BVAu-7 Gr 1, 1130Qi", .  The 
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- 
c c r l t c r  o f  edch b a r .  I e s t i n y  was done by f o u i - p o i n t  bendii-rg at. a l o a i l i n g  
r a t e  o f  22 .7  kg/s.  Tlic t e s t  bdrs bi-oknn 3 t  400°C WPre e q u i l i b r a t e d  a t  t h e  
tcs:, t e m p ~ r 3 t i r r ~  fat- 30 m i n  p r i o r  t o  f r a c t u r e .  

The W ~ i b u i  1 s t r e n g t h  d-i s c v i b u t i o n  o f  t h e  S i  ,N,-Si ,Nk j o i  f i t s  i i r i ~ z e d  
w i t h  t h e  p,u N i  Pd (evp,u-7 G r  1) a l l o y  and  tcsLed a t  rooil l bt?G,12Vd~Uiee i s  
s h o w  i n  F:g. 5 .  Twelve o f  t h e s e  sp i m c n s  wcre tej-tccri and ' rhejr  
a v e r a g e  s t i e i i q t h  264 + 107 F4Pa 'x.ith a Wr3h1111 modu lus  of  2 . 4 .   he 
h f g h e s t  s t i e i - i g t h  v a l  UP r e r ~ d ~ d  \&'3~ 4 J Q  #a 

a l l o y  w r e  t e s t e d  a t  room t c m p e r a t u r c  atld 400°C, and t h e s e  d a t a  at-? 5hwri 
i n  F i g .  6 .  A t  ro i lm  tempera td r -c  t h i z  a v 2 r a a e  j o i i i t  s t t -ength  5 326 k 38 MPa 
w i t h  a W e i b u l l  nodL i l vs  o f  : . i  and a i~ ia l t i i i i l lm s t i e n q i h  v a l u c  
7he a v e r a q e  s t r e n g t h  13; the  j o i n t  S ~ C ~ I T I ~ I I S  t e s t e d  a t  4 O O O C  w a s  280 ~r 
37  MPa w i t h  a h'ejbt~l1 inodulus o f  5.4 .  I h e  h i g h e s t  j o i n t  s t r e n q t h  nw.2Ewed 
a t  t h i s  t e m p e r a t u r e  V I S  334 N . 5  

Metal 1 o g r a p h i  c exami  f id  L i on p e r f o r  iried on spcc i l l t?ns  f ro in  each t e s t -  
i t i g  c o n d i t i o n  and i n d i c a t e d  k h a t  arture j r 7 P h s  traveled a l m o s t  ercclcr- 
s i v c l y  t h r o u g h  t h e  Si,N, r a t h e \ -  t h z q  i h r o u q h  t h p  f l i l e r  mcLal  o r  aloi7g on? 
o f  t h e  t i t a n i u r w  v a p o r - c m t i n y  i n t w f i L e s .  Ifi m o s t  s p r c i m e n s  t h c  f r - a c ~ u i e  
p a t h  was w i t h i n  a b o u t  50 pr11 d f  t h e  i n t s r f a c e  bet 
c o a t i n g  and t h e  S i 3 N a ,  a l t h o u y t i  t h e  f f a c i i 1 i - e  o r i g i n  and p a t h  i n  s e v e r a l  o f  
t h e  h i g h e r  st rength bai-s x i s  1 t o  2 mm f w m  t h e  h r a r d  s u r r a c e .  The exam- 
i n a t i o n  o f  t h e  b r o k e 3  f l e x u r ?  t f i s t  b a r s  c o n f i r m e d  t h a t  a d h e s i o n  o f  t h e  

Sprc i rnsns o f  t h ~  Si,N,-Si,N, j o i n t s  braLed w i t h  t h c  h g - C u  ( B A g - t h )  

- 

en t h ~  t i l a p i u r n  v a p o r  

A 

F i g .  5 .  ' d ' e i b ~ ~ l l  p l o t  f o v  f l e x u r e  s t r e n g t h  s p c c i -  
men5 o f  Si,N,-Si,N, j o i n t s  mad? wiLh  A!J N i .  Pd h r d z e  
f i l l e r  metal a i  1130°C. 
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The goal of this work is to demonstrate analytical tools for IISE in desi9ning 
ceramic-to-metal joints including the strain response of joints as a function of the 
mechali ical and physic;ll properties of the ceramic a n d  metal, the materials used in 
producing the joint, the geometry of the joint, externally imposed stresses both of a 
mechanical and tiierrriai natiure, tei-nperatiure, and the effects of joints exposed for 
long t imes at high temperature in ai l  oxidir ing (heal engine) atmosphere. The tndxi- 
m u m  ternperat i j re  of interest for application of sil icon carbide to metal and sil icon 
nitridc io metal coiltainii lg joints is 935iT;"C. The initial joint f ibr icat ion work shall in- 
clude "ex3eriniental" joints whose interfacial area is riot less than i\?rc square ?enti- 
meters. Thi. work shall a!so include demonstration of the potential for scale-up of 
the joint si l t? to interfacial ai-eas of coinrr~iercial sigiiificancc, applicability of the ana- 
lytical joint modeling tools and the ability to use these tools to design and predict 
the rneihariical and thermal stability of the larger joinis. These joints, referred to as 
"scale-up" joints, shall have an intet TaLiai drea of at ieast twenty sqtiare ceotime- 
ters. 

I 

I eclhnical Highlights 

:'init@ elenrent analysis of a variety of brai-e joint configurations was under- 
taken. The superiority of a tapered metal sleeve around a cerarnic cylinder, corri- 
pared with a butt joint, was  demonstrated. 

Braze alloy develcpi-lpnnt work has resulted in acceptable bra7es for the 650°C 
application using an Au-Pd-Ni-1.1 alloy. The 950" Application is being evaluated with 
the Au-Fid-Ti systein. 

Materials systems development focused on selection and thickness optirniza- 
t ion of interlayers for S i c  and Si3N4 braying to lncoloy 909. Satisfactory results were 
obtained for Si(: with a .040" inierlaycr of either Cu or M o .  In Si3N4 brazing, a test 
grid was conducted to examine the relative effectiveness of two different categories 
of interlayers, low yield stress materials such as copper and low nxparision coeffi- 
cient alloys such as molybdenum. The joint material system with a copper inter- 
laycr showed a significant improvement in joint strength compdred with samples 
having Mo interlayer. 

Sil icon nitride brar ing studies with Mo interlayers have shown that a wide 
range of temperature and t ime results in acceptable brazes. In coating studies on 
MOR bars of AY6 and FYG, iiie latter  vas shown to be  less strongly affected by coat- 
ings than alumina-containing sil icon nitride. 
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Be s ig pa / c r i t e ria/ s t r es s A n_-Bs& 

An examination of the mechanics of varioi.is joint geometries was undertaken 
it-i ordcx to minimize the residual tensile thermal stresses in the ceramic shaft after 
brazing. T-hr? hasic geon-ietiy of the joint is given in Figlure 1. .The ceraniic shaft is 
14 nim diameter' i l f ld the rrietal shaft is a solid or holicaw suctioli as ckzsct-ibed later. 
The braze has a thickness of 0.05 r n r n  and an area of 254 mm'. The length of each 
component is taken to the 38 inm so that end efkxts  are eliminated. Thc joining is 
donne by heating the components to t h e  melting point of the braze, applying the 
braze and allowing the components to cool clown to the rooni teiiipx-ature (20°C). 

Two sets of materials (set .A and E) are considered, and the ceramic is as- 
sumed to bo liriearly elastic. Material A included I11cc2ncI 718 as the structural alloy; 
rnaterial B used lncoloy 909. Material A included a braze with 4 times the yield 
stress of mnteriai 8. 

Geqmetries corisiclt.rC?d in this stiudy arc shown iii Figure 2. B ~ c ~ ! J s ~  of sym- 
irnc:try, only a half section is considercd in the analysis. The dimensicin..; of the 
i-nelal shaft and the braze were chosen so that  

1. Braze area is constant at 154 rnm' (this is strictly not correct in t h e  pal-;ii!jolic 
cases). 

2. Lirriif torqi.re of t h e  metal shaft is riot less than that which can be carried by 
the braze. 

The flat joint (Figure 2aj has id circular brxt:? area of 154 mm' and a thickrress 
of 0.05 run t .  Figure 2b shows thfi par-abolir; joint. H e r e  the braze has a parabolic 
shape with a downward or an upward dip. The parabolic cross section of thc? braze 
is given by  

where h is the dip at the outer surface. The vertical distance between the lower arid 
upper surfaces of the braze is kept constanl at 0.05 mm. The conical joint and the 
hollow I-netal shaft with an inner radius a and outer radius b =  7 mm. Since the 
braze area is constant at nb', the parameters shown i r i  Figure 2c, are related by 

7 7  
a =. b (1 --sin 11) 
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If T' and T' are t h e  y ie ld  stresses in shear for the metal and t h e  bra7e, re- 
0 o 

speclively, t h e  f i i l ly plastic torque (neglecting residual stresses) are given by: 

4A ?it  3 3 PA 

0 3  
I = -(5 - a ) T  

fr?r the m e t a l ,  and 

for t h e  braze 

Hence 

,v 
1 

.... 0.. = ( ... %)sin a 2 1 
R B 

'0 

- a I h i s  gives l imiting va!i ies for a snd - - - - -  tor each material, as follows. For m a t e r i a l  A, 
b 

1.C 
a 
b 

a 2 1 5 2 " a n d  - - S O 8 6  

For material R, 

a 1 3  80 and 3 2 0  9 i  
b 

.~ a I wo values for - 
h 

ratio wcro considered i t i  the prescnt study. 

a 1 - - 0  8 giving a 5.6 mrn, b = 7.0 mm 

a-21' and / I  3 63 mln 
b 

a 
b 

2 -- = 0 5 gjvlng a .i 5 m m ,  b = 1.0 mm 

a=&' and h - 3.09 rnm 

In the case of the cylindrical joint (Figure 3d)> the metal shaft of outer radius b 

and inner radius 7.05 mm, fits outside tiit! ceramic shaft. In  01-der to have constant 
braLe area, the length of the joint (h)  must be half t h e  radius of t h e  inner s h a f t ,  i.e., 
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1-1 I= 3.5 m m .  

' I ~ F J O  details  were considered for the / i ) w c r  edge of the metal shrift. 

1. H P  9000 iiiini-computer operating tinder u i i ix  s y s t e m  
2. ABAQ1JS - genera l  pili-pose finite element paskagc? - version 4 5 
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Ficjure 3 shows the rrisults of FEM applied to thr-(>e different joint coil l igura- 
t ions and the von Mises equivaleni stress. Of particirlar interest is the stress level 
in the ceramic. Beveli i ig the metal end was shown to reduce ceramic: stress near 
the th in  end. Similar stress reductions were obtained by placing a groove near the 
ceramic rod end. Plots of this type denionstrate the capability of the triode1 to eval- 
uate the effectiveness of candidate joint designs, 

An ailoy of nu-Pd Ni-Ti w3s developed that lr~ects !he application critcria. The 
ducti le dlloy wets both sil icon nitride and molybdenum at llOO°C, under torr 
vacuiim. A high-temperature b la re  between silicon (l itr ide to silicon ni l r ide  w a s  
made at 1450°C: using dli dlloy of AIJ-PcI-TI l o  meet tlin mechanical property at 
650°C, d sol idus teniperatiirc of about 1050°C was tdrgetcd. 1 he devploped alloy 
with a sol idus of 1078'C should meet the creep resistance at 650°C appliratiori 
tempera t iJ re 

59-0 92 Piu 5Pd 3Nl 10 1 1  
53-21 91 75A.1: 5Pd 2Ni 125T1 
53-1 5 91 SUAu 5Pd 2Ni 1 50Ti 
53-71 9 1 . 2 % ~  S P ~ J  ?NI 1 / 5 i 1  
53-76 91 u AU 5 ~ d  2 0 m  

1 1  1M084 
I 1  1311078 
1133/IOm 
1124/!Qld 
1 1  19/1O8? 

117 
138 
1 i o  
190 
209 

- 
I hc alloy with 1.5Yo Ti and above is too hard and wil l not allow the braring al- 

- loy layer to plastically flow during post-braze cool ing cycle (see !ab !c  2). 

Table 2 

53-0 7 

53 10 
53-1 7 
53- 1 8 

WAu 5FD 1Ti 
93Au 5Pd 2 f 1  
94Au 5Pd 1 Z r  
93Au 5Pd 2Zr 

1 1781 1 1 1 6 
1 150/ 1 1 1 7 
1181/1125 
1 168/ 1 1 15 

The recomlncnded brazing practice of brazing sil icon nitride to molybderiurn 
using alloy composition 53-21 IS to I J S F ~  4 mi l  thickness foil and t irare at about 
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53-6 
53-9 

Sic +- H f  -+ Si  -i- W K  AG'; at 1500M := Unavailable 

SIC t Ta --D S! 1- TnC nr;; at 15Ur3K - -33,562 Kcdl/rnol 



d on these thcrinodyi iamic data, TaC, .iiC, and i r C  i iave lowcr free en- 
rnation than S i c  and are strongly favored. I i f  was included in the test grid 

bdszd on previous experience witki si l icoii riitrIde. Therrnodynamic data for re  
tioris of 1-1: witi i S i c  were nGi availab!c. 

III order !o  zxjaliiate the effect of ceramic coafivgs on the mechanical streiigth 
of the ceramic, a series of coated SIC MOf? bars were prepai-c.d in a inannor similar 
to the ear-iier study t- j i l  si l icon nitride. The samplcs v'.zrc polished to a 3-imicroii fiin- 
ish. Groups of fifteen samples were coated with 3 microns of either Hf, Ta7 Ti, Zr, or 
were uncoated. They wore then subjected io a thzri.ria; cycle which is prototypical 
of Nioro brazing, 980°C ior  ten i i i inuies. During MOR testing, the coated side was 
placed in ter:sion so that the mechanical rariiiiicatiofis of any interfacial reactions 
W O I J ~ ~  be seen. The results of these procedures are shown i i i  iiie now familiar for- 
rnai i r i  Figure 4. The uncoated speciliiei-is sc'r:'~ as a set of baseline values. Ta 
coating wds seei i  to result in a smal l  but rioticeable irripluvzi-nc:?t in MOR. I i  and Z r  
cacti had srriall negative effects oli niechanical behavior. : I f  I iad ai l  extremely dam-  
aging ir-npact on  tt ie mechanical peitol-inaiicc: c i ;  the S ic  sainoles. 

Based i)ii coiiside:ztioin of ceramic-coating interactioris an effect on rne- 
cildri ical properties, Ta was judged io hi: ttie preferred coatiny i i  ia l  with l i  and 

9 i d  a n t i  third choices, respective!y. Hf was considered io bz unaccepta- 
ble. 

The mechanism by which thi:  coatings interact with the C Z : ; ; ~ I ~ ~ C S  sild alter 
properties is still the subject of soinc? speculation. 0; particular interest is t i i t :  ap- 
parent irriprovement offered by Ta coating. Attempts to more c.losrly defintl the na- 
ture ot coating-cnrarnic interactions wil l bc atidrEssed at later stagct; o f  the  pro- 
gram. 

Materials system d e v e l o p i n ~ n ?  for sil icon carbide LiraLirlg continued during 
this reporting p cd. A series of coupon samp'os were brazed using tiin coupon- 
type samples developzd for sil icon riitride. Such samjji:::j offer the capabil ity of be- 
ing tested in t h e  available shea; tcsi f ixture f o r  convenient chaidctcrization of p r o p  
e rt i e s , 

Figure 5 s h o w s  a schematic. i l iustrating the configurations of thz spccirnens 
used for ttie study. Type I specimens consisted of a small coupon of SiC coated 
with either Hf, Ta: '1 i, or Zr. Coating thicknesses were 3 prn with the exception of 
l a ,  which \was only dpposited to .4 pm. I he !arge coupon was lncoloy 909, which is 
the structural alloy selected for 652°C service. Type II specimens were geornetri- 
cdily the same as Type I with molybJc>nu:n uszd i i i  placf? of Inc,oloy 909. S u c h  sam- 

ples would be  exposed tu snialler differential straiiis ihaii Type I because of the rel- 
atively good exparision match between Mo and S ic .  They would not, however, 
dcii lonstrate the effectiveness of Mo in sti izlding ti le cerainic from the thermal 

- 
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i able 811-1: Shear Test  Rcsuits 

Materials Systcrn 

I ncoloy 909-Nioro-Hf Coating-Sic 
lncoloy 909-Nioro-Ta Coating-SiC 
I n c o Io y 999.- N io r 0-T i C: o a t i n g -S i C 
I n co Io y 969- N io ro-Z r Coat i n g -5 i C 

Mo-Nioro-Hf Coating-SiC 
Mo-Nioro-Ta CoatinG-Sic 
M o  Niorn-Ti Coating-SiC 
Mo-Nioi-o-Zr Coat ing-SiC 

I ricoloy 909-N ioron i - .OIO in. Cu-Nioro-Ta Coati ng-S iC 
lncoloy 909--Nioroni-.040 i n .  Cu-Nioro-Ta Coating-Sic 
I ncoloy 909-Nior<~ni-.040 i n .  Cu-Nioio-Zr Coating-Sic 

lncoloy 909-Nioroni- 010 in. Mo-Nioro-Ta Coating SIC 
lncoloy 909-Nloionl-.0~0 in.  Mn-Ninro-la Coating Sic7 

Sic-} i f  Coating-Nioro-Hf Coating-Sic 

Mean 
Shear 

No. of Test 
Sarnples (ksi) 

1 
1 
1 
1 

a 
4 
3 
3 

2 
2 
1 

2 
1 

2 

0 

0 
0 
0 

1 .G 
2.1 
2.9 
3.5 

0 

.T 

2.6 

0 
.29 

13.9 

Al l  of the failed samples jlzd a common inacrostructural feature: they all failed 
en?irely in the ceramic. This is significant in terms of interpretation of results. since 
it makes it possible tc r i l le ou i  tile effect of unbolided areas. Al l  coatings were 
equally effective in one sense because no joints delariiinated at the ceramic-braze 
interface. It is possible, however, that coating-cerainic interactions weakened the 
ceramic promoting failure at a low value af shear. Heterrin9 to the Typc II samples 
for which the best statistics are available, it is seen that the lowest failure strength 
was obtained with t h c  Hf-coated specimens. Ti-iis coating was shown to cause the 
most ceramic degradation i i l  the coated MOR test previously reported. 

I he work on S i c  joining with the fourth group of sarnpies included iwo pairs of 
S ic - to - -S ic  joints. Each piecc of SIC was coaied with 3 ym of Hf, brazer! with Nioro, 
and sheared. The mean shear stress of these samples was 13.9 ksi. This was sig- 
nificantly higher than was obtained with Sic-Metal joints in the variety of configura- 
tiolis discussed above. The low values reported for metal-SiC joints raised t h e  con- 
cern that perhaps chernical degradation, rather than residual s i iess  from differential 
expansion was  responsible. The coating user! for the SiC-to-Sic joints, Hf, had re- 

- 
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sulled in the Largest reduction in  properties in  the coaled MOR tests. The fact that 
?veri the most chemical darriagirirj coating yielded high shea: strength values in the 
afisence of differential expansion demonstrated that chemical attack was  not re- 

909-l\/lc]--SiC j o i n t s  will i.rtilize t h i c k e r  layers of 0 to address t h e  residual stress 
problem and iis effect o n  joint strength. 

sponsibllzi for the low s t rength  of Sic-aneta1 paiss, Future work  ora lncolny 

A nurxiber of concl~,rsions can be drawn from this study. 

1. Ari interlayer- of eitber a soft, compliant material stdcti as Cu, or a low coef- 
ficient of exparision rnaterial, Zjl-lch as o, i-nuSt be used to braze SiC ti:, in-  
caloy 909. 

2. I nterlayer thicknesses of ,010’’ W;)I e ineffective. 

4. AEI observed faiIur-es were in t h e  ceramic, indicating that i~nboridcc-l areas 
did not play ;1 role. Ceramic coatings appear ti:, affect the ceramic strength 
i19 brazed CI914jh017S. 

5. Residual stress, not chemical degradation, is the principal factor affecting 
s t r e n g t h  level i n  brazecl pairs. 

Further data will be needed to determine the optira-ial interlayer thickness and 
to quantify thcr7 relative effectiveness of different type:; a l  interlayers. Finite elemcnt 
calcirlations t o  be provided by the Ui~ivea-sity of ?Ilinois will be used to direct the d- 
fort. 

According to the analytical expression for joii-if failure, low t h e r m a l  expansion 
and low yield s t r e n g t h  properties are needed i r i  interlayer materials to prevent 
cr~ckicig. Unfortunately, ~ I I  rea! rxlatericals it is not possible to have both of these 
properties simultaneously. In this report ,  two differenl interlayes rnatizrials, \.e., Mo 
asad Cu, have been risetl (1) to detei-mine the effectiven of these materials as an 
inter layer ,  and (2) lo find the optimum thickness of each inferlayer material for prac- 
tical use”. Mo was selr-rcted for its low thermal expasisir:)n coefficient, high stiffness, 
and  yield strength, while Cu was chosen for low yield s t rength and stiffness. 
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S p x i m c n  gcnmetry is similar to that shown in Figure 5-iii, with SNW1000 in 
place of S i c .  Interlayer materials were brazed in the step fcr ined in the lncoloy 909 
coupon using Nioro brazc. Subscqiiantly, Zr--coated SNW1000 was brazed 3nicr tkle 
top of the interlayer material with Nioro at 98OOC for 10 min. in vacuum. Shear tests 
were performed with the IiiSiroi7 1320 at 4,GC)O ibs of full scale load in compression 
1.o o d e. 

Table 4 shows the results of testing. A dramatic diffrrci:ce iii bond strength 
was found betwzen two interlayer materials, even though these materials were pro- 
cesscd with the  same bra i i i i g  conditions. In particular, the joint strength ValiJnS ob- 
tained from the Mo interlayer syster-il were v e r y  low compared with those from the 
Cu interlayer system. Also, the values did riot reach those reported previously for 
the Mo interlayer system (June bimonthly). It was found that the Mo layer suffered 
inconsistent, improper bonding .with ceramic, resulting in 40 - 90% unbonded area. 
I he Cu interlayer system provided excellent boridifig performarice (>  95”/0 of bond- 
ing ared)  wi?h high shear strength for failure. Samples with a 0.020”-ti;ick Cu inter- 
layer showed the highest shear value (23.1 ksi). it is difficult to say that this is due 
solely to thickness effect. 

Fractogi aphy revealed ihai  t h e  system with the CU interlayer fractured pre- 
dominantly at the interface between brazc 2nd ceran-iiz. For the system with Mo, 
fracture occurred ii? l l ie  cnrarnic rna!erial. Overall results showed that the system 
with the copper interlayer ( low strecgth and h i o h  thermal expansion coefficient ina- 
terials) was effective in the reduciion of residua! stress rierzted by the thermal ex- 
pansion i-ijisiiqatch. Shear strength of the ceramic-cerai c joini was in the rangr! of 
40 - 45 ksi, which represented the case of no thermal mismatch. 

Debonding of the braze joint between ihc rvlo interlayer an=! SN?V1000 could be  
explai i icd as follows. At the brazing temperature, diffusiori of the interlayer materi -  
als to l iquid Nioro wil l b e  assisted by thermal coilvnction with a diffusivity in the vi- 
cinity of cm2/sec. As the local concentration of Mo in the vicinity of the inter- 
face (between the Mo intzrlayer and liquid Nioro) increases, the l iquid b iazc wil l  be  
undercooled due to the increase iii t i le solidus tei-nperature. I herefnre, the bra7ing 
process WOUIC; bc sensitive to brszing temperature and irolding time. It is expec,iecl 
that higher temperatut-;i wit i i  loiig holdi i iy t ime wi!! induce zxtensive alloying with 
Mo, enhanci i ig diffusion solidification. In contrast, binary pi‘idse diagt-ams show that 
the Cu interlayer has a reiaiively small  effect on  the solidus temperature of the 
bia7c alloy, even after being alloyed. TiiIs makes tlhe brazing process more control- 
lable, miri irnirir ig thc e ci of diffusion solidification. I.~lowzve~, it canilot be ruled 
oht at this point that alloying with: Mo or CIJ may exert significant effect on the wet- 
t ing behavior of the braze. 

- 

- 
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Thickness (in.) of 

................ 

0.01 0 

L . II__ ......... 

I 9.020 

t- __ ........ 

Ejrazi ng 
Co n d it io r'i 

3.1 

7.8 
2.2 (4.4) 

3.2 

5.4 
7.3 (5.3) 

9.8 
11.2 (10.5) 
10.5 

26.9 Not fractured 

19 3 
23.2 (23.1) 

980°C for 10 rniii in vac 

A series of tests were  perfom(x1 to determirie \~het i ie r  molybdt.n~i 611 diffi4Siori 
into the liquid braze, with the resultant effect on liqraidus tcrnperairire,  wonld limit 
tho accepiabie window of processing variables. Figure 6 is fhe microprobe result 
s h o w i n g  t h z  extent of nlCJlybdE!niJfrI diffi.rsion in the (Zr-m,~tf::d) 
S IU W 1 GOD-N io r o- i-ii o 1 y bd e r i  u t n - l  n co I o y 909 s y sl. e n3 I S i g 11 i t  i ca rit cl i ffu c io n of m c) I y b d e- 

niim is noted in t h e  braze layer after 980°C for 10 snin. Rased on this observation, 
tvm c:?xtrurrie procr-issirig conditions were selected: 1)  brazing at 960°C for 3 rnin. 
a r i d  2) brazing at 1100°C for 30 rnin. in order to determine t h e  effecl of the diffusiciri 
an bonding performance. 

Frorn optical 1-nicroscopy, it was noled khat fast diffusion of 1-nolybdenum is evi- 
dent in both cases. Brazing at 950°C for 3 m i n .  resrrlted in a braze layer of 4 3  - 45 
grri i i i  ltiickness which has  nioilerate alloying with rnolybc3enlni-n (2Ci.prri tiiic,k). Braz- 
ing at 1100°C for 30 rnin. extended the ntolybdenum diffusibn Siirthcr aird caused 
seveie aliuying with braze alloy (30 prra in thickness}. From ZhizSc micrographs, iI 
w a s  noted that the difhsion and tht? reaction between braze allay and  molybdenum 
( e v e n  at 960°C: for 3 nliri.) in t h e  pi-esencc of l iquid phase dre extensive in both 

. I-4o~~vever, acceptable brazes  werm obiained ~lfv(i:r the wide rai-rge of prncess- 
ing variables. A faceled phase w a s  skiown in the braze layer after h-azing at 1200"~  
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for 30 min., which is probably due to the interaction bet?veeri Zr arid a Mo-Nioro 
phase. 

Table 5 shows the results of shear strength tesiing. As shown in tinis table, 
there is no noticeable difference in strength ar'nnng t i i rce different processing condi- 
t ions. Also, exccllent bonding vvas obtaiiied in all three cases. It was concluded 
from this investigation that brazing conditions such as temperature and holding t ime 
have litt le effect on bonding pet-iorrnance. 

Table 5. The Effect of Processing Parameters  or1 8or;d Strength 

1 960°C for 3 min. 
2 960°C for 3 min. 
3 960°C; for 3 min. 
4 960°C for 3 min. 

1 1100°C for 30 min. 
2 1100°C for 52 min. 
3 1100°C for 30 miii. 
4 1100°C for 30 inin. 

1 980°C for 10 rnin. 
2 980°C for 10 min. 
3 980°C for 10 rnin. 

Sirr.ar Streayth (ksi)  

5.4 
21.5 
9.4 
11.9 

18.9 
5.7 

10.8 
12.7 

11.3 
18.9 
4.2 

AQ (4si) 

12.1 
12.1 
12.1 
12.1 

12.0 
12.0 
12.0 
12.0 

11.5 
11.5 
11.5 

9 sild in g 
R 6 s l d  It 

t xcc l l cn t  
F xce I 'e i?i 
E x c ~ l  lr nt 
Exce I le n l  

Exccllpnt 
t x (,e I I e nt 
E x c ~  I lent 
txcc!!ent 

i xce l ien t  
Excellent 
Fxcel lent 

MOR tests were done to evaluate the effect of coatings on  the mechanical 
properties of AYS and PYG as psi? of materials systein development. Samples were 
made out of 3 and 5 different blanks of PY5 and AY6, respectively, to avoid rnisin- 
terprctation of data. Those bars were coated \Nitli various materials i n  vacuum and 
were exposed to 980OC for 7 min. 

Figure 7 shows the Weibul l  plots of AYG material. As with the results reporied 
for SNW1000, Ti coating caused a dramatic reduction in MOR. The influence of Zr- 
or Hf-coating on  the MOR strength was minimal. Ta coating decreased the MOR 
strength by 20 - 30 ksi. Or, the other hand, the impact of Ti coating on  the MOFi 
strength of PY6 is almost insignificant as i l lustrated in Figure 8. 

These results iridicate that the primary cause of Ti coating dainage is attrib- 
uted to Ti interaction with 4 , 1 2 0 3  in the ceramic materials. SNW1000 and AYG were 
strongly affected by T i  coating, with each containing 2 wt. Yo AlzOl (Table 6). This is 
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also supporied by the s a m e  experiments wjth SNT which 3\50 showed reasonahiy 
small decrease in strengih by Ti coalirrg. SNT h~is aRsut 1.2 wt. CYo of A 1 2 0 3  d o n g  
with 39 wt. ?" Tic, which can rninii-nize t tw impact st rength From T i  coating. Fur- 
ther study is underway to ideiilify t h e  mechanism fur t h e  ceramic w e a k e n i n g  c l i i c  lo 
coaling materials. 

Table 6: ceramic Carnpasiticsrns (W!O) and Ti l2oating Effects an 

Uncoated 

60 80 

'I 00 200 

1 GQ 110 

t; 5 15 

Frequent discussions were held by phone wiih Professor K-S. K i m  of t h e  Uin- 
vei-sity of Illinois and Howard Mimliar-n of GTE LVesgo. On 5/13/88, Prof ;7~~1)r  Kim 
visited GTE t a b s  to discuss mech~.-nic,s modeling. 

6/.16-17/88 - H. Miruhara (GTE Wesgo)  visited the Labs lo disci.rss alloy devcl- 
opment and program status. 

6/24/88 and 7/25/83 - E. Gunn and S. Kang met  with Professor M-S. Kim of the 
Llnivel-siiy of llliriois to cisciiss mechanics rnlodeling and milestone status. 

P u b I i ca t i a n s -- 
None 
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F l  

Type I l l  

Coatmg e....- 
-%-- Bra?.. 2 

-s.--Eraz? 1 

Coatmg e....- ......... IIIIxII- .-... 

..... -%-- Bra?.. 2 

-_. . . . . . . . . . -s.--Eraz? 1 

5:  SchmaLic Illustrating S h e a r  res1 Specimens 5:  SchmaLic Illustrating S h e a r  resL Specimens 
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inaiyt ical  .......... and Experimeiiial Evaluat to i - i  .......... o f  J o i i 9  ......... 
CFrainic oxides t o  ~ e r a m i c  Oxides .......... and ____ Ceramic 
Oxidcs ....... t o  Meta l  f o r  Advanced Hezt ........... Engine AppJicaiions 
A. T. Hopper, J .  Ahmad,-and A. Rosenfield 
( R a t t e l l  e Col umbus D i  vi s i o n )  

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

r ~ e c e s s s r y  f o r  design of r e 1  i a b l e ,  h i g h  s t r . e n y t h  ceramic ox ide - to -  
ceramic ox ide  and ceramic ox ide - to  metal j o i n t s .  I he  r e s e a r c h  program 
c o n s i s t s  of  a n a l y t i c a l  and esperimeiital  tdsks. 

The goal o f  t h e  a n a l y t i c a l  werk i s  a p w d i c t i v e  -. iiiode3 t h a t  can be 
used i n  eng inec r fng  des ign  o f  ceramic j o i n l s -  t h i s  work c o n s i s t s  o r  
s e v e r a l  subtasks  i nvol vi ng r c s i  diial s t r e s s  model ng ,  detrriili  nS s t i c 
s t r e s s  and f r a c t u r e  nechani'cs morlplinq, errgineerilig des ign  modeling, 
p r o b a b l i s t i c  I d e l  :rigs and riiodcl v a l i d a t i o n .  Inputb t o  t h e s e  models 
come from t h e  experimental  e f f o r t s .  

small  s c a l e  aqd s c a l e d  up j o i n t s  t o  d r i e rmine  t h e  mechanical behav io r  
o f  these ceramic j o i n t s .  Fxpet-iments wi 11  be perforiiicd l o  determine 
e l a r t  i c  consldr i ts  and SI w s a - s t r a i n  cu rves  as  a fui ic t ion o f  
t empera tu re ,  leclsi'le s t r e n g  til, s h e a r  s t r e n g t h ,  Mod? I and Mode I1 
fract u r e  toughness  I Cree;, de fo rma t ion ,  t inle dependent s t r e n g t h ,  and 
s t r e n g t h  dcgradat  i 013 5 r-om hot ox id i  L i rig gases  and froiil t h e r m -  
nechani c a l  cycl pr,. 

The o b j e c t i v e  o f  t h i s  p r o j e c t  i s  t h e  development of  procedures  

The expe\-isiier:tal w r k  i nvol ves lire f a b r i c a t i o n  and l e s t  i rsq o F 

- 
I echni ca l  Procjress ~ 

1.0 - Analy t i ca l  _--_ E f f o r t \  

In the present  r e p o r t i n g  p e r i o d ,  a n a l y t i c a l  e f f o r t  was focused on 
e s t i m a t i n g  p o t e n t i a l  res idual  s t r e s s  i n f l  ~r2nze  on j o i n t  performance. 
S ~ i c c i f i c a l l y ,  a ? i r c o n i a / n o d u l a r  c a s t  i r o u  d i s k  ( s e e  F i g h r e  :) was 
s u b j e c t e d  t o  f i n i t e  element dna lyses .  
a n a l y s i s  was 31 . /5  mm. 

t h e  cerzrnic and mefai ha lves  i s  delle a t  arr e l e v a t e d  t empera tu re  
fol lowed by coolincj t o  room temperature .  I he  mismatch i n  the 
thermomechani c a l  p r o p p r t i  e s  of  ihtt twc ha1 vea i rduces  r e s i d u a l  
s t r e s s e s .  

Ihe d i s k  d i a n e f e r  i'rr this  

Residual s l l - e s s e s  in t h e  d i s k  a r e  induced because t h e  j o i n i n g  o f  

In t h e  a n a l y s i s ,  t h e  fo l lowing  m a t e r i a l  p r o p e r t i e s  were used: 

Young's S+odil;us: 138 GPa ( Z i r c o n i a ) ;  158 GPa ( cas t  f ron)  
P o i s s o n ' s  Ra t io :  0 .26 ( Z i r c o n i a )  , 0.31 ( c a s t  i r o n )  
C o e f f i c i e n t  of  r h e r m l  Expansion: 10.8 x 10P;C ( Z i r c o n i a )  , 

1 3 . i  x ( c a s t  i r o n )  
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Since t h e  ann lys is  W ~ S  I lnea r ,  the  campnrted s t ra i  s and stresses 
scal c 1 i nearly wi th temperatiire 
correspond t o  a j o f n i n g  temperature o f  IO00 C ,  
1 ncal  i zed strcss (S , , )  across the d line, close 
d isk ,  T h e  local nature o f  th i s  %1 st ress  cOmPQ?IE?n 
Figure 3 in which s,, i s  p lo t t ed  

t h e  expcriments,  b o t h  s,, and the shear  s t ress  (s, ) components are  
relatively small .  T h i s  can be seen fron; F i  and 4, The narrnaii 
s‘g;ress ~ ~ ~ ~ ~ n ~ ~ t  S,, (see F i  asge i n  the center  but  th i s  i s  
evpected t o  have o ~ l y  a sma 

Overall, t h e  analyses suggest t h a t  res idua? stresses may n o t  he 

The resul t s  in  F i  g u r  s 2 th.‘ough 5 
F 1  

g the  bond Iline. 
Toward t h e  center o f  t he  d i s k ,  where t h e  crack w l l l  be located i n  

e f f e c t  on t h e  ~~~~~~~~~ o f  the crack. 

g t h e  d i s k  speclaflen r3 
f w e  edge wi l l  need 
r jQ l ’n t  intk?CJri%y, 

a r k  has a l s o  s t a r t e d  on developing t h e  ci ipabi l ;%y t o  calculate 
energy release r a t e s  and stress Intensit 

the e l a s t i e  p rope r t i e s  o f  the consti tuent ma te r i a l s ,  t h e  computational 
work must  await cearripleta”can o f  t mater ia l  characterization 
tes t s  e 

factors  f o r  t h e  z i  sconia-cast 
f roll CQmpsessiQll d i  sk Spf?Cim@nS. Since hese solutions nou7d depend on 

Recent d i  F C U S S  ions w i  t h  rofesser c .  F.  S h i h  o f  Brown 
have l ead  t o  t h e  coiliclusion t ii-Bvt.ialJly, the  j 

prediction mode 
e n t  in tegra l  
n t  t o  t h e  energ clease rate G f o r  the i n t e r f ace  crack 

r a t e s  t h a t  under n o n l  i glear crack t l i p  co 
a t e  description o f  t he  local  stress 

f i e l d .  Based on this  i n f o n a i a t i m ,  the  j o i n t  failure prediction model 
i s  er~vis - i~ned  t o  be s imi l a r  t o  the f a i l u r e  assessment diagram ( F A D ) ,  
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1Re o b j e c t i v e  o f  t h i s  t a sk  i s  t o  desigf i ,  f ab r i ca t e ;  and t e s t  
smal 1 -area ceraini c oxide-to-cerami c oxide and c e ~ a m i c  oxide-to-metal 
j o i n t s .  
in  w h i c h  t he  i n t e r f a c i a l  a rea  i s  a minimur o f  twc-square cent imeters  
a r e  f i  rst be i  ng Pabri cated and b o t h  physi ea1 and w c h a n j  cal  propert i  es 
needed f o r  model inputs  evaluated. T h f s  t a s k  w j l l  result .  i n  val ida ted  
jo in ing  procedures and, i n  c o ~ b : n a t i ~ i - i  d t h  ana ly t i ca l  e f f o r t s ,  
val ida ted  ana lys i s  prozedlires. 

S t a t i s t i c a l l y  s i g n i f i c a n t  riumbers of e x p e r i r w t a l  - s ized  j o i n t s  

2 .1  OxidejOxide J o i n t s  

Sinal1 (0 .56- inch  diainetcr) Mg-PSZ b i l l e t s  have beep jo ined  by a i r -  
ambiPtit hot-pressing ~ Z t h  a CaO-Ti2-Si02 i n t e r l a y e r  powder, using a 
modified c reep- tes t ing  apparatus ,  
m i  croprobe character1 z a t i  on resul t s  have been desci-i bed i 1-i a pape:- 
submitted t o  Mater ia l% L e t t e r s .  
CTS. Further  r e s u l t s  a r e  described below. 

The j o in ing  method and t h e  

F i g u r e  6 s h ~ s  a bend produced usitiq 

2.1.1 Join ing.  The j o in ing  tec!inique under- i nves t iga t ion  f o r  >4%-PSZ 
ccrami cs i nvol ves both h o t - p r e s s i  ng and a cerami c i ntcrl  ayer  t h a t  i s 
iiiolterr a t  t h e  hot-pressing temperature. One limitat--ion o f  the w e  o f  
h igh  temperature hot-pressing For jo in ing  1%-PSZ i-,eramics i s  t h a t  t he  
Ng-PSZ ceramni c s  w i  1 1  be se r ious ly  degraded i f t he  temperature cyc le  i s  
not carefu l  l y  des i  yned. Mg-PSI ces-ami cs  typi cal l y  reyeai re  a pos t -  
s i n t e r i n g  anileal ing heat  treatment a t  temperatures in  the  range o f  1400 
t o  1450 C .  In a production process, i t  m y  be appropi- iate t o  combine 
t h e  annsal iny and jo in ing  steps. Consequently, t he  hot-pressinq 
temperature f o r  j o i  ni rig My-PS% ceramics should be in  the  anneal i ng 
range. 
sel ected .  Appropri a t e  i nterl ayey materi a1 s i ncl ude ceraiiii c 
compositions o r  e e e t ~ c t i c s  w i t h  meltinq temperatures be:av t h e  j o in ing  
temperat?rre 9 

e u t c r t i c  compositions with mclting temperatures - below 1466 C (and w i : l d  
thus be molten a t  the  jo in ing  tcmperat!~re).   he i n i t i a l  small-scale  
io in ino  exwriment  w i t h  0.56-inch diameter MG-PSZ billets and a C 

For t h i s  reason, a hot-pressing t-anperature o f  1420 C was 

The CaO-Ti02-aSi6, (CTS) system i s  appealing because i t  has several  

" Y .  

i n t e r l  ayer  gave prorrii s ing  resul  t s .  In th i s experiment , the  modi f 
c reep - t e s t ing  u n i t  l imited the jo in ing  pressure t o  650 ps i ;  the  
res111 t i n g  i n t e r l a y e r  was th in  (10 microns) and extremely uniform 
t h e  e n t i r e  j o i n t  area.  S ign i f i can t  d i f fus ion  o f  t h e  i n t e r l a y e r  
const i tuer i ts  i n t o  the Mal-PSL base material  was observed, The a i r  

s 
ed 

over 

I 

ambient ho t -press  was subsequently employed to j o i n  l a rge  (Z-inch 
diameter) Mg-PSZ b i l l e t s  with bile C X S  i n t e r l a y e r ,  and a pressure of 
2000 psi  was applied a t  t h e  hot-pressing temperature o f  1420 C, 
H O W C V ~ P ,  the q u a l i t y  o f  the CTS j o i n t s  %$)as poor because o f  thermal 
expansion misrnatck between t h e  CTS i n t e r l a y e r  (z = 3 ppm/C) and the  Mg- 
P S I  base mater ia l  ( 3  = 10 ppm/C) . Optical microscopy o f  pol ished 
cross -sec t ions  i tid i cated the  prcsence ef  numerous cracks propagaff ncj 
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through the i n t e r l a y e r ;  these cracks were l i k e l y  caused by the  thermal 
expiiris i on  mismatch, 
Increased by the addition o f  30 wt% ZrO,, and the  j o i n t  qua1it.y 
improved ( ! . e . ,  t he  dens i ty  of i n t e r l a y e r  cracks was reduced),  

2.1.2. Evaluation. To evaludte the  j o i n t  strength,  bend bars were 
~ ~ ~ ~ ~ ~ ~ n ~ d  from a 2-inch didmeter by 1.5--a"nch long cy l inde r  o f  CTS-bonded 
z i r con ia .  The ba r s  were o f  nominal dimensions O.l"xO.2"xX2.5", and were 
t e s t e d  i n  +point hending using a bend f i x t u r e  w i t h  inner  and o u t e r  
spans o f  0.75-jnch and 1.25-inch respec t ive ly .  
t e s t  r e s u l t s .  

The theram1 expansion o f  t e CTS i n t e r l a y e r  was 

The fo110wl"ng are  t h e  

TABLE 1. Bend Strength ut' Zirconia-Zirconia Jo in t  

Specimei-9 
No * 

Fracture  Load 
l b f  

Bend S t r e n g t h  
ks i MPa 

ZZB-3 
ZZR-4 
ZZ8-5 
1213-6 

30.5 
2 3 . 6  
2 6 - 5  
29,4 

11.9 81.9 
9 . 3  63,7 

10.4 71.5 
1 1 - 5  79.5 

Specirnen numbers ZZB-3 and 228-4 were machiraed from one p a r t  o f  the  
cyljnder, and specimens numbers ZZB-5  and ZZ -6 were machined from a. 
d i f f e r e n t  p a r t  o f  t h e  b l o c k ,  T h u s ,  tine s t r e  gths appear t o  be f a i r  
reproducible ,  A i e c e  o f  the jo ined  block was p o l i s h e d  and observe 

icroscope, I t  was confirmed t h a t  t h e  low s t r eng t  
MPa t a r g e t )  was assoc ia ted  w i t h  a number o f  v o i d s  

and crack- l ike  d e f e c t s  along the  bond l ine.  Figure 7 shows a f r a c t u r e  
su r face ,  i nd ica t ing  primary f a i l u r e  w i t h i n  the  i n t e r l a y e r .  

periments have ind ica ted  t h a t  i n t e r l a y e r s  o f  t h e  
system may be more appropr ia te  f o r  j o i n i n g  Mg-FSZ 

e a l s o  several  low-temperature e u t e c t i c s  i n  t h e  CAS 
system; two of t hese  eu tec t ic  comgosi t i o n s  have high thermal expansion 
(@I = 8-9 ppm/C), c lose ly  matching t h a t  o f  Mg-PSZ. 
cornposi t i o n s  have been 

o p t i  cal microscopy, t h e  CAS j o i n t s  appear. t o  be much improved o v e r  
e a r l i e r  CSS j o i n t s .  No i n t e r l a y e r  cracks e r e  observed, and there  was 
excel l e n t  cont i r iui  t y  between t h e  Mg-PSZ an 

These two GAS 
repared and two joiniriy experiments have been 

performed u s i n g  them. c. s t r eng th  da t a  a r e  a v a i l a b l e  y e t ,  b u t  from 

the  CAS i n t e r l a y e r .  
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-lll--. ?-? . I .  Procedllre 

Joininq o f  zirconia  tu c a s t  i ron i d a s  dono by t he  "ac t ive  subs t r a t e  
p r o r e s s "  wb ich  was invented by Hanmond, David, and b - ~ o d h o u s r ~ ~ ) .  
p r o c ~ s s  i nvi-rl ves coat Sng t h e  i i  rcoiii a surfzce W S  t h  t i  tnn i  mi t o  ?,lab1 E 
i t  to be hraased w i t h  a non-reactive f i l l e r  metdl a s  w l l  a s  p i a t i n q  t h e  
cas t  i ron  szlrfhce d th  copper t o  p r - e ~ z n t  carbon f r om t i l e  graphi te  
n o d h l e s  from d i s w l v i n g  i n  t h e  f i  1 l e r  metal. 

Three grade5 n f  zirconia  w r c  included i n  the  program: 

The 

y t t r i a  s t a b i l i z e d  PSZ ( loya  Soda) 
Nilsen grade MS (supplied by ORNL) 
Maqiicsis s t a b i l i z e d  P S Z  (CornSng) 

Tihe nodular cast  i ron used f o r  Sondjvg was e i t h e r  a h i g h  p e a r l i t e  

Both surfaces  t o  be 
(60%) grade o r  a graphi te  grade supplied t o  Ba t t e l l e  by Sandia. 
bronze was hg-3OCu-1OSn (Lucas-k2i 1 hnupi No. 504). 
bonded were ground t o  a surface f i n i s h  o f  0.3,m i'ru order  t o  inshre 
i n t  i eiiate phy5i cal  contact 

F L I ~ ~  be coated i n  A high vacuum (at  l e a s t  ~ X I O - ~  torr .) .  
proredures were exam? tied: 

The 

Because n f  the high d f f i n i i y  O F  oxygen f o r  t i tanium, the  zirconia 
Two 

a. KASA-Lewis  L.ab 

Plasma i a i i  etching was for- i min. followed by coatirug using an 
RF source f o r  15 m i n .  a t  5xiW7 torr. Thickness :- 0.9 micron 
( Y203-Er02) and 1 .4  illicrot-i (6lqO- Tr02j 

11. ORNL IOiI Beam Vapor Coating 
-I 

I hi ckness i l o t  measured. 

el eve^ honding rims were car r ied  ou t .  Most I ~ ~ I S U C C \ ~ S S ~ C I ?  j o i n t s  werc 
obt,d.iiied mainly due t o  the oxidatiori o f  thc  T1 fi'lrn on ips?'. k!owe?ter, 
i t  was l a t e r  fodnd t h a t  ano th? r  caiJ5e of f a f l u r e  was due  to poor C u  
e l ec t rop la t ing .  
was e a s i l y  diffused out through t h e  C u  l ayer  providing ;a non-wetting 
condition. So elestrcjplat ing was replaced by vitruuili evaporation ant1 
an excelle~t csalirig was obtained. 
Kimey vacuum evaporator  with 99.9% Cu beads a t  a pressure o f  
t o r r .  f o r  4 minertcs. The r c su l t i ng  t h i c k n e s s  was 20 pm, 

was achieved using a graphi te - res i s tance  furoace w i t h  t h e  material  t o  
be bonded iflserted i n  a graphi te  hot-pressing f i x t u v e .  
wes ~ - ~ x P O - ~  to r r .  and the temperature cycle was 750 C f o r  10 minutes. 

The adhesion o f  a Cu  l ayer  on NCI \adas poor and cd.rboil 

Evaporation %as car r ied  ou t  using a 

Use o f  several  fu rnaces  was a1 so invest igated.  Successful bonding 

The p r e s s u r e  
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l_l 2.2.2. ......... Evaluation o f  .. ‘ T i  Vapor ..... Coated ___ _.l....l..- J o i n t  

Two specimens 

_I__ ..... 

T h i s  .jo.int. involved Nilsen z.a’rconia bonded t o  t h e  graphitic i r o n ,  

exami ried. 
t?ia d i d  n o t .  reveal t i t a n i u m  on t h e  ceramic or copper 

one as-israzed t h e  other brazed and as-fractured were 
Opti  c a i  metal 7 ograpii 8’ c exa inat ’ ior i  sf t h e  

The brare  d.1 Was boilded EO the F a s t  i ?;On aTFd 
contained some poros i ty .  There  was i.1 dark band,  parallel t o  t he  

w h i c h  extended from t h e  g i a . i  n t  i n t e r f d c e  i n t o  the 
barid probably i s  p a r t i a l  l y  reduced (oxygen depl e t  

The as-brazed specimen exarns’oed by optical meta l  1ography a l s o  was 
f rac tured ,  pi-abably by s t ress  impose d u r i  alg the  srrountj ng opE.ratioeR e A 
d a r k  band a l so  was observed i n  the c i c  i iear  the  j o i n t  i n t e r f a c e .  
A4oi.ag the c a s t  i ron/braze a1 4 ay I bit 
c s n s t i t u e n t  int .ermit tent1.y s c a t t e r e  along the J o i n t  l ength ,  r 
a l s o  were regions along the j o - i n t  1 
t h a t  contained a t , h i n  l a y e r  o f  llght gre a t e r i a l  @ p0ssIbl.y titanl’uiaa 
o r  Ti,B),, The f r a c t u r e  appeared t o  have 
the  ceramic and t h i s  phase, a l though the  e r e  occas j  sna9 small 
amounts o f  braze a1 lcsy bonded t o  .the ceramj c. 

face, there Has some dark 

9 t h  a t  th~e  cerami c / b r a z e  i; nter face  

pagated primari  i y  through 

i h i  s phase wpdl1’1 Re 
r by EDS analysis us ing  t h e  scanning e lec t ron  

-__.... 2.2.3 e .. Eva1 u a t  ..ll___l i on o f  T i  -sput ter  .. Coated Joi; rat 
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crack was propagdlintj i n t e r m i t t c n t l y ,  and Lhat f i n a l  f r a c t u r e  could 
have occurred a t  371 a/W 2s h-igh a s  0.71. 
p l o t  ind ica ted  a number of pop-ins.  I t  appears t h a t  the J o i n t  has an 
R-curye behavior,  however, f u r t h e r  experiments and observat ions a r e  
necessary to  s u b s t m t i  a t e  t h i s  i n i  ti a1 f ind ing .  

on t h e  z i  rconi a -cas t  i ron specimens: 

The load versus displacement 

The f o i  lowing tab1 e suriiniari zes the r e su l  t s  o f  the  mechanical t e s t s  

TABLF 2. k n d  S f r e i i g t h  and F r a c t u r e  Taughness o f  
7 i  rconi a -Cast Iron J o i n t  

........ ............ . . __I__ I_ --.. -. ___. .... ......... .. lll____ll .I......I .- 

Specinien Maximum Load Send 5 t rength  Prac t u  r e  To  ughnes s 
No * 1 b f  ksi M Pa MPa@ 

.......... S t r e n g t h  Data  

H C G - 1  34 12.9 88.9 
MCB-2 31 11.8 81.4 
M C S .- 3 31 11.7 80.9 

.......... Tounhness rl.... _I Data 

MCF-1 41.2 - 
MCF-2 53.2 - I 

3.75 
5.03 

......... ......... lll_ __ ....... __ ..... _I..__I__ ........... __............_I___.- _II - ....... II._ ........ .- 

While t h e  s c a t t e r  in  t h e  da ta  f o r  strengths i s  low, there i s  l a rge  
separat-iou in  the  two f r a c t u r e  toughness values .  The f r ac t i i r s  s u r f a c e s  
i nd ica t e  t h a t  f i n a l  f rac ture  could have occurred a t  a/W o f  0.71 and 
0.63 f o r  specimen numbers MCF-1  and iilCF.--Z respec t ive ly .  I f  t h e s e  f ina l  
crack lengths  a r e  taken i n t o  account, t h e  toughness v a l u e s  f o r  t he  two 
specimens would be 6.88 MPa& respec t ive ly .  
necessary t o  Val i d d t e  these i n i t i a l  estimates. 

Further  observat ions a r e  
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Z i r c ~ n  ia 

FIGURE 1. F i n i t e  element mesh a f  the birnates-ial d i s k  
specl’meae w i t h o u t  a crack, 



21 4
 



21 5 



21 6
 



21 7 

I 
- 

U
 

0
 

I 
cv I 



73 8
 



21 9 

rt 
C

J 
I 

I 
, Q
 

e4 
P-l 

a
 

a
 
0
 

I 
I 

I 
P

I 
I 

0
 

a3 
Q

 
1-4 

e4 

>- 



220 



221 



222  

FIGURE 7 .  Frac ture  s u r f a c e  o f  a f i r c o n l a - z i r c o n i a  j o i n t ,  
obtained by using rl Ca0-Ti02-2i02-Zr02 i n t e r .  
1 ayer .  

Note: l h e  c r a c k  appears  t o  have growl p r i m a r i l y  
a long  t h e  i n t e r l a y e r .  
d i s t i i l c t  morphologirs--(a) l a r q e  g l a s s y  type p a r t i c l e s ,  
and ( b )  iiiuch f i n e r  p a r t i c l e s .  

The f r a c t u r e  s u r f a c e  has t ~ o  
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..._____I_-.-___ Technical p r o w s  

Silicon N i % , r i d e  Joint Devel.gpment 

Work w a s  continued an j o i n i n g  green NCXSPOO ( 4  wJo 
Y 2 0 3 -  S i 3 M 4 ) .  The. method by which the joints were 
fabricated and testing was performed has been outlined i n  
the last semi-annual report. Various types of j o i n t s  w e r e  

e during this r e p o r t i n g  period is@. butt joint with a 
s l i p  i n t e r l a y e r ,  (Butt/Slip) I butt joint w i t h  no inter- 
layer ( B u t t / B a r e )  and tongue-groove w i t h  a slip interlayer 
(Tangue-@roove/S1 i p )  3 

igh temperature (1300"c) flexural strength data obtained 
f o r  the MOR bars with and without the joint are reported 
below., 

599.4 6 8 . 2  6 

6 4 9 . 5  3 5 . 2  7 

6 5 6 . 6  

679.1 

17.2  

67.6  

610.9 3 3 . 8  10 

Mix 3 3  655 .9  
u n j  ained Control 

6 5 2 . 2  

3Q,3 

3 0 . 3  

4 

8 

The sample dimensions w e r e  3x4~50 mm (MIL 1942B) with t h e  
joint plane ariented t r a n s v e r s e l y  and parallel to the 
lslading direction. Flexure testing was performed on 4 
point-quarter paint fixture, using a 4 0  mm outer span. 
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The mixes 3 3 ,  37 and 4 0  are of the same composition and 
were m i l l e d  i n  s m a l l  r e s e a r c h  m i l l s .  Samples of mixes 3' /  
and 4 8  w e r e  d e n s i f i e d  i n  t h e  saxe I I l P  c y c l e  scpar-ate from 
m i x  3 3 ,  None of the joirred specimens tcs tcd above e x h i b i t  
fracture o r i g i n a t i n g  i n  the j o i n .  Tine 1 3 0 0 ° C  f l e x u r e  
strengths of j o i n s  d e n s i f i e d  in separate I I IP cycles f r o m  
separate m i l l s  by t h e  s a x  t e c h n i p s  were reproducih ;  e. 

j o i n s  with s l i p  interlayers and the se l f -bonded butt j o i n s  
compare favorably with the un jo ined  controls. The use of 
tongue-groove geometry j a i  ns w i l l  yrovi de increased green 
strength necessary for hand l ing  w i t h  no l o s s  i n  1 3 0 0 ° C  
f l e x u r e  strength a f t e r  d e n s i f i c a t i o n .  The i n j e c t i o n  mold- 
i n g  campound bond i n t e r l a y e r  has been ruled out due t o  
incomplete j o i n  closure and t h e  extremely friable natu-re 
of the green j o i n s .  The c h o i c e  05 a j o i n i n g  technique 
w i l l  reqfiire a d d i t i o n a l  testing of joins by stress rug -  
ture. The stress rupture ' t e s t ing  at J .370"C hac r e c e n t l y  
s t a r t ed  and l i m i t e d  data h a s  been generated ( see  S e k o w )  . 
Rcom t empera tu re  f 3  exure t c s t i - n g  ~ i11  be perforiiicd on the 
m o s t  promising j o i n s  a f t e r  stress rupture and flexure 
e-aalUatiOn. 

The 1300°C fleXUrE StrenFJthS sf the b u t t  alld totICJue-grOoVe 

The stress r u p t u r e  t e s t i m ~  has resulted i n  the fol lowing 
to dints. 

Stress Rupture L i f e  ( h r s .  ) 

Sample 200  MPa 250  MPa 

Mix 37 - #11, 12 
Siip/Bu%t Zoin  

+ 2 0 0 . 8  
-t-200. 8 

7 8 . 5  
159. G 

More stress r u p t u r e  t e s t i i i y  will be needed to determine 
the join i n t e r l a y e r  for thc remainder of the cmtrac t .  

A n  MOM bar contd in ing  the joint (Mix 3 3 ,  B . r ; t t / S l i p )  was 
c a r e f u l l y  p o l i s h e d  w i t h  diamond g ~ n t c  a?ad s u b m i k t t e d  f a r  
SEM examination. The j o i n t  kine was not v i s i b l e .  The 
s a m e  sample was then chem j caik ly etched and resubmitted 
far SEM, b u t  t h e  joint w a s  st i l l  i n v i s i b l e .  A s i m i l a r  
p o l i s h e d  bar w i t h  the j o i n t  was plasma e tched  and 
observed  with the S E N ,  but also i n  this case no J o i n t  
l i n e  cou ld  be detected, not even at 10 kX magnifica- 
tion. 
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SINTERED 
(':C)NTROL 
(NO J O I N T )  

2 5 ° C  
( MPa 

1. ti 3 0 O C 

( m a )  

2 4 1. 2 2 0  

SINTERED AND 3 7 6  
H I P P E D  COW I'ROI, 
(NO J O I N T )  

2 5 5  

It is appareii-t t h a t  pos t  sinterSng HlPing c o n s i d e r a b l y  en- 
frances t h e  streagtir o f  the j o i n t .  It i s  a l s o  important  to 
note that o n l y  a small f r a c t i o n  oL the t ~ s t  bars  broke at 
t h e  j o i n t .  

Some of t h e  MOR b a ~ s  were p o i i s l x d  to reveal the joint 
reg ion  by SEM. F i g s .  1 and 2 show t m r  S u d i  mierostri~.c- 
t u r e s .  Inn the s i n t e r e d  sample,  the i.n.torPayer shows a 
higher e2ens;r":ty than the material i t s e l f .  On the other 
hand; i n  the s in t e red /HIPed  sample it appears that the 
ma"Leri.aI. has denisifiet-3 more than the i n  layer, Micro- 
focus X-ray rad ioyraphy TVPS also used to check f o r  j 0 i n . t  
defects and has revealed a genesra1.l y dense j o i n t  w i t h  some 
localized l inea.] .  defec ts  or high poros j . ty  r e g i o n s .  

A n o t h e r  method, besides the 51. i p / C I P ,  was investigated .dur--  
i.ng this per iod ,  It. consists i n  j o i n i n g  dense Sic p a r t s  
by f r i c t i o n  f i t t i n g  pc?l..i.shecl, flat, mirror-like s u r f a c e  
and firing again t he  p a r t .  IC was demonstrated t h a t  a 
f a i r l y  g ~ o d  j o i n t  czin be obtained i n  13 inm diameter discs 
by pressureless sin'c-y. L ; , i ~ ~ g  ' at 3 .1OO0C,  as shown by the j o i n t  

- 

.," liiicrostmctiire - ( S E N )  of Fig. 3 .  A post-sinte;r:i ny R S E A  H I P  



r u n  has demanstrat.ed that the j o i n t  line c l ea r ly  v i s i b l e  
in ~ i g .  3 can be v i r t u a l l y  e l imina ted ,  as sh~wsa by F i g .  
4 .  Shear stre ths were also measured on the sintered and 

below. 
s i n t c r e d / H I P e  joints, and the restalts are ppresentsd  

s i n t e r e d  2 0  Sheared at -joint 

SinteredJHEPed 11 0 Part. i a P 3. y she a red 
at j o i n t  

A f t e r  the si~lecess obta ined  on small d i s k s ,  this met.hnd was 
attempted on dense 2 5 x  25x25 mm cubes. 141 t h i s  case, h o w -  
ever, the t w o  Praatirq sur faces  did not. s t i c k  te each o the r  
upon f r i c t i o n  fiktirmg. The poss ib l e  reasons are a lower 
densfLty ( 9 2 %  o f  TD) compared to the d i s k  case, or i n s u f f i -  
cient flatPless, d u e  to the u n a v a i l a b i l i t y  of the appro- 
priate polishing e q u i p m e n t ,  The lack of flatness is 

sequen t ly  ASEA HZPed to 98% of TD and repol i shed ,  but. W i t h  
probably the  rei lSOFkr elfiause the t w o  blocks w e r e  sub- 

the same result. 

In order to overcome the prohlem, t w i 3  bl.&lc%rs Wi.t .kl  the 
polished surfaces in contac t  w e r e  coated w i t h  a CVD s ic  
coat.ing at Midland Materials Research, Midland, e m 1h.e 

toqethelr  and prevent ing  glass int;rusi.on duri.ng t h e  ASBA 
glass  enca sulaited K I P  run. T h i s  run F Y i l i  be done i.n khe 
near f u t u r e ,  and i f  s u c c e s s f u l ,  MOR. bars c s n t a . i n i n g  the 
j o i n t  will be machined and tested :for s t . r e n g t h .  

CVD c o a t i n g  had the dual purpose of b i n d i n g  t.he blocks 

A pmblem has arisen u r i . n g  t h e  sic-sic jwi.ninq exper i -  
ments I i e. occasional cra.ckEgag which occ.urred when large 
b.i.1.lets were j o i n e d  w i t h  the slip/cXF method.  These 
cracks emanate from the j o i n t  re i a n  and seem due  to 
l a c a l i z e d  s'tresses  he p o s s i b l e  reassns are, i n  aur 
view, imperfect drying  before f i r i n g  or stresses generated 
by the fast b inde r  kau.rnsut during f i r i n g .  Whatever the 
reasan, we feel  that this problem can  be 0verco;ne. 
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_ l . l _ ~  Character ........___I i z a t i. on 

A n  e x p e r i m e n t a l  p i an  w a s  estah1.i shed duri i ig  t h i s  p e r i o d  
anti a s h o r t  s a r m m a r y  o f  each major area was o i i t l ined  i n  t h e  
Apk-il-May bi-monthly r epor t .  F i n i t e  element a n a l y s i s  has 
been employed t o  design t h e  specimen to b e  used  for a h h  
tensile c h a r a c t e z i z a t i  on t e s t l n t ?  - T e t i s i P z  specimens w i l l  
be used i n  stress/strain, creep and f a s t  f rac ture  testing. 

The NBS pin-and-c lev is  gEdogbone'l tensile specimen w i l l  be 
used  f o r  h igh  t empera tu re  creep c h a r a c t e r i z a t i . a n  t e s t s .  I n  
a d d i t i o n ,  f i n i t e  e lement  ana l .y s i s  w a s  used to design il 
c y 1  indrica.1.  tesnsi1.e specj.nen based on the ORNL geometry 
for non-creep c h a r a c t e r i z a t i o n  tests. T n i s  geometry is 
known to give more r e l i a b l e  d a t a  since .it is less affected 
by €ixture m i s a l i g n m e n t .  On t h e  other hand; a recen.t 
conversation w i t h  S . M .  Wiederhorn {NBS) has provided Pess 
c o n c e r n  with any s i g n i f i c a n t .  room temperature aligiainent 
problem produced by t h e  dogbsne geomet ry .  Therefore ,  t h e  
f i n a l  geometry t o  b e  used for non-creep tests w i l l  be 
weighted by t h e  manufac tur ing  cost. 

The u s e  of a large NWS t y p e  specimen h a s  been proven to be 
not feasible  for t h e  v e r i f i c a t i o n  and sca l e -up  portinns of 
the contract. ~nstron has expressed an i n t c res t  i n  manu- 
f a c t u r i n g  a high l o a d  (+I8 I 0 0 0  lb. ) c y l i n d r i c a l  buttonhead 
imiversal  hydraulic al ignment  g r i p  t h a t  m n  be used for 
t h e  verification and sca l e -up  plidscs. ~ h r  Process ing  con- 
tract has a c~mmon ir-nterest i n  thc purchase  of t h e  high 
l o a d  asst?jnbly. The re fo re ,  the 2 0 0  square mil 1 ilr"eter cylin- 
drical c r o s s - s e c t i o n  specimen i s  b e i n g  modeled  using 
f i n i t - ,  e lement  techniques and s t u d i e d  for p o s s i b l p  use. 
T h i s  ORNL modified geometry may p r o v i d e  beLtei- ve-sifica- 
tjon data a t  a cornparahle cost .  

- 

The o x i d a t i . o n  experimental pi.ai? c o n s i s t s  basically of 
e v a l u a t i n g  the room temperature s t r e n g t - b  effect after t h e  
j o i n t  is exposed t o  h igh  t empera tu re  enviroriinents.  PI-e1.i.- 
mi.nary oxidation tes ts  to moni tor  t h e  weight ga in / t ime/  
t e m p e r a t u r e  are p repa red  t o  he lp  o p t i m i z e  the results of 
the experimental procedure .  Due to the high ox ida t ion  
resistance of t h e  mate r i a l~s  be ing  used ,  a h i g h  prec i - s ion  
b a l a n c e  i s  r e q u i . r e d  t o  m o n i t o r  t h e  w e i g h t . ,  Eqii.i.prnent 
p r e p a r a t i o n  is currently underway 2nd t h e  p r e l i m i n a r y  
k L e ~ t s  w i l l  proceed a c c o r d i n g l y .  

We are now i n  the process of  setti-rig up our  new l n s t r o n  
Model 8562 .  A few components of  t h e  hardware a r e  Q L I . ~ - -  
s t a n d i n g ,  a s  well a s  the computer used f o r  daka a c q u i s i -  
tion. These i t e m s  shouId be received shor-t.ly. I n  addi- 
t i o n ,  the Vibrornet p o l i - s h e r  f o r  the s l o w  crack growth 
c h a r a c t e r i z a t i o n  h a s  been del i .vered. S p e c i f i c a t i o n s  f u r  
t h e  creep f u r n a c e s  and l o a d  f r a m e s  have been w r i t t e n .  
Expected d e l i v e r y  is i n  Novenber, 1988.  
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A n a l y t i c a l  Model i l n q  

A deta i led  p l a n  f o r  modeling f a s t  f r a c t u r e ,  c r e e p ,  ox ida-  
t i o n ,  cyclic f a t i g u e  and the rma l  cycling w a s  presente  

e p r e v i o u s  semi-annual repcart, During t h i s  period w e  
have c o n c e n t r a t e d  on modeling f a s t  fracture and creep, a s  
e x p l a i n e d  below. 

FAST FRACTURE: The f i r s t  p a r t  of t h e  fask f r a c t u r e  
modeling milestone is completed.  Fast f r a c t u r e  modeling 
c o n s i s t s  of p r e d i c t i n g  the reliability sf the ceramic- 
ceramic j o i n t s  u s i n q  s t a t i s t i c a l  methods. Pragress i n  
t h i s  area include a n  unde r s t and ing  of t h e  t h e o r y  developed 
by Batdorf and Crose [I.] and implemented i n  t h e  program 
SCXXRE. The t h e o r y  p r e d i c t s  t h e  probability of f a i l u r e  of 
a ceramic component by us ing  three- imens iona l  fracture 
mechanics  and s t a t i s t i c a l  crack den i t y  fulnction.  he 
l a t t e r  is d e f i n e d  by experimental results w h i l e  fracture 
m e c h a n i c s  use deterministic l a w s .  Both t h e o r i e s ,  
combined, p r o v i d e  a s t a t i . s t i c a l  p a c k a g e  t h a t  inc: 
polyaxial mechani  cs of cracks c rack  o r i  e n t a t i o n ,  and 
experimental-  d e t e r m i n a t i o n  of crack d e n s i t y  

‘rhe f o u r  p o i n t  bend and t e n s i o n  specimen geomet r i e s  
een modeled u s i n g  AWSYS., Stress d i s t r i b u t i o n s  will be 

u s i n g  SCARE and compared w i t h  expe r imen ta l  
is t a s k  will be done d u r i  g t h e  second f a s t  

fracture m i l e s t o n e .  

CREEP: creep modeling is c u r r e n t l y  underway. This task 
has 

1. 

2 1, 

3 .  

ifficulties clue to the fallowing: 

Creep b e h a v i o r  is n o t  expec ted  t o  o c c u r  u n t i l  v e r y  
high t e m p e r a t u r e s  and after long p e r i o d s  of t i m e ,  

The ceramic j o i n t s  are not expec ted  to give sicpi- 
ficant c r e e p  s t r a i n s  compared t o  t h e  b u l k  mater ia l  
s i n c e  t h e  volume ratio is  s m a l l .  

Creep finite e l e m e n t  m o d e l i n g  requires a n  accurate 
method a f  d e t e r m i n i n g  t h e  t r a n s i t i o n  between micro- 
mechanisms of defo rma t ion  ( g r a i n  boundary sliding or 
c a v i t a t i o n )  as  a f u n c t i o n  of temperature and stress 
and its macromechanical behavior. 

t h i s  time dependen t  b e h a v i o r  will. c o n s i s t  of 
t r e a t i n g  t h e  j o i n t  area w i t h  d i f f e r e n t  creep p r o p e r t i e s  
from t h e  b u l k  material  a s  they  become a v a i l a b  e from j o i n t  
c h a r a c t e r i z a t i o n  expe r imen t s .  B. Wilshire an R. w. Evans 
[2] developed  t h e  Theta P r o j e c t i o n  method as  a t e c h n i  
t o  in t e rpo1a t . e  and e x t r a p o l a t e  c r e e p  curves from l i m i t e d  
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F ig .  3: Microstructurp ( S m j  0; ,? j o i n t  hldde ~ i t h  densp, pol ished 
d i s c s .  Sample pressureless s i n t e r e d .  
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2.0  MATERIALS DESIGN METHODOLOGY 

INTROOUCTIO 

T h i s  p o r t i o n  o f  t h e  p r o j e c t  i s  i d e n t i f i e d  as p r o j e c t  element 2 
wi th in  t h e  work breakdown s t r u c t u r e  (WBS). I t  c o n t a i n s  t h r e e  sube1ements: 
(1) Three-Dimensional Modeling, ( 2 )  Contact  I n t e r f a c e s ,  arid ( 3 )  New 
Concepts.  The subelements inc lude  macromodeling and micromodeling o f  
ceramic m i c r o s t r u c t u r e s ,  p r o p e r t i e s  o f  static and dynamic I ’n te r facor  
between ceraniics and betieen ceramics  and a l l o y s ,  and advanced s t a t i s t i c a l  
and d e s i g n  approaches f o r  d e s c r i b i n g  mechanical behavior  and f o r  employing 
ceramics  i n  s t r u c t u r a l  d e s i g n .  

T h e  major o b j e c t i v e s  o f  research  i n  M a t e r i a l s  Design Methodology e l e -  
ments inc lude  determining a n a l y t i c a l  t echniques  f o r  p r e d i c t i n g  s t ruc tu ra l  
ceramic mechanical behavior  from mechanical p r o p e r t i e s  and m i c r o s t r u c t u r e ,  
Lribological behavior  a t  high tempera tures ,  and improved methods f a r  
d e s c r i b i n g  t h e  f r a c t u r e  s t a t i s t i c s  of s t r u c t u r a l  ceramics ,  Success i n  
meeting t h e s e  o b j e c t i v e s  w i l l  provide U.S. companies w i t h  methods f o r  
op t imiz ing  mechanicdl p r o p e r t i e s  through m i c r o s t r u c t u r a l  c o n t r o l  , for  pre- 
d i c t i n g  and c o n t r o l l i n g  i n t e r f a c i a l  bonding and m i n i m i z i n g  i n t e r f a c i a l  
f r i c t i o n ,  and f o r  developing a proper ly  d e s c r i p t i v e  s t a t i s t i c a l  d a t a  base 
f o r  t h e i r  s t r u c t u r a l  ceramics .  
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In  the model  rcfcrred to above ,  the wcdgcs a rc  rcplaccd with 
concentrated loads acting at ihcir bases. This proccdurc gi \ fC: i  accurate results 
far from the wedgcs. R u t  each  site must be far enough from its ncarcst 
neighbor so that its conti-ibution to the stress ficld there can he accurulcly 
computcd when thc wedgc pairs arc rcplaccd with concentrated loads. How 
far away is far enough? This qucstion niuut  be answcrcd to dctcrminc how 
large the wedges can bc relative io !hc crack size, how closc xi intcrfcrcncc 
site can be to  the crack tip, and how closc two ncighboi-ing sites can bc to each 
other,  without compromising the accuracy of the conccnlratcd load niodcl. 
'I'hc question has been resolved ilirough comparison of the  strcss ficld around 
thc wcdgcs with that gcneratcd by tlic concentrated loads. 'The comparison 
rcquires both analytical and numerical  investigation of the behavior of the 
mathematical model at points on the crack facc far from the wcdgc. The  
separation requircd bctwccn an intcrfcrcnce site and its nearest  neighbor  
depends on both the specific configuration of interferences sitcs and also the 
clastic porpcrties of the material in which thc crack is presumed to cxist. For 
silicon carbidc,  our calculations show that very fcw intcrfcrcnce sitcs (oftcn 
only one) can be placed in a crack without seriously dcgratling t h e  accuracy 
of the conccntrated load model. 

Bccause protrusion interference is prevalent and incrcases  with thc 
numbcr of interference sites prcscni, i t  is important t h a t  the cffect bc modeled 
accurately. Because thc current iiiodcl is not accurate whcn many sites are 
p re sen t ,  a n e w  ana lys i s  a l lowing  accura i e  p red ic t ions  when  many 
interfcrcnce sites arc crowded into one crack should be made. In this analysis, 
the iniiuence of the intcrference sites on the crack-tip stress ficlds should be 
found without replacing the sites by concentrated loads.  Furthermore,  ihc 
intcrfercnce site geometry should not be limited to the wedge shape. 'To 
achicvc these goals ,  the crack geometry assurncd in the niodcl must  bc 
changed from a Griffi th (straight-l ine) crack to a jagged-line crack. Thc 
contact patches whcre intcrferencc occurs can still bc taken a? poini load 
i n t c r a c t i o n s .  

The  imploved model refei red to above should givc accurate predictions 
of the fracture stress for a jagged-line crack ill which intcrfcrcncz occurs .  
Calculations resulting from Ihe model could then be couplcd with statistical 
data for real cracks from which specific jagged-line crack modcls could be 
evaluated by simulation. Such a simulation could eventually bc added to 
existing reliability calculations and so improve the accuracy of the dcsign 
p r o c e s s .  



'I'he milestone schcdule is as follows: 

21 11001 Completed. 

21 11002 Dec-15-88 

21 11003 Rescheduled.  
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2.2 CONTACT INTERFACES 

Wing a p d  Cy1 inder Materials 



F i g u r e  1. Test specimen configuration and l o a d i n g  

S 1  i d i n g  Contac t :  Dual f : a t - o n - f l a t  
"Cylinder" Specimens: 12,7 x 32 x 127 mrn 
" 8 i n g "  Specimens: 3.2 ti 19 x 19 !EK~ 
"Rjng" CTOWR r a d i u s :  32 m 
Hot ion: Reciprocating, 108 mm s t r o k e  
Reciprocating Speed: 500 t o  1509 i-pm 
Average  Specimen Speed:1.8 t o  5 . 4  m!s. 
Load : t o  950 N 
Ring  Loading: t o  50 N/ma 
Atmosphere: D i e s e l  exhaust or o t h e r  gases 
N e a S L J P E ' m e i 7 ~ S  :: Friction and wear ( a f t e r  t e s t )  

.-.-. I- _.-. 
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TABLE 2. MA6fRIAI.S FOR EVALUATION 
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erirnent ini t ia ted i n  the l a s t  reporting p e r i o d  us-inrj 
cy1 inder specimens, Cr203 - coated ring specimens, 

estcs) lubricant was continued for a longer testing 

mi r i n g  load ,  the wear coefficient decreased t o  
t i m e  a t  260 C, 
speed) an$ a 12.3 
1 .4  x 10- I Phis 
the previous testing period o f  4 hours a t  260 C arid probably ref lects  
a well broken-in sliding couple. The surfaces o f  the cylinder 
specimens were polished i n  the con%,acl region. which i s  cons?”stent 
w i t h  the low me;rsured wear ra ter .  

After an additional 7,s hrs a t  500 rpm (1.8 m/s average 

resented an order-of-magn i tude decrease from 

Since an operating temperature ob 250 C i s  considered t o  be the 
i t  f o r  the 5DL-: (polyolester-)  lubricant because o f  the 

lherefore, an exploratory experiment was conducted with EB-625 
~ p ~ ~ y g ~ ~ ~ ~ ~ ~  t o  determibled i t s  suitability as a lubricant for. the 
ceramics being s tud ied .  

u s i n g  plasma spr;iyeQ c o a t i n g s  of Cr203 o n  the ring and cylinder 
specimens. The 1-hour break-in a t  room temperature resulted i n  a 
wear coefticient o f  5 x and 1 hour at. 10 C resulted i n  a  ear 
coefficient of I x  IO-^^ on th i s  txdsis, the specimens appeiiired t o  
have been broken i n  and the wear rates decreasing. A t  260 C ,  liowwer, 
t h e  wear coefficients increased t o  3 x IO-‘ and 7 x IO-’ d u r i n g  two  
4-hour pericds, T e wear rates actually increased over the value 
calculated f o r  t h e  relatively high room temperature break-in p e r i o d ,  
The f r ic t ion coefficients were generally less than  0.06 dur ing  the 
la-hour- periods a t  261 C, w i t h  one brief period of 0*16.  T h u s ,  
the wear  ra te  was h i  ti I the friction coefficient W ~ S  general ly 
low. 

ne, new deposits were formed and the o i l  actually 
i n  the test chamber l e f t  by previous runs 
continued h i g h  wear rates measured with t 
LB-625 compared with previous results obtained 
c o e f f - i c i e n t s  OP I x IO-’ a t  260 ~3 raises conce 
application o f  LB-625. 
of the LB-625 not containing a ZDP antiwear ad Ap p a ren t 1 y 
the conventional forms of ZDP are not compati‘o w i t h  LB-625. 1191 
contrast ,  SDL-1 i s  reported t o  contain ZDP, A hough ZDP hds been 
developed arid appl i ed  f o r  ~ s e  with ferr.ous-bas materials, there i s  
apparently sufficient chemical similarity betw n chroml’um and iron 
to  make i t  effective w i t h  Cr-203 c o a t i n g s  as well. Another expcrlr.iriient 
was conducted w i t h  LB-650X8 a olyglycol t h a t  contains an antioxidant 
additive, t~ determine whether i t  i s  more effe 
wear of the 0203 specim s. The experiment w i  t h e  LB-650X lubricant 
was run on Ct-203 ring a cy1 incler specimens t had been previously 
r u n  f o r  a t o t a l  of 12 hours using the I-B-625 lubricant. After .  two 
more 4- tour  r u n ~ i  at,2tjG C, the wedr coefficients obtained were 
3 x 10- and 6 x 10- . These wear coefficients a re  similar t o  those 

LB-625, l e f t  more deposits behind when i t  f inal ly  did decompose. 

adherent carbonaceous depos i ts  formed a t  higher temperatures, 
operating temperature i s  being limited by the lubricant. 

Thc experiment w i t h  the LB-625 (poly 1)  l u b r i c d n t  was run 

cI:onsistent v ~ i t i n  the expected behavior of 1. 

The higher wear sates mdy be the direct  result 
t i v e .  

ve in preventing 

The LB-650X lubricant, while being more thet-inally stable t 
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S t a t u s  o f  m i  1 cs tones  

The s t u d y  i s  p r o g r e s s i n g  in accordance w i t h  t h e  o v e r a l l  miles tone  
schedule. 

P u b l i c a t f o n s  ~ ,.......... ~ 

None 

1. Garelos, 14. N . ,  "An Analys i s  o f  the Ga/In/\,ldSe, Lubricant Compact,," 
ASLE Transactions, V o l .  28, p. 231. 
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It iq interesting to point out on Figuie 1 that thr strength value aswciated with the "pinch point" of 
the confidence boundc (the p i n t  with the smallcst uncertainiy) is located essentially at  the midpoint 
of all the measured strengths. 'I'his relationship should always be the case and is usefill in visiialbing 
bounds cili other quantiles. As one considers progressively smaller quantile beliaviors, the p edictcd 
line moves down and to the le& tile pinch point moves to smaller effective areas 01 volumes, and thc 
width of the tolerance buulnd increaws for any sizc larecr thnn that of the pincii point. 

Maximum Likelihood 
'Neibull Modulus = 14.40 

0 3-Point R 
* 3  -Point  C 
@95% Rounds o n  0.05 Quanti lc  

Q 

-L-L-Ld-- - - . - -~-L- . l .  ...... J. .... .LILJ...I..J.A ..._______._ AI. .-..! _._____ I ..... _.___ I...J.-LJ.J--- _ _ _ _ _ _ _ _ _ _ _ _  
1 10 100 

St r e s  sed Area ( m d )  
Figure 1 

Also during this rcportlig period, cffort began on deveilopment of inethods for estimating 
confidence and tolerance bounds on Weibdl parameters and strerigth estirnates for "Class IV' prob- 
lems. Class IV problems are those where the fracturc data may include specimens from multiple 
specimen sizes and loading geometries, while thc component of interest may be of yet a different size 
and loading configuration. Two promising classes of approaches have been identified and are being 
pursued. The iirst is based on likelihood methods and the second is based on bootstrapping methods. 
The following paragraphs describe these two classes of approaches and the p~~cigress in iising them 
toward Class IV problems of strength analysis. 

Classical likelihood methods such as those using asymptotic normal theory ( 3 )  are known to be 
very inefficient, thus requiring largi: sample sizes on the oi-der of l(10 or more in order to  g i n  accept- 
able accuracy. Likelihood ratio techniques (4) are more efficient, requiring only 30 or so specimens 
in typical situations. Conditional techniques based on integration of thr likelihood distribution ( 5 )  arc 
the most efficient of this class with virtually IKP lower limit imposed by the accuracy of ihe technique. 
(Of course, smaller numbers of specimens contain less iilformation and will naturally yield larger 
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tolei m c e  bounds, e\ en for nn 'iceurate method of estimating bound5.) The integration q p r  oach is 
mi~ch more cornputatinnally intecsive than the 1 ikelihood ratio approach Thcr c%a e, it is anticipatcd 
t h ~  the intt;grAon ~ppr t~ tc i i  will be used when small nunilw-s of specimens are available, while the 
1 i k ~ l i h o d  ratio technique will be used lor larger number 5.  

At this time two npproaches are being cunsidzred to de,d with multiple syaimen s k s  a d  
genmetric3 is1 likelihood . q q ~ c o ~ ~ h e s  In the  first, an attempt is being rnacle to employ a rxiockl of 
eq1liv~i1rn.t shes, so that all s i ~ e \  can be rthlive scaled This niethod woulcl take into acxoiant  all inlor- 
m'ltim t h d  is knowla. FIuwever, if rapires  that the relative 1 elationship between sites he exact. This 
cnq nnt he the c<\re, since the relationship depznds among other things on the correct model of 
hhm e anel multiaxial stress considerations Tn the othcr a p p  o x h ,  it j\ c)171y asmned that the Weihull 
di\tributjon, with unknown manodulus and characteristic strength for each loading-geometry condition, 
properly tlcscrilx, failures. ile this approach lows some inform&m, it has the advantage of not 
dcpencling on the model of f,nilure, etc hdorcovcr, in this apprwch the integration method [nay again 
i?r: e.Mct. 

'1 he second CIAST of appa oach being p ~ ~ r w e d  LISGS vatittions of the ''bootsti appirag" tcclinique (6 ) .  
Thiq technique begins with an estimator that c m  combine (lata horn rninlripk spiecirncn sii9es and 
geometries aiid yield dn eftinlate of thc kYeibL181 parameters. (Two such estiniators have been 
described in Reference l--otie based on linear 1 egres5ion m c l  the other on niaxirnuiri l&elihmc~.) The 
ectimntnr i s  used on the cxger imentat d<ita tc9 yield the best estimate of the adjustahltt. parameters of 
the diskibution. IR parametric bootstrapping, these estimated pat atneters are then used to sininlate 
data s h h r  to the original but choscn rrtnriotnly from a chtribution with tlac estiinated p i  ameters. 
In non-parametric bootstmpping, additional data sets arc, generated by randomly choosing strengths 
finm the original data with replacernents (ie. a given strength can be chosen more than oiicz in a datk-a 
set). In both techniques, the generated data set is analyzed using the original estimator. By repeat- 
edly gcnemting and analyzing 211 tificial data sets a large nunshet. of times, hiformation can bc gained 
about the var iabjlity of the esthnator in a tialyzing data sianilar to the e x p  imentd datn set This, in 
turn, can be used to estim,ite conficfencr bounds on p a  arneter s and tolercmcc bounds 011 estimated 
behavior of cnmponcnts. 

The bootrtrapping tcxhniqae is computationally Intensive, but it ~ E e r s  the iiitripuing potential of 
estimating coniidence and tolerance bounds on it variety of very complex proble~ns beyond 4"lnss IV 
(such as those involving multiple flaw populations, rnulrimial stresses, stserigth degr,idat ion due to 
slow crack growth, ctc) If estimntor can be designed tu estimate a11 the ncSJ mt,ible par aaneter 5 of a 
giwn mmoclel, then thz bootstrapping teclwiclue shaulci be ca~iihle of estimating confidcnce bounds on 
all the parmietexs m c l  tolerance hounds r ~ r a  e\lirn;itcd stnerigthr. (It should bc pointed CXIL h i t  the 
hettcr the quality of the L ' s ~ ~ J I I ~ ~ ~ o ~ ,  the maller the w d t h  of thc houaiels.) As the  e f b  t pi oce:ed\, the 
rctntive aclvnntages and diracivmtage-s of parametric verm, non-par aanetric bootsti apping should 
bccnrme evident. 
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W. Nelson, Applied I,$? Datu Atmly~k, John W l e y  & SGI~S,  N w  Yark, 1987 

D.R. Cox and D Oakes, Am&yis of Survival Ectta, Chapman arid ITall, New York. 1984. 

J.b. Lawless, "Construdion of I'olesance BoUilc:S for the Ext i  a-ris-Value and Weih11 Distribu- 
tions," '1ech)ioi?zea-ics, 17, 355-61, 197.5. 

E. Efi oil, "Bootstrap Methock. b o t h e r  Look at  t h r  Jackknife," The ilrrmls of StntP'rilcc, 7, No. 6. 
1, 1-26, 1979. 

Status of Milestones 

On schedule. 

Communicationsfisits/ rravel 

None 

Problems Encountered . . . .- lll_l__lll 

None. 

Pi ihlica t ions 

None. 
.-- 
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3 . 0  llATA BASE AND LIFE PREDICT10 

INTRODUCTIO 

T h i s  p o r t i o n  o f  the  p r o j e c t  i s  i d e n t i f i e d  a s  p r o j e c t  elenient 3 
w i t h i n  t h e  work breakdown structure (WBS). I t  c o n t a i n s  f i v e  subelements, 
including ( I )  S t r u c t u r a l  Q u a l i f i c a t i o n ,  ( 2 )  Time-Qependent Behavior,  
( 3 )  E n v i  roritnental E f f e c t s  ( 4 )  F r a c t u r e  Mechanics, and (5 )  Nondestruct ive 
Eva1 u a t  i o n  (NUE) Development. Research c ~ n d u ~ t e d  dur in  
i n c l u d e s  a c t i v - i t i e s  i n  subelements ( I ) ,  (21, and ( 3 ) .  Work i n  t h e  
S t r u c t u r a l  Q u a l i f i c a t i o n  subelement i n c l u d e s  p m o f  t e s t i n g ,  c o r r e l a t i o n s  
w i t h  NI9E resml t s  and m i c r o s t r u c t u r e ,  and a p p l i c a t i o n  t o  cornpon~nts .  Work 
i n  t h e  Time-Dependent Behavior subelement i n c l u d e s  s t u d i e s  o f  f a t i g u e  and 
creep i n  s t r u c t u r a l  ceramics  a t  h igh  t empera tures .  Research in the 
Environmental E f f e c t s  subelement i n c l u d e s  study o f  t h e  long-term e f f e c t s  
of  o x i d a t i o n ,  c o r r o s i o n ,  and erosion an t h e  mechanical p r o p e r t i e s  and 
microstructures o f  s t r u c t u r a l  ceramics  I 

element incl i ides  (1) experimental  l i f e  t e s t l n g  and m i c r o s t r u c t u r a l  ana ly -  
s i  s o f  S i  ,N, and S i c  ceramics ,  ( 2 )  t ime-temperature  s t r e n g t h  dependence o f  
Si,N, ceramics ,  and ( 3 )  s t a t i c  f a t i g u e  behavior  of PSZ ceramics. 

Major o b j e c t i v e s  o f  research  i n  the  Data Base and L i f e  Prediction 
pro.ject  element; a r e  understanding and a p p l i c a t i o n  o f  p r e d i c t i v e  models f o r  
s t r u c t u r a l  ceramic mechanical r e l i a b i l i t y ,  measurement techniques f o r  
long-term mechanical proper ty  behavior i n  s t r u c t u r a l  ceramics ,  and phys ica l  
understanding o f  time-dependent mechanical f a i l u r e .  Success i n  meeting, 
these o b j e c t i v e s  w i l l  provide U . S .  companies w i t h  t he  t .oals n e ~ d e d  f o r  
a c c u r a t e l y  p r e d i c t i n g  t h e  mechanical r e l i a b i l f t y  o f  ceramic heat erigine 
components ,  inc luding  the e f f e c t s  o f  a p p l i e d  s t r e s s ,  time, temperature, 
and atmosphere on the  c r i ’ t i c a l  ceramic p r o p e r t i e s .  

The r e s e a r c h  c o n t e n t  o f  the Data Base and L i f e  P r e d i c t i o n  p r o j e c t  





3.1 STRUCTURAL QUAbTFJCAlZOM 



I n  t h i s  p ro jec t : ,  i2ie c reep  arid c r e e p - r u p t u r e  behavior  o f  several 
ceraiiiic iiiz ILS T h r i l l  be c o r i e l a !  I v i t h  mici-ostructiIr.ti1 damage t h a t  
occu r s  as  a fwlc:ti.oii o f  c reep  s i r a i n  and riIpic1rz t i l i l e .  M n ' ; e r i a l s  t o  
be  s t u d i e d  i n c l u d e :  s i a l ~ o i i s ;  hot-; , l .essed s i l i c o n  n i t r i d e ;  and 
sintzi-ec! s i l i c o n  c a r b i d e .  This p r o j e c c  wi 11 bc c o o r d i n a t e d  w i t 3 1  WRS 
3 . i t .  1 . 3  Tens i l  n, Cxerp  'Test ing,  wit-11 tlie u l t i m a t e  ,<~oal o f  deve lop ing  
a t e s t  nethuciology Tor assui-lng tiie ~ c l i a b j l i i y  o f  si:ruc,iirial 
c e r a z l c s  f o r -  liigh t c z y z r a t u r z  appl i c a t i o n s .  

Duriilg tile pas:  q ix  liiollths tlie importance o f  IIticrosLLucture t o  t h e  
deforllizLI:>n and r u p t u r e  o f  iwo phase alscerl 'al q w a s  ana lyzed ,  
p a r t i c u l a r l y  r.i+,h r e g a r d  t o  ;hc k ind  o f  deforrnat i o n  and f r a c t u r e  that 
i s  l ike !y  i t r  occiir il-I cl~e ' r id ter ia ls  a n t i c i p a t : J d  f o r  use i n  h n i t  
c ~ ~ ~ i ~ l ~ s .  Hany of  t h e s e  a r e  two phass  mate~ials i n  which a rnftaciory 
p d t - c i c l r  D r  f i b e r  i s  ilrtbpddcd ili a rwch 1 ~ ' ~ s  r c f r s c t o r y  I m t r i x  P a r t  
01 ihe s tudy ilii,olved a review o f  illr p e r t i n e n t  1j ;eLai iJ t -e  concerned 
w i t h  tm phase defcr io r l ;  pd rL  involved din l y s i s  o f  datA 
c01lecie: l  oveL t h e  p Llirpc y e a r s  oii i l l is  p raa.  A repoLi  o f  i l ~ e  
~ x ~ k  i s  giver: below. 

Xode! s o f  T v c  Phase Creep 

The First. paper  co deal  w i i h  two pimrc. c r eep  was t h e  semi iia 1 paper 
p r e s e n t r d  hy Coble [ I ]  i-0 e x p l a i n  c reep  by g r a i n  bouridary~ ' i l "ansport .  
Coble  nssi.imed Zlidc c r e e p  occur red  pi:imdrily by d i f f u s i o n  o f  m a t e r i a l  
along graLn t o i i i . ~ d ~ r j  e s  as a consequence o f  chemical po ' ie : i i ia l  

b o uild a 1: i e s L i 1 a were siibjecte:i to Leilsioiz. 'l'hz c r e e p  r a t e  w a s  f u i i r i t l  
t o  be  p r o p o r t i o n a l  t o  t h e  g r a i n  boundary- i;hicknC.S$ and ti) the g r a i n  

indary c i i f f u s i v i c y ,  and i n v e r s e l y  pi-oportjon t o  t h e  cube Q L T  ihe 

i.s onc o f  t h e  bas i c  c reep  models t ha t  d c s c r i b e  the  dcforma?,ion o f  
m a t e r i a l s  ac eleva;:.::d t empera tu res .  

SubsequenL t o  Cob le ' s  work, Xaj [ 3 ]  and Ash:~y[4] no ted  t h a t  the 
p r o c e s s  o f  s o l u t i o n  rs-pi*ec:i.pi i:ai:iori i n  tc!o phase ceramics  couI-d be 
tler;cribzd by ?he Coble s q u a  c i o n ,  prm7ided the z r a i n  bourtdary- 
t;il.c:kn:.ss vas r e p l a c e d  by the tiiickiiess; o f  <:he m a t r i x  phase 
s e p a r a t i n g  t h e  g r a i n s :  Figure 1 .  i f  Che f l u x  o f  material .  f i - o m  t h e  
compressive t o  iiie ::en.sile surfac:? o f  i.he grains  is t r a n s p o r t -  
c o n i r o l l  e d ,  t hen  t h e  equa t  I on go-verning c resp  i s  i d c n t i c a l  t o  LIE 
Coble ea r l a t ion .  I f i  however, t h e  f l u x  i s  i n t e r f a c e - c o n t r o l  I.ed; i h e n  
t h e  c r e e p  r a t e  i s  i n v e r s e l y  proporclonal LO t h e  g r a i n  s i z e ,  and a 
s u r f a c e  k i n e t i c  Lerx e n t e r s  t h e  c reep  equa t :%on[3 ] ,  These i ~ i o  
meckeni sms c o r i s t - i ~ z r ~ e  s o l u t i o n  r e - p r c c i p i t a t i o n ,  ;lie  nosh genei-alLy 
accep ted  i110de o f  h igh  temperature  d c f o r z a t i o n  i.ii L W O  phase sys t ems .  

d i f f e r e n c e s  he  !?en hnimdaries  that: w e r e  s u b j e c t e d  ~ V O  compression a n d  

i n  s i z e .  Tnis  t1-1esr-y h a s  been f u r t l i e r  developed by o c h e r s [ ? ] ,  and 
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A second c l a s s  OK creep  models involves  inass Flow o f  t h e  ma'tt-i.x 
phase  w i t h i n  t h e  two phase mater ia l .  I n  i t s  si~npLcst f o r m ,  iiie 
1n:ii:rix phase act:s a s  a lubr7.caiil: between tlhe h a r d  r i g i d  gra i l l s ,  which 
permi ts  t h e m  t o  s l i d e  e a s i l y  p a s t  one nno'ihcr, f i g u r e  1 .  A s  c o n t a c t  
between the g r a i n s  es not  envisIoi?etl i n  t h i s  iilodel, c reep  occurs  only  
a s  a consequence of s h e a r  deformation w i t h i n  t h e  matr ix  phase ;  a s  a 
consequence, t h e  c r e e p  r a t e  i -s  propor t iona l  to ihe  volume f i -ac . t ion o f  
the matri.x p h a s e [ & ] .  However, as g r a i n s  o f  a t w o  phase materiaL a r e  
never l a i d  o u t  i.n p e r f e c t  rows, l u b r i c a t e d  f low,  as  descrihc!d h e r e ,  
p l a y s  on ly  a m i n o r  r o l e  i n  t h e  dcformation pi:i>i:c,s,s. Grai i ls  
c o n s t i t u t i n g  the s o l i d  impinge upon one ano t l i e r  and flow g r a d u a l l y  
s u b s i d e s .  For cont inued d e f o r m a t i o n ,  g r a i n  r o t a t i o n  niust occur  and 
g r a i n s  must s l . ide over  one m o t h e r ;  as il consequence, dilatary 
s t r e s s e s  devel.op Locall~y w i t h i n  t h e  mat r ix  phase [ 51 . To accommodate 
t h e s e  l o c a l  volume changes,  t h e  mati-ix m u s t  flow between t h e  
r e f r a c t o r y  grain:; .  I n  reg ions  where negati.-ve p r e s s u r e s  deve lop ,  t h e  
Forces between tilie s o l i d  pa l - t i c1  e s  a r e  inci-en-,cd s o  t h a t  f i  rrn i n t e r -  
partic1.e coniacti i s  made between a d j a c e n t  g r a i n s .  Creep deformation 
by v iscous  f l o w ,  sometimes knox7n as  percolati-or-1, has  bzen d e s c r i b e d  
by Lange[G] and by D r u c k e r [ 7 ] ,  who showed t h a t  t h e  c r e e p  r a t e  i s  
p r o p o r t i o n a l  t o  t h e  cube o f  t h e  volume f r a c t i o n  o f  'i'i~e matr ix  p i l a s e .  
Large deformations cannot: occur by p e r c o l a t i o n  a l o n e ,  s i n c e  h e r e  t o o ,  
in te rpar t ic1 .e  c o n t a c t  g r a d u a l l y  s lows  the creep  process  PercoJ.at i on 
cai i  ~ however, accommodate d i l a t i o n  tiiat: occiurs when o t h e r  modes of  
d e f o r m t i a n  a r e  a c t i - v e .  

c reep  r a t e  o f  two phase niat:erials were coriducted by R a j  and h i s  
coworkers on g l a s s  ceramics [ 8 , 9 ]  . Their s t u d i e s  suggest. t h a t  the 
creep  o f  g l a s s  ceraini-cs i.s a v i s c o u s  process  i n  which t h e  g r a i n  s i z e  
dependence o f  t h e  c reep  ratla i s  depender,t o n  ternpcratx1.i-e. A t  9 5 O " C ,  
t h e  creep r a t e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  g r a i n  s i z e  s u g g e s t i n g  
an  i n e e r f a c i a l  mechanism o f  c r e e p ,  whereas a t  i i igher  tempera i:ures, 
> 1 1 5 0 ° C ,  t h e  c r e e p  r a t e  i s  in-versely dependelii on t h e  cube o f  t h e  
grai-n s i z e  ~ sugg::s~:irig t h a t  creep was t i - x i s p o r t  controlled In a 
more r e c e n t ,  but. l e s s  sys temat ic  s tudy  on v i t r e o u s  bonded aluminum 
oxide ,  c recp  r a t e  measu1:ements indicai:ed a r e l a ~ i v e 1 . y  low s e n s i t i v i t y  
o f  the c reep  r a t e  t o  the g r a i n  s i z e ,  which i s  c o n s i s t e n t  w i t h  
i n t e r f a c i a l l y  corli:rolled c reep  i n  tj1.i.s rnateii~al [ 101 . Based on t h e s e  
few stirdies, i t can be eonc1.ude.d that both  i n t e r f a c i a l  and t - ranspor t  
c o n t r o l l e d  cre-ep can  occur  in t w ~  phase ceramics .  

Cj hxperimental  s i u d i e s  t o  e lucidat-e  t h e  ro1.e o f  m i c r o s t r u c t u r e  on t h e  

b l ic ros t ruc ture  o f  Two Phase M a t e r i a l s  

P o t e n t i a l  prob1.ems wi th  t h e  above nodsls of  two phase creep a r i s e  
a s  a consequence o f  d i f f e r e n c e s  between iAe m i c r o s t r u c t u r e  envis ioned  
i n  t h e   model.^, f i g u r e  1 ;  and t h e  micros t i -uc tures  o f  re2l- maizerials.  
These d i f f e r e n c e s  a r e  o f  t w o  types :  (1) grai.ns a r e  usual~1.y not: 
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uniform i.n s i z e  or  shape, so i : ha t  the  s tacking  o f  g ra ins  and the  
i n t e r s t i c e s  occup Led by the matrix phase a r e  a l s o  non-uniform; ( 2 )  
g ra ins  i n  real t w o  phase s t r u c t u r e s  are 7iSUal.ly faceted c o  tihat 
corners  and edges,  r a t h e r  t:han f l a t  o r  gent ly  curved f a c e s ,  come i.nt:o 
c o n t a c t ,  These difEr:rences r e s u l t  i n  creep t h a t  i s  iiihamogenr.ou..;l.y 
d i s t r i b u t e d  wi th in  LIE body, i n  c o n t r a s t  to the assuraptiuns o f  
uniformly d i s t r i b u t e d  stress and s t r a i n  inht3x-ent: in most t .beories of 
creep ~ 

T h e  l ack  of uniformity of g r a i n  s i z e  and grai.n s.hape - r e su l t s  i n  
uneven loading o f  the  g r a i n s ,  g$v:i.ng r i s e  t o  Local  s t r e s s  
conceritrations wi.thin the rr,icrost:ructure. T h i s  e f f e c . t  was discussed 
by Drescher and De .Tong[ 111 
iiiodel consis t i -ng of p l a s t i c  d i s k s  o f  six d i f f e r e n t  radii t o  model. th 
rleforuiation and the  s t r e s s  d i s t r i b u t i o n  devel  oped wi th in  gramiLar 
materl als . Hundreds of di.sks were randomly Sita<;'iced toge ther  between 
f:wo g las s  p l a t e s ;  t h e  stack of  d i sks  w a s  Loaded a long  i t s  edges t o  
r n i m i . c  the f l o w  o f  a t.wo--dj.mf,-nsional graniaLar s o l - i d ,  Duri.ng 
deforraation, p a t h s  o f  force through the s t a c k  of d i sks  we't-cr mapped by 
p o l a r i - z e d  l i g h t .  Birefr ingence pa"tterns wi th in  the  s t ack  o f  d i sks  
ind ica t ed  t h a t  the  a p p l i e d  f o r c e  w a s  not: t r ans fe r r ed  inniformly , since 
some o f  h e  d i sks  were comple tdy  f r ee  of b i r e f r ingence  while o the r s  
'hiere highly  bi.x-efri.ngent. Clus-tx-cs containing from 3 to 8 d i sks  
(es t imated  from f i g u r e  9 o f  Drescheu and De .Tong's p a p e r )  formed 
cells t h a t  moved h n  un:i.son d u r i n g  defot-mat:i.ori; strain occurred only  
a t  [:lie boundary of' each ce1.1.. Considering the v a r i a t i o n  i.ri g r a in  
s i z e  normally observed i.n most ceramic materials I t h i s  model i s  
probab1.y an accurat.e re El.ecf:ion of creep behavior i n  real. ina te r ia l s  . 

A n  example o f  a t.ype of micros t ruc ture  t h a t  l e n d s  t o  ur~e 'ven loading 
i s  i .1  1-ustrnted i n  f i g u r e  2a f o r  a grade o f  v i t r eous  bonded aluminum 
oxPdc co-ntaining =20 v/o v i t r e o u s  phase[ IO] . Because o f  the f a c e t e d  
g r a i n  morphology, i n t e rg ranu la r  contac t  OC(:UTS only a t  po in t s  o r  
l i n e s  determined by the f a c e t i n g .  Corisequeri-t:l.y, l i n e  and po in t  
con tac t s  WGmUld be expected t o  con t ro l  the deformation process  i n  t h i s  
mai;ex'i.aL during creep I Contiact  due t o  faceti-ng a l s o  OC.CIII's w h e n  
smal1.e~- amounts o f  second phase a r e  p re sen t .  I n  v i t r eous  bonded 
alumi.runn oxide conta in ing  only -8 percent  S e 4 : O n d  phase ( f igu re  2b) 
angu1.a~ bountlari e s  and rnicroscopical.1.y face ted  surr'aces o f  the graj~ns 
a l s o  permit cont:ac:tr on ly  a t  sharp edges rat:ht;r than f l a t  
sur faces  [ 101 . F i n a l l y ,  st:ress contours observed by t ransmission 
el.ectron mi-croscopy i n  speci.me-cis of ho t  pressed s i l i c o n  rii-tl-ide t h a t  
have been deformed at. e1evat:etl temperatures [ 321 also sugges t  t h a t  
contact: p a i n t s  dominate the  creep behavior o f  t h i s  mater ia l  ' 

who i.iseci a physical. two-dimensional 



2 .  M i c r o s t r u c t i i r e  of  two p h s e  naterials : ( a )  v i t  :~oiis bonded 
alui i ina c o n t a i n i n g  -2Ov/o v i t r e o u s  phase; ( b )  v i t r e o u s  
bonded a lumina  con td i r l i ng  -8v/o  vitieous phase. 
fdCI?ff?d morphology of  Lhe  g r a i n ?  (a) a n d  t h e  
m i c r o s c o p i c s c a l e  f a c e t i n g  of iiic 3~aLt-1 s u r f a c e s  ( b )  
preclurlc e 'x ;pxivp  c o i l t a c t  betweer, g r a i  1 1 3 .  Contact seems t o  
o c c u r  more f r c - q u c n t l y  a t  o d ~ e s  and c o m e r s  rat1is.r i h a n  a l o n g  
f l a t  or smooth ly  curved  surfacps. 

Both t h e  



Fsl lowing the procedure used by Wane and R a j  [ 9 ]  on ly  16% o f  the 
difEerence i n  trhe creep r a t e s  could be a t t r i b u t x d  to shear e f f e c t s .  
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3.  Creep asymmetLg i n  s i l i c o n l z t x d  s i l i c o t ~  c a r b i d e .  A s  can be 
s-.en, c r e e p  i n  t c n s i o n  i s  easis i  iiiari crcep in comprss s ion .  
Ai- lea4i t ~ ~ 9  irlodes of c rcep  are observed  i n  boti-, t ens ion  and 
c o m p ~ e s s i o l l .  After Llisderhoril et al. [ 131. 
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5. Conrpressive C K P P ~  of siliconized silicon carbide as a 
fu[?ct ion of ternpeLdturt8. The material s i ippnr t s  a load and 
c rpcps  in a predict ablt .  riid~inei at temperat u r s s  that exceed 
the IiIPlt ing point ol: s i l i c o n .  By coniras?: specimens of 
this illaterial break at very low loads above the melting 
poinL of Lhe silicon in tension. These r e s u l t s  are similar 
to those of Vaandrager and Pharr e271 on brass c o n t a i n i n g  a 
1 iquid at grain boundat  i e5 - After L!ip+\crhom et a1 . [ 13 . 
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compression over  that; r e p i - r e d  i-11 tensior i .  ‘The process  d e s c r i b e d  i s  
s i m i l a r  t o  t h a t  envis ioned  i.n s i -mple sI.i.ding, where t h e  l a t e r a l  f o r c e  
f o r  s l i d i n g  i s  determined by tihe a r e a  o f  contact: between the t w o  
b o d i e s .  For a s l id i -ng  c o e f f i c i . e n t  o f  f r i c t i o n  o f  . 5 1 9  which is 
reasonable  at: h i g h  tempcrat:ures[20],  t.he st:i:oss l e v e l  r e q u i r e d  f o r  a 
given creep  r a t x  i n  compression i s  estimafe?d t o  be -70 p e r c e n t  
g r e a t e r  t h a n  t h a t  i n  t e n s i o n .  Di f fe rences  o f  ’illis magnituric have 
been observed f o r  s i l i c o n i z e d  s i l i c o n  c a r b i d e  and f o r  glass ceramics .  

MicrosizructuraL Observat ions 

M i c r o s t r u c t u r a l  observa t ions  on s i l i c o n i z e d  s i l i c o n  carhi.dc 
deformed a t  e l e v a t e d  temperatures  suppor t  t h e  sugges t ion  t h a t  c o n t a c t  
s i t e s  between s i l i c o n  c a r b i d e  g r a i n s  p l a y  a n  important  role i n  the 
creep  p r o c e s s .  D i s l o c a t i o n  d e n s i t i e s  w i t h i n  t h e  deforrncd s o l i d  arc 
g e n e r a l l y  101~ and t h e i r  d i s t r i b u t i o n  i s  n o t  un i~ fo rm,  indicatzi ng that: 
deformation does n o t  occur uniformly throughout the i n i c r o s ’ ~ ~ ~ - ~ ~ c t ~ ~ r e .  
I n  p a r t i c u l a r ,  d i s l o c a t i o n  a c t i v i t y  i n  s i l i c o n  c a r b i d e  i s  
c o n c e n t r a t e d  p r i m a r i l y  a t  c o n t a c t  s i t e s  between t h e  g r a i n s  of  s i l i c o n  
carhj.de f i g u r e  4 .  Furthermore,  damage is more severe and more 
uniformly d j ~ s t r i b i i t e d  i n  compre’ssi on t:han i n  t e n s i o n [  2 1  ] , suppor t i - r ie  
t h e  i d e a  t h a t  c o n t a c t  between s i l i c o n  carbi.de g r a i n s  i .s moce i ~ n t e n s c  
i n  compression than  i n  t e n s i o n .  D i s l o c a t i o n s  a r c  a l s o  ohscrved i n  
the s i l i c o n  a t  i s o l a t e d  l o c a t i o n s  throughout t h e  composite.  Thus,  
doformation w i t h i n  t h e  two phase s o l i d  i s  not  uniform,  b u t  occurs  a t  
i s o l a t e d  1ocati .ons throughout t h e  s t r u c t u r e .  

deformation i n  t h e  v i c i n i t y  of  c o n t a c t  would be c o n t r o l l e d  b y  
geoiuetric f a c t o r s  r e l e v a n t  ‘lo t h e  s i t e  geometry, as f o r  example, t h e  
a r e a  o f  c o n t a c t  and t h e  s i z e  o f  t h e  defoximti.on zone at t h e  c o n t a c t  
site I For  matxr i .a l~s  that f a c e t ,  t h e s e  geornecric f a c t o r s  w i l ~ l .  n o t  
depend on  graj.n s i z e ,  s i n c e  the geomet:i-:y o f  t h e  c o r n e r s  and  edge.? 
formed from the  f a c e t s  should n o t  depend on g r a i n  s i z e .  I f  
deformation a t  2 c o n t a c t  s i t e  r e s u l t s  i n  a r e l a t i v e  d isp lacement ,  u ,  
bctweezn t w o  g r a i n s ,  ‘illen t h e  s t r a i n  attr.il~u*i;libl.e Lo the g r a i n  wi.1 1 h e  
g iven  by u/d ,  S O  Lhat the creep r a i e  of  t h e  m a t e r i a l  w i l l  be 
i n v e r s e l y  p r o p o r t i o n a l  t o  i t s  g r a i n  s i z e ,  d .  This  dependency of 
c reep  r a t e  on g r a i n  s i z e  i s  less t h a n  t h a t  p r e d i c t e d  by t r a n s p o r t  
cont ro l l . ed  s o l u t i o n  r e - p r e c i p i t a t i o n ,  o r  p e r c o l a t i o n  t h e o r y ,  f i g u r e  
1. The predi.ctzed g ra in  s i z e  deperideiice o f  the c reep  r a t e  ( -1)  is  
i d e n t i c a l  t o  tiha[: proposed f o r  l u b r i c a t e d  LPow, o r  f o r  inixerface 
c o n t r o l l e d  s o l u t i o n  r e - p r e c i p i . t a t i o n ,  which might. be expec ted ,  s i n c e  
h e r e  t o o ,  deformation i s  l o c a l i z e d  t o  the i n t e r f a c e  of t h e  s o l i d .  
Thus,  whereas an  i n v e r s e  l i n e a r  dependence of c reep  r a t e  on g r a i n  
s i z e  i n d i c a t e s  i n t e r f a c e  c o n t r o l l e d  c r e e p ,  s o l u t i o n  r e - p r e c i p i t a t i o n  
inay n o t  be t h e  cause o f  c reep  as t h e  same g r a i n  size dependence of 
t h e  c r e e p  r a t e  can be obta ined  froin several .  other p r o c e s s e s .  

I f  deforination occurs  only  a t  c o n t a c t  sites, then  the r a t e  of 
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S t a t i i s  of M i  l a t o n e s  

To da te ,  al.1 mi1.estones have been met or are on schedule.  A silicon 
n t t r i d e  material. t h a t  i.s reinforced by silicon carbide whiskers i s  
curren t ly  1ac:ing analyzed. by t r a n s m i  s s ion  electron microscopy. Creep 
dnta a r e  bei-ng collected. in tension and the causes G E  damage in the 
composite will be ascertai.ned (Milestone 311101) , A pape r  wi.8.1. lie 
wr i t t en  on t h i s  w o r k  Iiy 9 / 8 9  (Mile.st:orie 311102) .  

S.M. Wiederhorn, B.J. Hockey and D.F.  Carroll ,  "Creep of Two Phase 
Ceramics," Advances in Ceramics, Accepted for Publication. 
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pFLys ical Pi-aP e rt i es of Stru c t u ral-C-egp i c s  
P .  H .  McCluskpy,*  R .  K .  W i l l i a m s ,  R .  S .  GravP; ,  and 1. N.  T i e g s  (Oak Ridge 
N a l i  o n a l  L a b o r a t o r y )  

- Ihe  s t r u r t u r a l  c c r a n i i c s  !vhich w i l l  bs used  i n  the  c o m b u s t i o n  chambers 
o f  advanced h e a t  e n g i n c s  mus t  a1 so t h o r m d l  l y  iso1at.P t h e  metal 1 i c  p a r t s  o f  
t h e  e n g i n e  from t h e  h i g h  i m p e r a t i i r e  c o n l b h s t l o n  gases .  The c e c a m i r s  b e i n g  
c o n s i d e r e d  f o r  t h i s  a p p l i c a t i o n  a r e  compi.rx m a t e r i a l s  w h i c h  a re  toiagheiaed 
by t h e  p r e s e n c e  o f  a second phase .  The purpose  o f  t h i s  t a s k  i s  to d e v e l o p  
an i m p r o v e d  u n d e r s t a n d i n g  o f  t h e  f a r t o r s  wh ich  d e t e r m i n e  t h e  t h e r m a l  
c o n d u c t i v i t i e s  o f  t h e s e  s t r u c t u r a l  m a t e r i a l s  a t  h i 9 h  t e m p e r a t u r e s .  l h i s  
s t u d y  i s  r e q u i r e d  because  t h e  t h e r m a l  c o n d u c t i v i t i e s  o f  t h ~  c e r a m i c s  o f  
i n t e r e s t  a r e  g e n e r a l l y  n o t  kno ~t h-igh t e m p e r a t u r e 5 ,  and t h e  theo ry  has 
n o t  y e t  been s u f f i c i e n t l y  d ~ v e 7 o p t d  t o  y i e l d  PPel iablP p r e d i c t i o n s .  T ~ P  
i n f l u e n c e 5  o f  second pha5e t y p e ,  c o n t e n t ,  shape, and  o f  p a r s ? ? ? l  energy 
t r a n s p o r t  by p h o t o n s  are  o f  par t l c u l a r  i m p o r t a n c e .  A t  prewnt  o u r  
u n d e r s t a n d i n g  o f  t h e s e  v a r i a b l e s  i s  a t  b e s t  o n l y  q u a l i t a t i v e  Ihc t w o  
a r e a s  w h i c h  w i l l  be i n v e s t i g a t e d  a r e  t h e  f n l e  o f  p h o t o n  t r a n s p o r t  a t  h i g h  
tempe ; ' a tu res  and t h e  i n f i u e n c e  o f  s e c o d  p h a 5 r  a d d i t i o n s .  

I 

Techrr ica 1 proc ivess 
- I h e ~ r n a l  d i f f u s i v i t y  and c o n d u c t i v i t y  v a ' l ! ~ e s  f o r  sever41 , 4 :203 -S lC  - w h i s k e r  composi tes  wore dlzterrnincd. Ihe t h e r m a l  d i f f u s i v i t y  v a l u e s  

spanned t h e  r a n g e  373-14/3 K ani: thermal C o n d u c t i v i t y  d a t a  w e w  obiai:ed 
be tween  305 and 365 K .  I h e  t h e r m 1  d i f f u q i v i t y  was o b s e r v e d  i o  decrease 
with i n c r e a s i n g  t e m p e r a t u r e  and i n c r P a 5 e  w i t h  S i c  v h i s k e r  c o n t e n t .  An 
e s t i m a t e  o f  t h e  t h e r m 1  r o f i d u c t i v i t y  o f  t h e  w b i s l t e r s  u s  o b t a i n e d  From t h e  
d i r e c t  t h e r m a l  c o n d u c t i v i t y  mcarurercsf i ts, but a t t m p l s  t o  der ive  w h i s k e r  
c o n d u c t i v i t y  v a l u e s  f r o m  t h t ?  thermal d-i f f l r s i v i t v  d a t a  w - e  n o t  s i r c s e s s f u l  
because t h e  l a s e r  f l a s h  method l a c k s  t h e  r e q u i r e d  arruracy a n i  p r c c i s i o n .  

i n v e s t i g a t e  t h c  e f f ' x t  o f  t h e r m a l  h i s t o r y  on d i f f u s i v i t y .  I n  t h e  most 
severe case ,  rnul t i p 1  e 1073- 37.3 K qupi lches,  r a d i a l  cracks w r c  o b s e r v e d  i n  
the t e s t  spec imens;  however ,  t h e r e  v 3 c  i-19 change i n  d i f f u s i v i t y .  The l a c k  
o f  s e n s i t i v i t y  t o  t h e r m a l  c y c l i n g  a p p e a r s  io b~ r e l a t e r ?  t o  t h c  sample 
s i z e .  

I n  r - cccn t  y e a r s  t h e r e  h d 5  been i n c r e a s e d  i n t ~ r e s t  i n  t h e  a r e a  o f  
r e r a r n i c - c e r a m i c  composites. A p r i m a r y  rEas3n  f o r  t h j s  research has b ~ e n  
t o  d e J e l o p  a new g e n p r a t i ' o n  cer-arnirs h a v i n g  higiii.; s t r e n g t h ,  b e t t e r  
t o u g h n e s s ,  and  t h e r e f o r e  g r e a t e r  re1 i a b i  1 i t y  . ' Onc sgch systeia, t h a t  
has  been shown t o  have i m p r o v e d  h i g h  t ~ r n p e r a t u r ~  mer!-ran ;[:a1 p r o p e r t i e s  i s  
s i l i c o n  c a r b i d e  w h i s k e r  r e i n f o r c e d  a l l ~ i ~ i i n ~ i m  0 x i d t 7 . ~ ~ ~  I n  t h i s  t c x t  s i l i -  
c o n  c a r b i d e  w h i s k e r s  [ S i C ( w ) ]  can be consic ler i .d a s  b i s c o n t i n u o u s ,  s i n g l e  
c r y s t a l  f i b e i - s  w i t h  app rox i r r i a te  d i m e n s i o n s  o f  0 . 5  pm diarnetcr and 30 pin 
1 e n g t t - 1 . ~  

The specimens w r c  s u b j e c t e d  t o  tm d i f f p ? - e r r t  temperature p r o f i l e s  t o  
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F i g .  2. Experimental t h e r  a1 d i f f u s i u l t y  d a t a  f o r  
two standard material s show s a t i  s fac to ry  opera t ion  o f  t he  
a p p a r a t u s ”  

1473 K f o u r  times. 

more severe treatrne t was employed. T h i s  second t rea tment  fnvolved 
heating the  sample t o  1073 I! i n  a reslst&nc:e-heated f t . u ~ ‘ n a c ~ ~  allswa”ng a 

i n  soak time, then q m n e h i n g  t a  boiling w a t e p -  The d i f f u s i v i t y  was 
measured a f t e r  one and t e n  quenches. 

The h e a t l n g  and cooling r a t e  i n  t h i s  case  was approx-i-  
m a l e l y  100 Ml’rnin. tien no change -e”n d i f f u s i v i t y  was observed, a second, 

Exper imenta l  resul ts  

The thermal d . I f f u s f v i t y  d a t a  for as-fabricated c o m p o ~ i t e  samples a re  
g i v e n  i n  Table 1, and the  thermal conduceivjty r e s u l t s  itre ‘shobsrlli j n  
Table 2. The l a t t e r  values were 1 o ~ ~ r t . d  by 1-2% a s  s i ~ ~ g e s t e d  by bxsts on 
s tandard  samples.p2 The therrndl diffusivity d a t a  ace shown i n  F f g .  3 ,  
The thermal conductivity values  shown -in T a b l e  3 WPPV @rived  from these  
&.ta uslwg l i t e r a t u r e  values  f o r  t h e  s p e c i f i c  h e a t ” 9 ’  rand a p p r o p r i a t e  

fncludes o the  a t a  f o r  hot-pressed A l r O J i P  f rom t h e  same 
T h e  t W Q  S e t s  tnermal c o n d u c t i v i t y  val~ines a re  compared iin 

appara tus  ~ The resul ts  f r o  he d i f f u s i v l t y  apparat ,us  a p p e a r  t o  be a few 
percent t o o  low a t  373 K, arid t h e  s c a t t e r  i s  s i g n i f i c a n t .  



T a b l e  1. Measured t h e r m a l  d i f f u s i v i t y  (m' /s)  
f o r  A1,0, w h i s k e r  c o m p o s i t e s  f o r  each  

coipiposi t e  t e s t e d  

10 v o l  % 20 v o l  % 50 v o l  % 
S i c  S i  C T e m p e r a t u r e  S i c  

(K) ( x  1 0 6 )  ( x  1 0 6 )  (. 1 0 6 )  

373 6 . 6 5  7 .66  9.33 
573  4 .00  4 .54  6 . 5 8  
773 2 . 8 4  3.28 5 . 1 2  
973 2 . 2 0  2 60 4.27 

1173 1 . 7 9  2 13 3 . 5 0  
147'3 1 . 4 1  1 . 6 9  2.68  

T a b l e  2.  Thet-mal c o n d u c t i v i t y  v a l u e s  
f o r  an Al,Q, - 20 v o l  ;G 

S i c  c o m p o s i t e  sample 

Tempera tu re  I herrnal c o n d u c t i v i t y  
( K )  (W- l m .  K) 

303.09 
331.43 
3 6 2 . 7 5  

3 4 . 2 s  
31.48 
2 9 . 0 2  

D i s c u s s i o n  

The r e s u l t s  p r e s ~ n t e d  d e f i n e  t h e  e f f e c t s  o f  t e m p e r a t u r e  and whi s k e r  
c o n t e n t  on t h e  p r o p e r t i e s  o f  t h e  c o m p o h t t e s  and a l c o  g i v e  some i n d i c a t i o n  
a s  t o  t h e  s t a b i l i t y  o f  t h e i r  p r o p e r t i e s .  A s  shown i n  l a b l e  3 ,  t h e  t h e r m a l  
c o n d u c t i v i t y  d e c r e a s e s  w i t h  t e m p e r a t u r e  and i n c r p a s e r  w i t h  S i c  w h i s k e r  
c o n t e n t .  l h e s e  v a r i a t i o n s  s h o u l d  b e  c o n s i s t e n t  w i t h  t h e  m a g n i t u d e s  and 
t e m p e r a t u r e  v a r i a t i o n s  o f  t h e  t h e r m a l  c o n d u c t i v i t i e s  o f  t h e  t w o  
components,  b u t  t h e  t h e r m a l  c o n d u c t i v i t y  o f  S i &  w h i s k e r s  i s  n o t  knowrl. 
This u n c e r L a i n t y  i s  due t o  t h e  unknown r o l e  o f  d e f e c t s  i n  l i m i t i n g  t h e  
t h e r m a l  c o n d u c t i v i t y  o f  t h e  w h i s k e r s .  n l t h o u g h  t h e  t h e r m a l  c o n d u c t i v i t y  
o f  dense,  pure S i c  exceeds  t h a t  o f  A 1 2 0 3 , 1 5  t h i s  may n o t  be t r u e  i f  t h e  
e f f e c t s  o f  i m p u r i t i e s  and i n i p e r f e c t i o n 5  a r e  s i g n i f i c a n t ,  A t  room tm- 
p e r a t u r e ,  t h e  r a n g e  o f  t h e r m a l  c o n d u c t i v i t y  v a l u e s  r e p o r t e d  f o r  S i c  

c o n d u e t i v i  t y  e s t i m a t e  f o r  S i c  w h i s k e r s  was obtained from measurcmcnts on 
r n t r l l i t e  m a t r i x  c o m p o s i t C , 1 6  T h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  t h z r m a l  con-  
d u c t i v i t y  o f  r i c e - h u l l - d e r i v e d  w h i s k e r s  i s  o n l y  5% o f  t h e  v a l u e  f o r  g o o ~ j  
c u b i c  crystals.'7 

- 

i s  n e a r l y  two o r d e r s  o f  m a g n i t u d e .  A t  p w 5 e n t ,  t h e  o n l y  t h e r m a l  
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Fig. 3. Experimental thermal diffusivity data f o r  three 
A1203 - S i c  w h i s k e r  composites. 

Table 3. Therma? conductivity values for A1,0, - S I C  
whisker composites as calculated from thermal 

diffusivity measurements 

..................... ........... - ..... 

Thermal conductivity 
(W-  ‘m- K) 

... ____ ............... Temperature 

10 vol % S I C  20 vol % S i c  

373 23 .6  27.4 28.6 
573 17.1 19.1 25 .4  
773 13.0 14.6 21 .4  

50 vol  % S I C  ( K )  
.... -. -____ - 

973 10.5 12.0 18.5 
1173 8.77  1 0 . 2  15.8 
1473 7.10 8 . 4  12.5 
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F i g  4. Coi i lpa i ison o f  d i r e c t l y  w a s u r c d  t h e r m a l  c o n d u c t i v i t y  v a l u e s  
w i t h  r e s u l t s  d e r i v e d  f run i  t h e r m a l  d i f f u s i v i t y  d a t a .  The co i i i pa r i son  i s  
 mad^ a t  373 K ,  and t h e  t h e r m a l  c o n d L j r t i v i t y  d a t a  were e x t r s p o l a t e d  from 
365 to 373 K .  

A s i i n i l a i *  e s t i m a t e  cari be obGined  f r o m  t h e  d i r e c t  thermal conduc- 
t i v i t y  measurements f o r  A1,0, and  A1203 - 20 v o l  % S i c  shown i n  Table  2. 
The B r  [4ggeman 
w h i s k e r s -  

f o r  hcat. f l o w  p r q ~ e n d i c u l a r  t o  t h e  a1 i g n e d  

was used  i n  t h e  c a l c u l a t i o n s .  i n  t h i s  e q u a t i o n ,  t h e  s u b s c r i p t s  rn, c ,  and 
p r p f e r  t o  t h e  i f i a t r i x  p h a < ~  ( m ) ,  c o i i l p o s i t e  m a t e r i a l  ( c ) ,  and w h i s k e r s  ( p ) .  
V, and V, a r e  t h e  volurnc f r a c t i o n s  o f  mat r ix  and w h i s k e r s .  
show t h e  t e m p e r a t u r e  v a r i a t i o n  e x p e c t 4  f o r  a phonon c n n d ~ c t o r : ' ~ ~ ' ~  

The r2:ssrlts 
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Effec t  of Translucence .of_ Engi~ieerirtg - Ceramics on __.. Heat . . . . . . . . Trartsfq-iz 
Diesel _. . . . . . . Engirees 
Syed Wahi duzzaman and Thomas Iforel ( I n t e g r a l  Technologies ' incorporated)  

Ceramic m a t e r i a l s  a r e  be ing  used a s  i:herinal b a r r i e r  m a t e r i a l s ,  
s e p a r a t i n g  t h e  engine metal  s u b s t r u c t u r e  from the convec t ive  and r a d i a -  
t i v e  heat_ f l u x e s  o r i g i n a t i n g  i n  the combusti.on g a s e s .  The h e a t  
t r a n s f e r  through t h e  ceramic l a y e r  t o  t h e  s u b s t r u c t u r e  w i l l  be 
i n c r e a s e d  by any t r a n s l u c e n c e ,  which would al-low a p a r t  o f  t h e  
r a d i a t i o n  h e a t  Elux t o  pass  through t h e  b a r r i e r  m a t e r i a l .  '.To q u a n t i f y  
t h e  e f f e c t  o f  t rans lucence  o f  engineer ing  ceramics  on t h e  h e a t  t r a n s f e r  
i-il di.esel  engi-nes,  I n t e g r a l  Technologies h a s  conducted a n a l y t i - c a l  
s t u d i e s  u s i n g  d e t a i l e d  comput:ei- codes which d e s c r i b e  a realistic 
engine thermal  environirient i n c l u d i n g  gas-  t o - w a l l  h e a t  f l u x e s ,  a s  wrll 
a s  t h e  combined radiat i .on/conduct ion hears t r a n s  f e r  through a thcrrnal 
b a r r i e r  l a y e r .  A d e t a i l e d  paramet r ic  s tudy  was c a r r i e d  oiut- i n  which 
t h e  f o l l o w i r i g  parameters  were v a r i e d ,  and thc::i-r e f fec i .  on heat: 1,ai-i-i e r  
e f  f e c t i v e n c s s  was s t u d i e d :  1) m a t e r i a l  a b s o r p t i o n  c o e f f i c i e n t ,  
2 )  m a t e r i a l  coriduct.i.vi.ty, and 3 )  m a t e r i a l  t h i c k n e s s .  An a n a l y s i s  o f  
t h e  r e s u l t s  y i e l d e d  bounds on c r i t i c a l  p r o p e r t i e s ,  beyond which t h e r e  
i s  a reason f o r  concern about  t h i s  effeci:. Also ,  sugges t ions  were made 
f o r  methods co c o n t r o l  any adverse e f f e c t s .  

In t h e  experimental  p o r t i o n  o f  thi.s work, d a t a  were acqui red  d e s c r i b i n g  
the  r a d i a t i o n .  p i -oper t i -cs  o f  s e v e r a l  engineer ing  ceramics  The 
o b j e c t i v e  i s  to o b t a i n  t h e  s p e c i f i c  in format ion  needed f o r  t h e  
a n a l y t i c a l  p a r t  01 t h i s  work. This  j-ricludes the a b s o r p t i o n  c o e f f i c i e n t ,  
s c a t t e r i n g  albedo and s u r f a c e  r e f l - e c t l v i t i e s  o f  t h e  m a t e r i a l s .  I n  
o r d e r  t o  o b t a i ~ n  t h e  d a t a ,  s p e c i a l i z c d  samples o f  t h e  m a t e r i a l s  were 

Measureiaents o f  ref lect lance and t r a n s m i t t a n c e  were ~ a b r i c a t e d .  
o b t a i n e d ,  and f i - o i n  t h e s e  t h e  d e s i r e d  r a d i a t i o n  p-L-'-)pe'ities w i l l  be 
deduced u s i n g  an  ana ly t ica l .  d a t a  r e d u c t i o n  technique .  

c 

T F ch n i c a 1 p ro.gresr, 

During t h i s  p e r i o d ,  work was conducted oil an e x p e r h e n t a l  p o r t i o n  o f  a 
broader  s tudy  undertaken t o  a s s e s s  t h e  e f f e c t s  o f  t r a n s l u c e n c e  o f  
cerami-c m a t e r i a l s  used as thermal b a r r i e r  c o a t i n g s  i~ i i  d i e s e l  e n g i n e s .  
In an  e a r l i e r  a n a l y t i c a l  work a paramet r ic  s t u d y  was performed, vary ing  
s e v e r a l  r a d i a t i v e  properCies  over ranges t y p i c a l  o f  engineer ing  
ceI:amics, thereby i d e n t i f y i n g  t h e  most impori:avit r a d i a  tj.ve properties 
and t h e i r  irrrpact on i n - c y l i n d e r  h e a t  i r ransfer .  lil t h e  c u r r e n t  s tudy  
t h e s e  p r o p e r t i e s  were exper imenta l ly  deteriiiined f o r  s e v e r a l  s p e c i f i c  
z i r c o n i a  coatIi.rigs cons i~dered  f o r  thermal b a r r i e r  a p p l i c a t i o n s  i n  d i e s e l  
engines .  

- lhc  rnethodoloey cf t h i s  s tudy  involved formula t ion  of  a model capable  
of d e s c r i b i n g  r a d i a t i v e  t r a n s f e r  through a s e m i t r a n s p a r e n t  mcdiurn a s  a 
f u n c t i o n  o f  t h r e e  independent model pararlieters,  i . e . ,  a b s o r p t i o n  
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coef f ic ienr . ,  scattering coefficient and refr;xt:i.ve index. A se?: of" 
radi.at:i-ve measurements was then fitted t o  t h i s  m d e l  by optimizat: ion of 
the above riiodel parameters ~ The rad ia t ive  ine~~urernent~ were comprised 
of hem i s phe ~f i. ca 1 re: f P e c t anc e arid t:r:+ri.S mi t t arie e spec t TB froin s amp 1. e s o f 
several di..EEerent thicknesses o f  each ceramic under coI.1.imated 
(canldirec.t:',.nmal) i1.1.ririiiP-iatiori. A four-flux rnodel. was required to 
<?>:tract accurate radiative properties frorn t t ic measurements. 

TEE convective heat  f l u x ,  which is driven by the t : ~ ~ ~ ~ p e r a t u ~ - e  
d i f f F r e n t i a l  between t h e  gas and the ceramic-gas j-nterface , w a s  found 
t o  be highly tiependent on the l o c a t i o n  w h e r e  radiative energy i..s 
absorbed. If a s i g n i f i c a n t  amount of energy is absorbed near the  
surface ~ as is the ease f o r  ceramics i~niesti.gatret'i, surface temperature 
is r a i s e d  caus ing couvect:i.ve h e a t  f1.m to be clecreased. On the a ~ h e r  
k~iind, f o r  cesmmics t:Fiat a r e  t rmspa ren t  t h e  radiallive erne~g j r  is  
absorbed at :  the ceramic/rnetal -i nt:arface and coi-~sequentl .y,  the 
gas / c  e z: a m  ic i n  t e  r Eac e r ima i r s  r i" 1. a t: ive l y e o o 1 p s 01x0 t i ng c o rive c: t: i. v c: he at 
transfer" 

Tht? perfornance of the i twes t iga ted  ceramics and i:he m~chan i  srn of heat 

soot d e p o s i t i o n .  I f  t h e  surf a c e  fou l ing  is smnl . l . ,  the c.e.ranics behaved 
as described above, i I e .  ~ as o p t i ~ n l l y  thi-ck inacerials eharcacteri.zed 
by high s c a t t e r i n g  c o e f f i c i e n t  and l o w  absorpt. ian coefficient ~ 1 x 1  L h i s  
case t.he energy t ransport :  is p r i m a r i l y  due t o  convect ive beat. t:r;insfer 
since only  a small f r a c t i o n  o f  the inc.fdent radiant energy ears be 
trapped by the c o a t i n g .  Orr the o t h e r  hand, if P:~ .LC coating surface i s  
totally covered by s o o t ,  i t s  perfor:imnce wi.l.1. he s imi la r  t o  t h a t  of  a 
clean sptieally thick inaterial. clnaracterizetl by srr~all scat 
coeffici-ent and hi gh a b s o r p t i o n  c o e f f i c i e n t  ~ 111 this case, ?:here will 
be a s i . gn i f i can t  increase i n  uadPatio19 heat transfer absnri>ed at: the 
surface with an associated decrease i ri c:onvective heat transfer.  

t;rnnsfe"; we.1-e Eound to cnc?pelmd on !3U ace corit l i t ion,  spec i ,€ i ca l ly  OE 

Eased on the  resul ts ,  it is ccanc1wIed tll,?t ceramics with high 
scatrering and low a b s o r p t i o n  coefficients a re  the most s u i r a b l e  for 
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enc ine  a p p l i c a t i o n s  where i n - c y l i n d e r  s u r f  aces  can bc expected t o  
relatiin cleaii .  If s u r f a c e s  a r e  expected t o  be sooied  an  opaque ceramic 
c h a r a c t e r i z e d  by e i t h e r  h igh  s c a t t  el i n g  c o c r f i c i e n t  and/or h igh  
a b s o r p t i o n  c o e f f i c i e n t  shou ld  be chaser, i n  o r d e r  t o  b r i n g  about a 
s u b s e a n t i a l  decreasc  i n  convrc rive heat f l u x .  I h u s  , t o  i n s u r e  th-  
optFmurii theriadl b a r r i e r  o p e r a t i o n  f o r  eiL'rier c l e a n  o r  h e a v i l y  sooted  
sur face- ; ,  a ceramic m a t c r i a l  wi th  high scat I e r i n g  c o c f f i c i e n i  provides  
Lhe b e s t  c h o i c e .  

S t a t u s  o E Miles  ~ tones  

Report  was completed and d e l i v e r e d  1-0 ORNL i n  October ,  1988 

. Pub 1 i c a  t i o n s  

None. 
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B ,  k. P. Booker (Oak Ridge National Laboratory) 

The sbjectj 've! of  the  t a s k  i s  t o  develop a compre e n r l v e  e*rnperter d a t a -  
base c o n t a i n i n g  t h e  experimental  d a t a  on p r o p e r t i e s  o f  ceramic m a t e r i a l s  
genera ted  i n  the  ovevall program e f f o r t .  T h i s  computer s y r t a m  i s  intended 
t o  provide a convenient  and e f f i c i e n t  mechanism f o r  the  compilat ion and 
d isseminat ion  o f  t h e  l a r g e  amounts o f  d a t a  involved.  The database w i l l  be 
made a v a i l a b l e  i n  e l e c t r o n i c  form t o  a l l  p r o j e c t  p a r t i c i p a n t s .  I n  
a d d i t i o n ,  p e r i o d i c  hard-copy summarles of the  d a t a ,  inc luding  graphica l  
r e p r e s e n t a t i o n  and t a b u l a t i o n  o f  raw d a t a ,  will be i s sued  t o  provide con- 
v e n i e n t  information sources  f o r  p r o j e c t  p a r t i c i p a n t s .  

__ Technical p r o q r e s s  

The database  h a s  expanded t o  251'3 t e s t  r e s u l t s  c u r r e n t l y  on d i s k ,  and 
a n o t h e r  730 r e s u l t s  a l r e a d y  coded and awai t ing  e n t r y .  These d a t a  cover 
73 m a t e r i a l s  i n  11 c l a s s i f i c a t i o n s ,  Eleven t y p e s  o f  t e s t  d a t a  from seven 
l a b o r a t o r i e s  a r e  s t o r e d  a t  present,  A d e t a i l e d  a n a l y s i s  o f  the c u r r e n t  
database c o n t e n t s  i s  shown in  Table 1. 

very s low,  so most o f  t h e  newly e n t e r e d  d a t a  have come f rom p a s t  semi- 
annuals  and bimonthly r e p o r t s ,  The weal th  o f  information genera ted  i n  
past  y e a r s  conta ined  i n  those sources cou ld  n o t  be omit ted From the  
da tabdse .  One problem w i t h  t h j s  method, though, i s  t h a t  t h e  a u t h o r s  o f t e n  
represented  t h e i r  t e s t  r e s u l t s  only g r a p h i c a l l y ,  o r  summarized w i t h  s e v -  
e r a l  t e s t s  lumped t o g e t h e r .  I f  summarized i n  a t a b l e ,  the  d a t a  was 
e n t e r e d  and marked in  t he  specimen i d e n t i f i c a t i o n  f i e l d  a s  summary d a t a ,  
inc luding  how many "Lest.; were represented  by the summary l i n e ,  i f  t h a t  
information was known. No a t tempt  was made t o  s t o r e  graphica l  d a t a  due t o  
the  p o s s i b l e  e r r o r  i n  judgment o f  p o i n t  va lues  and lack  o f  corresponding 
t e s t  d e t a i  1 s "  

r a t e  inater ia l  c h a r a c t e r i z a t i o n  and proce~sing information w i t h  the t e s t  
d a t a .  To accomplish t h a t ,  e f f o r t s  a r e  being made t o  recor a l l  p rocess ,  
chemical ,  and thermal h i s t o r i e s  a s  well a s  m i c r o s t r u c t u r a l  d a t a ,  vendor 
s p e c i f i c a t i o n s ,  and general  i n t r i n s i c  c h a r a c t e r i z a t i o n  information f o r  a l l  
t h e  m a t e r i a l s  on which t e s t s  a r e  be ing ,  o r  have been, r u n .  Tab le  2 con-  
t a i n s  t h e  p r e s e n t  f i l e  s t r u c t u r e s  t h e  system uses  t o  s t o r e  a l l  the  nondest. 
in format ion .  Any a d d i t i o n s  o r  comments; on those formats  a r e  welcome. 
Beginning w i t h  the  next  d a t a b a s e  summary repor t , ,  each m a t e r i a l  f o r  which 
t e s t  d a t a  a re  being r e p o r t e d  w i l l  @e l i s t e d  w i t h  i t s  c h a r a c t e r i z a t i o n  
information i n  a s p e c i a l  s e c t i o n  o f  the r e p o r t  

In a d d i t i o n  t o  t h e  t e s t  r e s u l t s  and m a t e r i a l  c h a r a c t e r i z a t i o n  
informat ion ,  the  system a l s o  c o n t a i n s  notes  on t h e  a p p a r a t u s  and methods 
used on t e s t s  where such information was a v a i l a b l e .  Ceramics seem t o  be 
rnore s e n s i t i v e  t o  t e s t i n g  procedures  tnan meta ls  and, t h e r e f o r e ,  require 
more e x t e n s i v e  d e s c r i p t i o n s  o f  t h e  t e s t  environment.  Table 3 c o n t a i n s  
the  format f a r  t h i s  informat ion .  

l e s t  d a t a  c o l l e c t i o n  from the  v a r i o u s  t e s t ing  l a b o r a t o r i e s  has been 

Much emphasis has been placed on t h e  need t o  s t o r e  complete and aecu- 





289 

Table 2 .  Mater ia l  c h a r a c t e r i s t l e s  information f i l e  structure 

a t e r i a l  name 
Material  c l a s s  
Batch  o r  1 o t  i d e n t i f i c a t i o n  
Fabr i c a t  o r 
F a b r i c a t o r ' s  i d e n t i f i c a t i o n  
Vintage 
Primary matri  x 
Stabilizer 
Trace elements  found 
I n t r i n s i c  p r o p e r t i e s  a t  room tempera ture :  

Densl ty 
Modulus o f  e l a s t i c i t y  
Modulus o f  rupture 
Hardness t e s t  type  
Hardness value  
Thermal expansion c o e f f i c i e n t  
C o e f f i c i e n t  o f  f r i c t i o n  
Poisson's r a t i o  
KIC 
Wejbull modulus 

Processing hdstory: 
Powder 1 I 
Powder 2 p ______--__---I------_ll__l > 
Powder 3 I Powder name 
Powder 4 I Chemistry 
a i  nder Suppl i e r  
Dopants Treatment 
Add i t, i ve s 
Consol ida t ion  method Soi~rce o f  information 
S i  n t e r i  rg d e t a i  1 s 
Anneal i rg  details 
Crystalizing c y c l e  
Grinding d e t a i  1 s 
Pal i shing d e t a i  1 s 
Cleaning d e t a i l s  
Okhtzr n a t e s  

i c r o s t r u c t u r e :  
Grain morphology 
G r a i n  s i z e  d i s t r i b u t i o n  
Phases p r e s e n t  -------------- Phase characterlzation: 
Rcliindary chemistry Common phase name 
Average boundary s i ze  Chemi s t r y  
Boiindary phase 
P o r o s i t y  
Other n o t e s  

Powder c h a r a c t e r i  z a t i  on : 

P a r t i c l e  s i z e  d i  s t r i b u t i  on 

Commen t s  

Quant i ty  o f  phase p r e s e n t  
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....... .......... .............. _l._...l ___ . ........... __ _ _ _ ~  
Refe i -ence code  -- a l i n k  between t e s t  r e s u l t s  and t e s t  c h a r a c t c r i z a t - i o n  
Ma t e r i  a 1 
S a t c h  oi' l o t  i d e n t i f f c a t i o n  
' r e s t  t y p e  
Specilllei? geometry, i f  n o t  inc1ude.d w i t h  r s s u l t r  ;lai;a 
l e s t i n g  a p p a r a t u s  
1.e s t. e r 
' t e s t i n g  f a c i l i t y  
I n f o r m a t i o n  soiirco 
Other  n o t e s  

_I 

........ ____-- ............ ............ __ .... ~ ............ ...... 

The th ree  l e v e l s  o f  i n f o r i r i d t j o n  i n  t h e  databasc have now been 
d e f i n e d :  t h e  f i r s t  i s  the t e b t  d a t a  ( s t reSc .Cs ,  s t ~ a i i i s ,  t e n p e r a t u r e ~ ,  
e t c , ) ;  t h e  second i s  m a i e r i a l  i n f o r m a t i o n  ( m i c i v s t i * u c t u \ - e r ,  c h e m i s t r i e s ,  
p r o c e s s i n g  h i ' b t o r i e s ,  e t c  > ;  and t h e  t h i r d  i s  t h P   est c h a r a c t e r i 7 a t i o n  
i f i f o r m i t i o n  ( e q u i p m e n t ,  i w i h o d b ,  f a c i l i t i e s ,  e t c  ) L i n k a g e  k e y s  have 
been b u i l t - i n  t o  each f i l e ,  o r  l e v e l ,  t o  f a c i l i t s t n  a c c e s s .  501- ?xampIe, 
a l l  t e s t  r e s u l t s  a r c  s t o r e d  w ! i t h  a r e f e r e n c e  code  For l i n k i n g  t o  t p s t  
c h a r a c t e r i z a t i o n  i n f u r m a t i a n ,  and  rnatsr i6 . l  and  b a t c h  i d e n t i f i e r s  that ,  
p o i n t  t o  s p e c i f i t . .  materials i n f o r m a t i o n  e n t r i e s .  The s u p p l i e r ' s  l o t  nun- 
ber i s  used f o r  a ba tch  code when a v a i l a b l e ,  o t h e r d i s e  a i ode  is a s s i g n e d  
t o  a s e t  o f  d a t a  t o  d i s t i n g u i s h  i t  f r o 8  o t h e r  ba tches ,  o r  l o t s ,  o f  ihe  
same m a t e r f a l  TO f a c i l i t a t e  u s i n g  t h i s  l i n k a g c  s y s t m ,  a usep- f , - i r nd Iy  
i n t e r f a c e  i s  beCny d e v e l o p e d  t h a t  w j ? l  I:!oik w i t h i n  t h e  d3SiSE I11 PLUS 
f r amework  o f  t h e  Q r e s e n t  s y s t m  and a l l e v i a t e  sone o f  t h e  headaches f r e -  
q u e n t l y  e x p e r i e n c e d  i'rs d a t a  c h a s ~ s .  

Wo;-k d u r i n g  &he n e x t  semidn i l ua l  p e r i d  v i  11 c e n t p r  around i ipgrad i r i j  
m a t e r i a l  c h a r a c t e r  i s t i c s  and t e s t i n g  i n f o r m a t i o n  on Lest data  a l r~a , r ' ,y  i n  
t h e  sys tem.  T e s t  d a t a  i n p u t  w i l l  be c o n i e c t y a t e d  ov a s e l e c t  g roup o f  
m a t e r i a l s  t o  be chose3 soon; h o w v a r ,  a l l  Lest. d a t s  submitted f t o m  i n d i -  
v i d u a l  l a b o r a t o r i e s  %ill b e  g i v e n  d h i g h e r  p r i o r i t y  For- i n p u t  whether o r  
n o t  t h e y  a r e  on t h e  s e l e c t e d  l i s t  o f  m t e = d r i a ? s .  
t h e  f i l e - l i n k i n g  user i n t e r f a r c  v i 1 1  c o n t i n u e  2 5  t inr  and f a c i l i t i e 5  
31 1 ow. 

F u r t h e r  deuelopmcnt o f  

- S t a t u s o f  ~ v i ' l c s t o n e r  

A surnn~ry r e p o r t  on t h e  d a t a b a s e  coi-slc:its a s  o f  September 1988 i s  i n  
progress ,  but  it i s  running behind schedule due t o  coiiwsadtes problems 2nd 
u n f o r e s e e n  t i n e  c o n s t r a i n t s .   he r e p o r t ,  w h i c h  w i l l  f c a t t r w  z i r c o n i a -  
based c e r a m i c s ,  s h o u l d  be completed by mid-November.  

- 

Pub1 ............ i c d t l ' o n s  -. ....... 

M. K .  B O C J ~ ~ Y ,  Ceramics Technology f o r  Aduuncerl Heat Engirzes Progrcm: 
A Summary Repor-i, ORNLIM-462,  Oak Rfdg; " l t i o n a l  t a k m ? - a t o r y ,  Oak R i d g e ,  
Tennessee ( A p r i l  1388). 



29 I 



297 

- ihe f i n a l  r e s u l t s  o f  t h e  S tepped- lempera t i i r e  Sircss-Ruptl i .-  ( S r S R )  t e s t s  a r e  
i n  F i g u r e  152-9. S l S K  t e s t i n g  a l l o w s  f o r  r a p i d  s c r e e c i c g  o f  s t r p s s - r u p t u r e  
b e h a v i o r  o v e r  a wide ranq-. o f  tempera tures  and sLresses u s i n g  a smal l  nlrnibcr 

s h own 

of 
c specimens. 

t h e  applicd st ress  t h a t  cauzed f n i l u r e  above t h e  a r r w .  The symbols f o r  the STSR 
p l o t s  a w :  (e-.) f a i l u r e  occurr-ed :lpon l o a d i n g  aL 8 O O C ;  (---.--*) s \ i r V i v e d  f u l l  
t e s t s  c y c l p  th rough  12OOC; and ( g )  denotes  t h e  t i m e  o f  f a i l u r e  be t iwer l  l o a d i n g  
b u t  b e f o r e  the f u l l  c y c l c  i s  c o m p l ~ t e d .  

i n r  t i m e  3 f  f a i l u r e  i s  den3ted on t h e  STSR p l o t  u s i n g  an a rm ' ! ,  1.lith 

Figure 16a-d,  i n c l  udr  t h e  Y-TZPs wh ich  have normal t i f ie -dependent  b e h a v i o r .  i h a t  
i s ,  as  i hc  a p p l i e d  s t r e s s  decreases t h e  t i m e  t o  f a i l u r e  i nc redses .  The f i r s t  lwo 
ILPs, H f t a c h i  and NGK-Locke, w+?l be cxamined i n  f u r t h e r  d e t a i l  v i a  l o n g - t i m  
st i-~!ss-rtdpti i r-e t e s t i n g  because t h e y  possess t h e  best-. h i g h  tempera tu rp  performance 
o f  t h e  i r l h te r i a l  c tcstcd.  

_I - 

- 
I he anomral ous behav io r  o f  t h e  AC Sparkpl  ug and Tosl-riba r ta te r ld l  s, T i  gure 1Ge-f, 
can n o t  be exp'rai i ied zt t h i s  t i i l ie.  
"HIP'cd", F i g u r p  169, has h e w  q h o k ~ :  t o  be due t o  t h e  oxygen non-s to i ch iomet ry  o f  
t h e  i n a l e r i a l .  ( 2 )  

I l~ l ,~~vei - ,  t h ?  b e h a v i o r  s f  the  Koransha 

References ___. ...... . . . . 

- 
1. Tsukuma, K .  and Pakahata, I . ,  Advanced S t r u c t l i r a l  C e r a m i c q ,  Vol .  78, Ed. P.F. 
Bechei+, M.V. Swain and S. Somiya,  TkS SOC. Pitts'hurg'il, PA,  p123-35, 3987). 

2. S w b ,  J .J . ,  K a t z ,  R.N. and S t a r i t a ,  C.J., "Ef?t . : . is  o f  Oxygen Non-Stoichiomptr-y 
on t he  High-Temperatut-2 Per io rmsnces  o f  an Y t t r i a  -bcti-agoniil / I  r c o n i a  P o l y c r y s t a l  
t4akPrial .I' Adv. Cpsami.. Rat,., 3 c31 p283-4, (1988). 

S t a t u s  o f  H i  li estsnes 

P u b l i c a t i o n s  ..-11 

Swab, J . J . ,  Katz,  R . K .  and S t a r i t a :  C.J., "E f fe ,c ts  o f  Oxygen illon S t o i c h i o m e t r y  on 
t h e  H i  yh-Temperature Performance on an Yttri a -Te t ragms3  1 1  r c o n i  a P o l y c r y s t a l  
NaterSal * ' I  Pdv,  CPraiii. Ma t  ., 3 [ 3 ]  p283-4 (1988). 

- K a t T ,  R.N., QiJinn, G , ! J , ,  S l a v i n ,  H.J. and Sn&, J . J . ,  "Tinw and i e rnpera iu ra  
Depe~dence c f  S t r e n g l l ~  i n  H i q h  Performance Ceramics," Ins t .  Phys, Conf.  Ser. No. 
89: Workshop Scssion, ~ 5 3 - 0 2 ,  IOP  P u b l i s h i n g  L t d ,  (1988). 



293 



i E 



295 



29 ti 

LL 



297 

nr I- 1 
m

 

FJ 
L

 
3
 
c
.
 

lA. 

i. 

. ... 
....... 

~ 
. . 



298 

c
 

rc
 

........ 
-2 

I 

I 
~ 

.......... 
. 

.,̂
_
 J 

-.-..I 
........ 
u
 
I
 

..... L .............. 
-.- 

1 
I 

I 
I 

I 
I

+
 

I 



29 9 

Fjgiire 16a 

Figure 15c 
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Because o f  t h e . 8 ~  exce l len t  tough.ress, o x i d e  ceramics such as p a r -  
t i a l l y  stabilized zirconia ( P S Z ) ,  ~ ~ ~ ~ ~ ~ s i ~ ~ - t ~ ~ ~ ~ ~ ~ ~ ~  alumina (ETA],  and 
whisker-reisfureed ceramics are prime cand ida tes  F o r  many dl 'esel  engine 
carnporsents, 
a stress-induced transformati n ( o f  the dispersed txtriaganal Z r O ,  phase)  

ufres a d d i t i o n  1 energy i n  o r d e r  f o r  catastrophic fa-acturc t o  
owever, these a te r - i a l s  a r e  still suscep t ib l e  to slew cr>ac/% 

g l " O W t b l  and t..hus, s t r e n g t  d e g r a d a t i o n .  A l s o ,  t h e m  is ev idence t h a t  ab 

The enhanced t o ! ~  hness s f  the PS7 and DTA materials i s  due t o  

temperatures above 700°C time-dependert aging e f f e c t s  can w d ~ r e  the con- 
r e n t r a t - i o n  o f  t h e  phase involved i n  the t ransformat ion  recess l e a d i n g  
s i g n i f i c a n t .  losses  i n  tocagh~ess  and s t r e n g t h ,  Again, i is e s s e ~ t i a l  t 
mechanisms responsible for both  t h e  s l o w  c r a c k  growth and aging tsehavior 
be y e l l  understood.  S i m i l a r l y ,  the t o  g h e n i  p13 behavior i n  whi 5ker- 
reinforced ceramics and t h e i r .  high-tern era ture  pcrforrnance murk be evalu- 
a t e d  i n  OFder t o  develop materials f o r  par-cicuiar a p p l  i c a t d o n s .  

I n  response t o  these needs, s t u d i e s  have hwaa initlated to 5xa 
~ c ~ ~ ~ ~ ~ ~ ~ f ~ ~  and f a t j ' g u e  properties o f  t r a n ~ f s r m a t i ~ w . t s u g ~ e n e d  3 r d  w 
r e - i n f o r c e d  mate r i a l s .  P a r t i c u l a r  emphasjs has b w n  placed on un&?s- 
ing t h e  e f f e c t  s f  microstructure upsa? processes r e s p o n s i b l e  f o r  
time-dependent variia-tionz i n  toughness and high-tern~erature  s t r eng th .  In  
addition, fundamental iniight i n t o  t h  s l w  crack  growth  b e h a t j o r  a s s o c i -  
a t e d  w i t h  t hese  m a t e r i a l s  i s  being obtdlned. 

The time t o  faflure ( t f ]  resu l t s  far fine-gralned (1 t o  2 pr) a l ~ m l -  
o a s  r e i n f o r c e d  w i t h  20 v o l  % Sic wkifskers a t  tempera tures  o f  10110, 1108, 
and 1200°C i n  air whcsn subjected to v a r i o u s  a p p l i e d  stress ( ~ 1 % )  l e v e l s  
a r e  shown i n  F i g ,  1. s t e  f i r s t  that the r e s ~ l t s  include f o u ~ - p o l n t ,  flex- 
ure t e s t s  f o r  samples t a k e n  from t 1 - 1 r - w  t o  f o u r  d i f f e r e n t  hot-pressed 
billets o f  a l u m i n a - 2 0  vo1 5% S i @  whiskers. Thus, t h e  r e s u l t s  a r e  displayed 
a s  data bands wh ich  rpimp7.y encompass a l l  t h e  d a t a .  Several  fea tures  o f  
t h e  d a t a  a r e  ~ ~ t ~ w ~ ~ ~ , ~ ~ .  

First i s  t h e  level o f  applied s t r e s s  r e q ~ ~ i ~ e d  t o  generate failures 
w i t h i n  6 to 10 weeks (3 .5-6  x IO-' s) .  
below 80% o f  the  90OW'C Fast-fracture  s t r e n g t h ,  failure d i d  n o t  occur f o r  
times up t o  14 weeks. I n  f a c t ,  samo1t.s subjected t o  these lower. s t resses  
exibi t,ed improved f r a c t u w  strengths when the t e s t s  were i n t e r x u p t e d  a f t e r  
5 t o  8 weeks and t h e  s a m ~ l e s  were r a p i d l y  loaded to failure at 1%313flaC, as 
indicated i n  Tab le  1. For  t e s t s  a t  11QO*C, applied s t r e s s e s  o f  l e s s  t han  
70% o f  t he  f a s t - f r a c t u r e  strength a t  BOQOQC d id  n o t  resu l% i n  f a i l u r e  for 
times o f  u p  to 7 weeks. A y a j n ,  samples wh-n'ch had n u t  fallea when sub-.  
j e c t e d  t n  stresses <70% o f  t h e  f a s t - f r a c t u r e  s t r e n g t h  e x h i b i t e d  increased 
strengths when the samples were r a p i d l y  loaded to f a i l u r e  zit. the end o f  

Ad lBUr?°C a t  a p p l i e d  stresses 

t h e  6- t o  7-WeG'k Stress eXpQSUYC?S ( S e t 2  Tab le  1). 
A t  l O 0 P C  and 11OO"C, fdilure at s t r e s s e s  s r r f f - i c i e n t  t o  result. i n  

time-dependent f a i  1 ure wars characterized by a region o f  apparent slow 
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- Fig. 1 .  I ime- to- fa i lure  response for. a lumina ceraniics containing 
20 vo l  % S i c  whiskers i s  a f u n c t i o n  o f  applied s t r e s s  2nd temperature .  
1000 and llOOnC i n  air, t h e  composites exhs'bit, e " t i e??ers t  resistance to 
f a i l u r e  ever1 at, very h i g h  appl ied  s t r e s s ~ s .  
p o s i t e s  r e s u l t s  i n  crack generation and f a i l u r e  even a t  very low applied 
s t r e s s e s  . 

A t  

A i  1200°C, creep  o f  t h e  com- 



Tab1 e 1." Fracture s t r eng ths  a f t e r  long-term exposure 
a t  e levated temperat 

Hold time Temperature 
(h )  ("C> 

240 1000 
1000 1000 
1000 110 

525 
365 
365 

840 
665 
620 

crack g r o w t h  a t  the  s t r e s s  levels approaching the  f a s t - f r a c t u r e  s t r eng th ,  

ind ica ted  i n  F i g ,  1. T h i s  region was accompanied by regions o f  what 
e s  t o  Failure increase  with decrease fn appl ied skress, a s  

d t o  be cons i s t en t  w i t h  crack-blunt ing processes ,  T h i s  i s  i n d i -  
y apparent Sack o f  any a f f e c t s  o f  changes i n  appl ied s t r e s s  on 

t i m e s  t o  f a i l u r e  a s  the  appl ied s t r e s s  1 v e l s  approached 80% and 70%, 
r e spec t ive ly ,  o f  t h e  f a s t - f r a c t u r e  s t r en  t h s  a t  these  same temperatures 
( s e e  F i g .  1). 

A t  1200°C, the  composites exhib i ted  times t o  f a i l u r e  which increased 
w i t h  decrease in  applied s t r e s s  o v e r  a s t r e s s  range o f  10 t o  40% o f  t he  
f a s t - f r a c t u r e  s t r eng th .  The time-dependent f a i l u r e  a t  1200a6 appears t o  
e x h i b j t  mnuch g r e a t e r  appl ied s t r e s s  s e n s i t i v i t y  a t  lower appl ied s t r e s s e s .  
Fa i lure  a t  12UO"C was accompanied by the  development o f  mult ip le  cracks 
wjthin the  cons tan t  s t r e s s  r e g i o n  of the t e n s i l e  surface o f  the  f o u r - p o l n t  
f lexure  specimen. In add i t ion ,  permanent de f l ec t ion  o f  t he  specimen which 
survived f o r  more than a few hours was de tec ted .  Transmission e lec t ron  
microscopy observat ions revealed t h a t  grain boundary c a v i t i e s  had been 
generated during t h e  s t r e s s i n g  experiments,  These r e s u l t s  were i nd ica t lve  
o f  f a i l u r e  by c r e e p - r e l a t e d  damage and crack generat ion.  

present  i n  t h e  specimen subjected t o  s t r e s s  ( ~ 7 5 %  of the f r a c t u r e  s t r e s s )  
f o r  very long per iods (4 weeks) a t  1000 and llOO°C. 
pected, a s  d i f fus iona l  arid a the r  processes which cont r ibu te  t o  crack 
b l u n t i n g  will a l s o  cont r ibu te  t o  creep deformation mechanisms t h a t  would 
generate  c a v i t i e s .  Thus craek-blunt ing behavior m u s t  be competing 
creep deformation and c a v i t a t i o n .  
long-term ( u p  t n  14 weeks) survival  o f  specimens subjected t o  subs t an t i a l  
s t r e s s e s  ind ica t e s  crack blunt ing i s  controlling the  mater ia l  response. 
Increasing the temperature obviously s h i f t s  the balance toward creep 
deformation, c a v i t a t i o n ,  and crack genera t jon  which l eads  t o  f a i l u r e .  
Furt,her improvements t o  c o n t r o l  t h i s  balance could include e l  iminat isn or 
m n d i f i c a t i o n  o f  impur i t ies  and increase  in  the  matrlx g r a i n  s i z e .  

t h e  alumina-20 V O ~  % S i c  whisker composites compares t o  t h a t  o f  other  
ceramics.  When considered in terms o f  the respo se o f  alumina 
ceramics,  the  composites exhibi ta much g rea t e r  f a t igue  r e s i s t ance  a t  
these  e leva ted  temperatures.  In comparison t n  s i l i c o n  n i t r i d e  ceramics 
( those  composites a l s o  have improved f a t igue  resistance),5 the  composite 
has g r e a t e r  s e rv i ce  s t ress  capac i ty .  

Such creep processes ,  qu i t e  evident  i n  the  12006C t e s t s ,  were a l s o  

T h i s  i s  not unex- 

A t  temperatures af l l O O ° C  01" l ess ,  

Finally, one can ask  t he  question a s  t o  how th;? f a t igue  behavior o f  
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S t a  t i i s  o f  m i  1 e s t o n e s  

The m t l e s i o i i ~  on  s t r e s s  d e p e i - i d ~ n c ~  o f  f a t i g u e  b e h a v i o r  o f  a l u m i n a  
r e i n f o r c e d  w i t h  s i  1 i c o n  c a r b i d e  s 4 i s k e r s  i n  t e q e r a t u r e  r e g i m e s  where 
t r a n s i t i o n  f r o m  c r a c k  b l u n t i n g - t o - c r e e p  darnage o c c u r >  i s  comple te .  

modi f i ed f o r  f u t u r e  t e s t i  n g  . 
The c r c c p  f a c i l i t i e s  a r e  now i n  t h e  p r o c e s s  o f  b e i n g  r e n o v a t e d /  
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1. a .  K .  J a k u s ,  S M. V i e d P r h o r n ,  and R .  J .  Hockey,  " N u c l e a t i o n  and 
G r o w t h  o f  C r a c k s  i n  V i t r e o u s - B o n d e d  A1 umi nwii Oxide  a t  E l  s v a t e d  
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The objective of this task activity is t o  deve lop ,  design, fabricate, 
and demonstrate the capability to perform tension-tension dynamic fatigue 
testing on a uniaxially loaded ceramic specimen at elevated temperatures. 

this ‘cask: ( I )  design, fabrication, and demonstration o f  a l oad  train 
co lumr~ which truly a l i g n s  with t h e  line of specimen loading; (2) develop- 
ment o f  a simple specimen g r i p  t h a t  can effectively link the load train 
and test specimen without complicating the specimen geometry and, hence, 
iminirnfze the cost of the test specimen; and ( 3 )  d e s i g n  and a n a l y s i s  of a 
specimen f o r  t e  s i l e  cyclic fatigue testing. 

Three areas o f  research have been identified a s  the maa’n thrust o f  

Technical proqress 

Tensile f a t i g u e  t p s t s  of MgO-PSP (Nilcra, MS grade) 

Experimental efforts continued on tensile cyclic fatigue tests o f  
Due to the Nilers MS-grade Ng0-PSZ ad; room and elevated temperatures. 

space limitation, the experimental details concerning specimen, test 
method, specimen heating, strain measurement, and test wave Forms are 
referred to in  a pr~wa’ous report.’ 
date. Test parameters used and t e s t  results are summarized in  Table 1, 
and t h e  test d a t a  a r e  plotted i n  F i g s .  1 through 4 .  The closed symbsls 
indicate that failure occurred a t  the test condition indicated; whereas 
the open symbols indicate the end point o f  the first step cyc l i c  l o a  
and that specimen failure did n o t  occur a t  the indicated test condition. 
Intermediate loading steps are described by the Pig-zag path, which i n  all 
cases ended at the closed symbols indicating specimen f a i l t i r c .  

The Fatigue behavior o f  the material depicted in F i g s .  1 t.hrough 4 is 
somewhat speculative dine to the limitation i n  the number o f  test data 
sbtdined to date. General observations indicate that the f a t i g u e  curves 
o f  this material at high temperatures above 800°C would be very f l a t  as 
shown in F i g s .  3 and 4. Two possible reasons for this behavior may be 
c i t e d .  F j r s t ,  t h e  f r a c t d r e  failure may be controlled by the  ~ r i t i e a l  
fracture toughness o f  t h e  material, hence, the number o f  cycles  in 
subcrit-ical s t ress  loading may cause little or no fatigue damages t o  the 
specimen. Fractsgrapbic examinations o f  a l l  specimens t e s t e d  showed that 
large defects pre existing i n  the test volume were the f a i l u r e  origin at 
the fracture init-iating sites, as illustrated in the  inserts of F i g s .  1 
through 4 .  A second reason i s  that the fatigue-induced slow-growth 
microcracks nucleated i n  the b u l k  may be impeded by increasing c r a c k  
resistance due t o  localized transformation toughening. However, the 
latter reason is questionable becaure  the toughening due t o  the 
transformation dirnivsishes in this temperature range. 

due tu the presence o f  an unusually large process defect pre-existing i n  
t h e  griiJP section o f  the specimen. 

A total o f  16 t e s t s  were completed t o  

Specimen 38 that ruptured rather unexpectedly at the low strength i s  
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T a b l e  1. R e s u l t s  o f  t e n s i l e  and c y c l i c  f a t i g u e  t e s t s  o f  N i l c r a ' s  My0 
a t  e 1 e v a t e d  t empe t a t  u t-e s 

(ms g rade)  

Specimen 
number 

Number o f  
cycles a t  Number o f  l e n s i  IC C y c l i c  s t r e h s  I n t e r m e d i a t e  

s t r e n g t h  t o  f a i l u w  c y c l i c  s t r e s s  i n ter rnedi  a t e  :ycl?s f a  rE t o  
( k s i ) I  [blPa ( k s i ) I  [blpd ( k s i ) I  c y c l i c  loatjing 

26 
39 

28 
29 
40 
41  

30 
3 1  
38 
37 

32 
33 
34 

35 

36 

468 

341 
440 

265 
258 
190 

222 
194 

(67.9)  

(49 .5)  
(63 .7)  

(38 .5)  
(37 .5)  
( 2 7 . 5 )  

(32 .3)  
(28 .1)  

Tests at room temperature 

42 3 

238 

336 

286 

183 

188 

195 

284 (41 .2)  
353 (51 .1)  
388 (56 .2)  

(6l"l) 

Tests at 4 O O T  

(34.5) 
240 (34.8)  
257 (31.3)  

283 (41.0)  
297 (43.0)  
311 (45.0)  
325 (41.0)  

271 (39.3)  

(48.8) 

Tcsts at 80OoC 

192 
210 
221 
233 
244 
258 
271 

( 4 1 . 5 )  

(27.9) 

(32.0)  
(33 .8)  
(35 .3)  
(37 .4)  
(39 .3)  

(30 .4)  

Tests at 100G°C 

140 (20 .4)  
154 (22,4)  
168 (24 .4)  

161 (23 .4)  
175 (25 .4)  

(26 .5)  

(27 .3)  

(28 .2)  
180 ( 2 6 . 1 )  

30 
7,621 
I ~ 985 

155 

54,135 
44, 278 
32,487 

132,491 
44, 129 
44,505 
44,585 

135 

46,641 
88 , 308 

225 600 
44,263 
44,769 

130,466 
144,444 

352 

45 > 100 
44,850 
43,938 
96,657 
46,6017 
42 ~ (100 
89,735 
49,172 
25,918 

1 
( 30)" 
( 7,6581 

10,799 
( 10,644) 

1 
1 

1,103 
( 54,1353 

(274,035) 
(318, $64) 
(362,669) 
(407,3513 

( 98,a13) 
(141,544) 

407,489 

1 
1 
1 

( 4S,641) 

(360,542) 
(134,949) 

(404,812 1 
(449,5811 
( 580,047 1 
(724 >543 1 

724,843 

1 
1 

( $5,400) 
( 89,9501 

( 46,500) 
( SS,COO) 

( 49,172) 

(133,8831 
23P 545 

178,735 

75,090 

%umber of c y c l e s  accumu la ted  a t  t h e  ~ n d  o f  i n t e r m e d i a t e  1oad;ng. 
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F i g .  2 .  T e n s i l e  and cyclic i a t i g u ?  behasjor o f  MgD-PST t e s t e d  a t  
480°C. 
Smooth g r d i n  s u r f a c e s  v i s i b l e  i n s i d e  t h e  c a v i t y  yere a n a l y z e d  Lo be r i c h  
i n  Mgi7 

Fracture  o r i g i n s  o f  s p e c j n e a s  2'9 and 40 a r e  < h o w  i n  i h ~  i n s e r t s .  
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F l g .  3 .  T e n s i l e  a d cyclic fatigue bt?hav,ior of  sc$-psz test& at 
800°C. 
t h e  f r ac tu re  o r i g i n  t h a t  substantially lowered i t s  tensile s t r e n g t h ,  

An u n u s u a l l y  l a r g e  process  f l a w  embedded i n  specimen 38 ac ted  as 
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F i g .  4 .  \ e n s i l e  and cyclic f a t i g u ~  b e h a v i o r  o f  MgO-PSZ t e s t e d  a t  

l0OO0C. 
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Specimens 34 ,  35, and 36 were subjected t o  c y c l i c  load-ing I n  steps 
u n t l l  fallure o c c u r r e d ,  E x a m i n a t i o n s  o f  the  stress-strain behavior  
i n d j c a t e d  t h a t  a l l  specimens behsavec? s i m i l a r l y .  I n  a l l  three t e s t s ,  
s t r a i n  r a t x h e t i n g  r e s u l t i f i g  f r om t h e  cyclic loading was much l e s s  
d i s c e r n a b l e  compared t o  t h a t  observed i n  TS grade QSZ. 
t o t a l  p l a s t j c  s t r a i n  accumula t ion  measaswd a t  t he  end o f  the t e s t s  was 
a l s o  much lower t h a n  tha t .  measured i n  t he  TS grade m a t e r i a l  t.est,ed a t  t h e  
same temperature,  $urt.her o b s e r v a t i o n s  i n d i c a t e d  t h a t  the  "caaxin 
e f f e c t s  which were strongly e v i d e n t  i n  t h e  t e s t s  o f  the  TS gyade w e r e  l ess  
obv ious  i n  t h e  MS g r a d e .  

Accordingly,  the 

E v a l u a t i o n  o f  f r a c t u r e  toirghness o f  TS grade PSZ i n  u n i a x i a l  , t ens ion  

Our e x p e r i m e n t a l  o b s e r v a t i o n s  indicate t h a t  l a rge  v o i d s  or i n c l u s i o n s  
were cons tan t ly  the  majo r  sources o f  L e n s i l e  f r a c t u r e  fa-i l u r e s ,  These 
obse rva t i sns  suggest  t.hat. t h e  uniaxia l  t e n s i l e  s t r ~ n y t h  o f  engineer ing  
ceramics ,  whSch in  a p r a c t i c a l  sense cannot  be devoid  o f  any process  
d e f e c t s ,  i s  governed by the  p h y s i c a l  c h a r a c t e r i s t i c s  of the  l a r  
d e f e c t s  p r e - e x i s t i n g  i n  t h e  materials. An a t t e m p t  wars made t o  
t h a t  exper imenta l ly  determined ~ i n i a x i a i l  t e n s i l e  s t r e n g t h  can be correlated 
reasonably well  t o  the  f racture  toughness o f  t h e  m a t e r i a l ,  i f  the complex 
cha rac t e r i  st:c f ea tu res  o f  t h e  source d e f e c t s  can be apprcsxi,nated by an 
a n a l y t i c a l  f o r  

Perform"ng precise measurements o f  f r a c t u r e - i n l t , l a t i n q  d e f e c t s  was 
d i  f f i c u l  t because they varied T rregul a r l y  i n  shape and c h a r a c t e r .  There 
w e r e  h a r d l y  any two defec ts  t h a t  looked ala 'ke.  To f a c i l i t a t e  f rackure  
mechanic.; a n a l y s i s ,  a l l  t h e  f r a c t u r e - i n i t i a t i n g  d e f e c t s  were t r e a t e d  a s  
p lane  elliptiial crdcks defined by "h" a s  t h e  major a x i s  and "2c" a s  t h e  
minor a x i s ,  The d i s t a n c e  f rom the  c e n t e r  o f  t h e  f r a c t u r e  o r i g i n  t o  the  
nearest-  s-pec:men sur face  was measured a s  " b 3 "  a s  shown i n  F i g .  5.  R e s u l t s  
o f  t h e  measurements a r e  g i v e n  i n  Table  2. 

c r i t i c a l  f r a c t u r e  touqhness ,  K I ~ ,  f o r  a plane elliptical c r a c k  i n  an i n f i -  
n i t e  s o l i d  subjected t o  a uniform u n i a x i a l  s t r e s s  f i e l d ,  0, a t  remote ends 
can $P d e r i v e d  a s  f o l l o w s :  

According t o  t h e  G r i f f i t h - I r w i n  theory  o f  f r a c t u r e  mechafiics,* t h e  

where 

where I(l0 i s  t h e  s t r e s s  i n t e n s i t y  f a c t o r  For a. p lane  c i r c u l a r  crack o f  
r ad ius  !lata i n  a s o l i d  under a uniform u n i a x i a l  t x n s i l e  s t r e s s ,  F, i s  a 
v a r i a b l e  boundary c o r r e c t i o n  f a c t o r ,  and 9 i s  the angle  d e f i n e d  a s  shown i n  
F j y ,  5 .  T h e  value o f  K l c  i n  F q .  ( I >  i s  c a l c u l a t e d  u s i n g  F, (max) ,  t h e  
maximum va lue  o f  F , .  The above express ion  remains valid i f  t h e  c r a c k  i s  
s i t . ua ted  a t  t h e  cen te r  o f  t h e  c i r -cular  cross s e c t i o n  hav ing  a rad ius  "r" 
t h a t  is much g r e a t e r  than 
s u r f a c e  w i t h i n  the  range o f  cdb 

"a" .  I f  t h e  elliptical crack i s  l o c a t e d  n e a r  t h e  
0 - 1 ,  K l c  i s  g i v e n  by 
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\ 
c -  I j g .  5 .  C o o r d i n a t e  sys tem and ci i 'mer i r ions o f  an e l l i p -  

Lical cr-srlz 

where t ,  i s  another -  c o r r e c t i o n  f a c t o r  which a d d i t i o n a l l y  a c c o u n t s  f o r  t h e  
p r o x ' m i t y  t o  t h e  specinsn SUi-fdLe. F o r  t h e  sake o f  s i m p l i r i t y ,  t h e  speci- 
men s u r f a c e  i s  approximated as a s t r a i g h t  edge i n  ciq. ( 3 ) .  

I h e  v a l u e s  o f  K I ~  t a b u l a t e d  i n  C O l ~ i ~ t ~ n  ( h )  were c a l c u l a t e d  u s i n g  t h e  
Oak R i d g e  N a t i o n a l  Labora to ry  t e n s i l e  s t r e n g t h  data l i s t e d  i n  co lumn ( e )  
o f  T a b l c  2 .  In o r d e r  *LO make m e a n i n g f u l  c o m p a r i s o n s  w i t h  t w o  s e t s  o f  
r e p o r t e d  K I ~  d a t a 3 , "  v h i r h  were known t o  have  been o b t a i n &  f r o m  bend  
t e s l s ,  two  s e t s  o f  K I ~  v a l u e s  w e r e  c a l c i r l a t e d  u s i n g  t h e  r - a i i o s  o f  apparent .  
b e n d i n g  s t rength  ( M O R )  v a l u e s  d e t e r m i n e d  f r o m  t h e  c u r v e s  g i v e n  i n  
F i g r .  G(a) and 7 ( a )  t o  t h e  c o r r e s p o n d i f i g  i e i l s i l e  s t r e i i g t h s .  The r e s u l t s  
w r e  p l o t t e d  i n  F i g s .  S(b3 (curve P.) and T ( b )  ( c u r v e  D > ,  r e spec t ive ly .  

,A conlpai.ison 5;7ow5 t h a t  t h e  a v e r a g e  K I ~  v a l u e s  (curve A )  c a l c u l a t e d  
f r o m  t h e  t e n s i l e  s t r p f i q t h s  a r e  s i y r i i f i c a n t l y  l o w e r  t h a n  Nilcra  K I ~  d a t a  
( c u r v e  C )  by a b o u t  55% a t  room t en ipe ra tu r r  and by about  45% a t  1000°C. The 
ag reemen t  bet:.ret.n c d r v ~  B, r e p r e s c n t i  ny t h e  a v e r a g e  p r o p e r t y  o f  K I ~  c a l c u -  
l a t e d  f r o m  MOR d a t a ,  and c u r v e  C a r c  r e s p e c t a h 1 9  i n  v i e w  o f  t h e  p o s s i b l e  
d i f f e r - p n c e s  i n  m o n o c l i n i c  phase c o n t e n t  and b a t c h - t o - b a t c h  v a r i a t i o n s  i n  
m i c r o s t r u c t u r e .  Ihc K l c  d a t a  c a l c u l a t e d  from t h c  t e n s i l e  f a i l u r e  s t r e n g L h  
d e p i c t c d  by c l o s e d  symhsls i n  F i g .  b ( b )  a r e  reasonably c o n s i s t e n t ,  i n  pdr-  
t i c u l a r ,  a t  h i g h  t c r n p a r a t u r e s .  

- 
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UYlV OF DAYTON RESEARCH I N S ; , I U T E  (MOD) 

/ 
3 

TS-PSL ( a  1 
.............. I ................ u ............. r..-_l o d 
0 200 400 600 EO@ 1000 1200 

I E?v'I;''FWtT!J(rE ( '3C) 

F j g .  5 .  (IT,; Coinpar ison b ~ ' t : ~ ~ i :  t h ~  ORNb 
te : - i s i  1 e s t v n q t h  and N; ? c r a  WOR q t r e n g t h ,  
( b )  conpai-isoils o f  b e n d - t e s t  de te rm ined  and 
predictsd K I ~  v a l u 2 s :  
predicted f r om E q ,  (1) u s i n g  t h e  O R ~ L  tensilc. 
t e s t  data; curve I3 

curve A - a v e r a g e  K I ~  

a v c r a g c  K I ~  predicted 
S l 1 c . q  f.-n- r n  / 1 \  h-2. , , . - : w -  k I 4 1 - , - -  u n n  3 - i . - .  
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. .. 

II. PERATLSRE ("C) 

1200 

F i g .  7 .  (ab Four-point flexure strength o f  TS-PSZ 
ceramic v s  temperature i n  a i r  atmosphere; and (b3 C W ~ V E  D - 
f r a c t u r e  toughness  p r e d i c t e d  from E q .  (1) based on 
taken From (a), curve E - f rdc ture  toughness o b t a i n e d  from 
bend t e s t s  w i t h  c o n t r o l l e d  f l a w s  v s  temperature. 
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C o m p a r a t i v e  s t u d i e s  s i m i l a r  t o  t h e  above were  c o n d u c t e d  a l s o  w i t h  
data o b t a i n e d  by Tennery and h i s  coworkers.4 
i n  K I ~  c a l c u l a t i o n s  a r e  d e t e r m i n e d  from t h e  curve S ~ O ~ J J U ~ Q /  i n  F i g .  7 ( a ) .  
The K I ~  ( c u r v e  0) v a l u e s  calculated f r o m  t h e  MOR d a t a  v ~ r e  p l o t t e d  i n  
F i g .  T(b3 f o r  c o m p a r i s o n  with t h p  K I ~  c u r v e  ( C I J T V ~  E) de te rm ined  f r o m  
f o u r - p o i n t  bend  t e s t s  w i t h  c o n t r o l l e d  f l a w s .  A c o m p a r i s o n  shows t h a t  
curve E i s  s i g n i f i c a n t l y  h i g h e l -  t h a n  c u w c  0 i n  t h e  l o w e r  t cvpera ture  
r a n g e  below 6QO°C, b u t  t h e  t w o  c u r v e s  zgree  e x t r e m e l y  well i n  t h e  h i g h e r  
t o f ipe ra tu re  r a n g e .  
t e m p e r a t u r e  m i g h t  have been caused  by b a t c h - t o - b a t c h  v a r i a t i o n s  i n  
mot iocl  i n l ' i  phase c o n t e n t .  

'The HOR s t r e n g t h s  used 

I t  i s  suspected t h a t  t h e  d i f f e r e E c e s  i n  K l c  at the  l o w  

I m p o r t a n t  f i n d i n g s  and  o b s e r v a t i o n s  

Results o f  f r a c t o g r a p h i c  s t u d i e s  cnmbifjcd w i t h  f r a c t u r e  m s c h a n i c s  
a n a l y s e s  imply  t h a t  f a i l u r e  s t r??sses  f o r  TS grade  PSL i n  u n i a x i a l  t e n s i o n  
a r e  d i c t a t e d  m o s t  l i k e l y  by t h c  s i z e ,  shape, and  t h e  l o c a t i o n  o f  t h e  
1 argest p r o c e s s  f 1 aw p r e - e x i  s t i  ny i n  t h e  t e s t  v o l  uine. 

Comp le ted  e l e v a t e d  t e m p e r a t u r e  f a t i g u e  and t e n s i l e  t e s t s  on advanced 
tsughcned ceramic m a t e r i a l  ( M i l e s t o n e  321405 s c h e d u l e d  on ,July 31,  1988). 

Comp le ted  a t e c h n i c a l  r e p o r t  g i v i n g  r e s u l t s  o f  e l e v a t e d  t e m p e r a t u r p  
t e s t s  on S i 3 N 4  ( M i l e s t o n e  321407 s c h e d u l e d  an September 30,  1988). 

P u b l i c a t i o n s  .__ .......... __ 

K .  C .  L i u ,  "Ceramic  Specimen H e a t i n g  by I n d u c t i o n  Power," i n  
I+-oceedings of t h e  Corzfr=~.errce on Pdechanicul 'T'e.rtktg of Ertgineering 
Ceramics at H i g h  Temperatures ,  A p r i l  11 12,  1958, L ~ i l d ~ n ,  Eng land ;  and  i n  
IRE. J .  High Technol. Ceram. ( a c c e p t e d  f o r  pub1 i c a t i o n ) .  

K .  C. L iu ,  H .  P i k ,  and  D .  W .  V o o r h ? ~ ,  " U n i a x i a l  T e n s i l e  S t r a i n  
Measurement f o r  Ceramic  T e s t i n g  a t  E l p v a t e d  I e m p e r a i u r e s :  R e q u i r e m e n t s ,  
Problems, and S o l u t i o n s , "  I n t .  J .  High Techno/.  Ceram, ( a c c c p t e d  f o r  
pub1 i c a t i o n ) .  

K .  C .  L i u  and  C .  R .  B r inkman ,  " T e n s i l e  C y c l i c  F a t f g u e  T e s t i n g  of 
Ceramic M a t e r i a l s  a t  E l e v a t e d  remperatures," papPr p r e s e n t e d  a t  t h e  9 0 t h  
Annua l  M e e t i n g  o f  t h e  Am. Ceram. S O C . ,  a t  C i n c i n n a t i ,  O h i o ,  May 1-5, 1988. 

I-. F. A l l a r d ,  f .  A .  N o l a n ,  and  K. C .  L iu ,  " E f f e c t s  on P e n s i l e  Cyc l i c  
I -aCigue a t  E l e v a t e d  T e m p e r a t u r e s  on t h e  M i c r o s t r u c t u r e  o f  S i l i c o n  N i t r i d e  
C2ramics , "  p a p e r  p r e s e n t e d  a t  t h e  30th Annua l  M e p t i n g  o f  t h e  A m .  Cerzm. 
Soc., a t  C i n c i n n a t i ,  O h i o ,  May 1-5, 1958. 

- 

K. C .  L i u  and C .  R .  Br inkman ,  "A S e l f - A l i g n i n g  A p p a r a t u s  f o r  T e s t i n g  
Ceramic  M a t e r i a l s  i n  U n i a x i a l  T e n s i o n  a t  H igh Tempera tu res , "  a p o s t e r  p r e -  
s e n t e d  a t  t h e  9 0 t h  Annual M e e t i n g  of  t h e  Am. Ceram. S o c . ,  a t  C i i - i c i n n a t i ,  
O h i o ,  May 1-5, 1988. 
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T. A .  Nolan, 1.. F. Allard, and K. C.  L iu ,  " 'Charac te r iza t ion  o f  t h e  
F r a c t u r e  Processes o f  Ceramic M a t e r i a l s  Tested i n  Tensile Cyclic F a t i g u e  
at Elevated Temperatures3'B a poster presented  a t  the 90th Annual Mee t ing  
o f  the  Am. Ceram. SGC., a t  C i n c i n n a t i ,  Ohio, ay 1-5, 1988. 

3 ,  Mechani'eal Properties l e s t  D a t a  Furnished by N i l c r a  Ceramics 
(USA) ,  I n c .  



Rotor Data Base Generation 
M .  K .  F e r b e r ,  14. J e n k i n 5 ,  acd  R .  M a r t i n  (Oak R i d g e  N a t i o n a l  L a b o r a t o r y )  

...... O b j e c t i  ve/sc;g.p.g 
- 
I h e  g o a l  o f  t h e  p r o p o s e d  r e s e a r r h  p r o g r a m  i s  t o  s y s t e g a t i c a l l y  s t d y  

t h e  t e n s i l e  s t w n g t h  o f  a s i l i c o n  n i t r i d p  cerJ.miL a s  a f u n c t i o n  o f  ternper-  
atwre and * L i m o  i n  an a i r  e n v i r o n m e n t .  I n i t i a l  t e s t s  w: l ! l  be airncd at" 
m p a s u r i n g  thr- s t a t i s t i c a l  parameter  s c h a r a c t e r i z i n g  t.he s t r e n g t h  d i  s l i r i bn -  
t i o n  o f  t h r c c .  stample t y p e s  ( t w o  t e n s i l e  specimens an3 one f l e x u r e  
spec imen) .  The r e s u l t i n g  d a t a  w i l l  b2 used  i o  exaii i i 'nr t h e  a p p l i c a b i l i t y  
o f  r u r r e n t  s t a t i s t i c a l  n o d c l s  a s  wr:l a s  sarnplp g e o m t r i r s  f o r  d e t e r n i n i n q  
Lhr  s t r e n g t h  d i  s t r i  b u t i o n .  

I n  t h e  second phase o f  t e s t i n g ,  st l -c:ss r u p t u r e  3 a i a  ~ i 1 1  be g e n e r a t e d  
by m e a s u r i n g  f a t i g u e  1 i f c  a t  a c o n s t a n t  r t r e s s .  Ti72 t i m e - d e p e n d c n t  d e f o r -  
m a t i o n  w i l l  a l s o  b e  m o n i t o r e d  d u r i n g  t e s t i n g  so t h a t  t h s  e x t e n t  of  krjgh- 
t e m p e r a t u r p  c r e e p  tmy S,P a s c e r t a i n e d .  r e s t e d  sampl?s w; 11 ix t h o r o u g h l y  
c h a r a c t e r i z e d  u r i n g  e s t a b l i r h e d  c e r a m o g r a p h i c ,  s c a n f i i n g - e l e c t r o n -  
m i c r o s c o p p ,  and t r a n s m i s s i o n - e l e c t r o n - m i c r o s c o p c  t p c h n i q u e s .  A m a j o r  g o a l  
o f  t h i s  e f f o r t  w i l l  b~ t o  b e t t e r  u n d e r s t a n d  t h l c  m i c r o s t r u c t u r a l  a s p e c t s  o f  
h i g h - t e m p e y a t u r e  f a i l u r e  i n c l u d i n g .  

(1) 
( 2 )  e v o l i . i t i o n  o f  c a v i t a t i o n - i n d u c e d  damage and f r a c t u r e ,  
( 3 )  t r a i i s i t i o n  be tween  b r i t t l ?  c r a c k  e x t c n s i o n  and c a v i t a t i o n - i n d u c e d  

g r o w t h ,  and 
( 4 )  cr3t:k b l u n t i n g .  

e x t e n t  o f  s l o w  c r a c k  g r o w t h ,  

The r ? t , u l t i n g  s t r e s 5  r u p t u r e  d a t a  w i l l  be rrsod t o  examine t h e  a p p l i r a -  
b i l  i t y  o f  a g e n e r a l  i z g d  f a t i g u e -  1 i f ?  ( s l o x  c r a c k  g r o w t h )  rnorjp'l. I f  
n e c e s s a r y ,  model r e f i n e m e n t 3  w i l l  be i n p l e m o n t e d  t o  a c c o u n t  f o r  b o t h  c r a c k  
b l  u n t i n y  and c reep  damage e f f e c t s .  I n s i g h t s  o b t a i  n?d f r o 3  t h e  c h a r a c t e r i -  
z a t i o n  s t u d i e s  w i l l  be c r u c i a l  f o r  t h f s  n o d i f i t - a t i a n  p r o c e s s .  Oncc a 
s a t i  s f a c t o r )  mode? i s d e v e l o p e d  ~ s e p a r a t e  s t r e s s - r d p t u r  c ( c o n f i  r m a t a r y )  
e x p e r i m e n t s  wi 11 he p e r f o r m e d  t o  exaiii i fie t he  model ' s p r - r d i c t i v c  
c a p a b i  1 i t y .  C o n s e q u e n t l y ,  t h e  d a t a  gcneraied i n  t h i  s progi-am w i  11 n o t  
o n l y  p r o v i d e  a c r i t i c a l l y  needed base  f o r  component d t i l i z a t i o n  i n  automo- 
t i v e  gas  t u r b i n e s ,  b u t  w i l l  a l s o  f a c i l i t a t e  t h e  development.  o f  a d r s i g n  
m e t h o d o l o q y  f o r  h i y h - i e n p e r a t u r c  s t r u c t u r a l  c e r a m i c s .  

Te-i c a l  p r o g r e ~ s  

D u r i n g  t h i s  r e p o r t i n g  p t . r iod ,  a p p r o x i m a t e l y  - 280 s i 1  i c o n  n i t r i d e  f l e x -  
u r e  speciniens W F ~ P  r e c e i v e d  f r o m  t h e  v e n d o r .  iriese samples,  w h i r h  were  
i n j p r t i o n  I l io lded t o  n e a r - n e t - s h a p e * f o t n ,  a r e  c u r r e n t l y  b e i n g  machined t o  
f i n a l  d i i i i e i l s i o n s  o f  3 x 4 x 50 mm. D e l i v e r y  o f  t h e  s i l i c o n  n i t r i d e  t e n -  
s i l e  sarnplpr ,  w h i c h  was e x p e c t e d  i n  O c t o b e r ,  hss been d e l a y e d  u n t i l  
J a n u a r y  1989 a s  a r e s u l t  o f  p m b l e m s  w i t h  specimen p r e p a r a t i o n .  

"GTE P Y 5  s i  1 i c o n  n i t r i d e  f a b r i c a t e d  by GTE I - a h o r a t o r i e s  I n c o r p o r a t e d ,  
Wal tham, MA. 
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S t ~ d i t ? ~  aimed a t  e x m i n i n g  the  o p e r a t i o n a l  s t a t u s  o f  t h c  e i g h t  t e n s i l e  
t e s t  s t a n d s  t o  be used i n  t h i s  study were a l s o  i n i t i a t e d .  A t e s t  s t a n d  
c ~ n s a ’ s t s  o f  an electrornec-hanical l oad  frame w i t h  both load and s t r a i n  eon- 
t r o l  c a p a b i l i t - i e s .  A h i l i l t - i n  t r a p e z o i d a l  f u n c t i o n  g e n e r a t o r  can be used 
t o  s p e c i f y  t he  d e s i r e d  l o a d - t i m e  c h a r a c t e r i s t i c s  o f  t he  t e s t .  The speci- 
men g r i p s ,  which a r e  c ~ n f 4 g ~ r e d  f o r  e i t h e r  c l r c u l a r  (but ton-head)  or  rec- 
t a n g u l a r  samples, a r e  locat,ed o u t r i d e  o f  a compact two-zone m o l y d i s i l i c i d e  
furnace  capable  o f  g e n e r a t i n g  a maximum temperature  o f  1600°C. The g r i p s  
a r e  a t t a c h e d  t o  t h e  load frame u s i n g  h y d r a u l i c  c o u p l e r s  t o  minirnl’ze bend- 
i n g  moments. Specimen displacement  i s  measured w i t h  a d i r e c t  c o n t a c t  
c a p a c i t a n c e  extensometer .  A personal computer i s  used t o  monit,or and 
stxire v a r i o u s  o u t p i i t  s i g n a l s  inc luding  d isp lacement ,  l o a d ,  load  e r r o r ,  
tempera ture ,  and water  f l o w  s t a t u s ,  s i n g l e  computer can s p r v i c e  up t o  
f o u r  t e s t  s t a n d s .  
p rocess  was developed dur ing  t h i s  repcarting per iod .  

were prepared f r o  ex is t ing  s t o c k  f o r  the  t e s t s  involv ing  t h c  t .ensr’le 
u n i t s  In the  f i  s t  t e s t ,  an alumina specimen was loaded to f a i l u r e  at” 
room temperature e The r ~ s u l  t i  ng 1 asd-di sp l  acement curve was 1 i near  ‘60 
the  f r a c t u r e  point ;  C4.08 MPa ( 5 9 . 2  k s i ) ]  i n d i c a t i n g  t h a t  no s l i p p i n g  was 
occiirri ng at, t h e  extensometer  c o n t a c t  p o i n t s .  

In t h e  next t e s t ,  a second alurra-ina sample was cycled  between 63 and 
156 FdPa a t  880QC. T h i s  sample e x h i b i t e d  a permanent d i s p l a c e m e n t  dur-a’ng 
each c y c l e  and f a i l e d  a f t e r  o n l y  20 cycles.  The  ~ e ~ ~ r ~ ~ t i ~ n  wdis a t t t - l i b -  
uted t o  t h e  SiO,  glassy  phase p r e s e n t  i n  t he  m a t e r i a l .  

under c o n s t a n t  s t r e s s  was measured at. 800QC. The r e ~ ; u I t s  a r ~  shown i n  

Software requlred f o r  c o n t r o l l i n g  t h e :  d a t a  a c q u i s i t i o n  

Eutton-head t e s t  samples o f  s i l i c o n  c a r b i d e  and a 94% alurninum oxide 

I n  o r d e r  t o  b e t k r  c h a r a c t e r i z e  t h i s  creep behavior ,  the  displacement  

. 3 through 3 f o r  a p p l i e d  stresses o f  104 and 123 
Pa, r e s p e c t i v e l y .  There was little evidence o f  an 
v l o r  a t  the three  h i g h e s t  s t r e s s  l eve l s .  Instead, 

tu re  ex tens ion  appeared t o  be limited t a  p r imary  c reep  
r u p t u r e .  The reasons  f o r  the  s t r a i n  p l a t e a u  a t  104 MPa st ress  a r e  
unknown. A t  t h ~  l o w e s t  s t r e s s  l e v e l  o f  84  MPa, s t e a d y - s t a t e  creep was 
observed t h r o u g h ~ u t .  t h e  72-h exposure per iod .  

t e red  w i t h  t h e  extensometer .  F i r s t ,  there  was considerable n o i s e  i n  t h e  
e ~ t e n s ~ n i e t e r  output. a s  evidenced i n  F i 9 .  3 .  T h i s  n o i s e ,  which may have 
r e s u l t e d  lF~-orn e l e c t r i c a l  f l u c t u a t i o n s  a s s l a c i a t ~ d  w i t h  t he  f u rnace ,  lirnlted 
the  measurement s e n s i t i v i t y  t o  approximately 1 . 5  pm. Second, the  dis-  
placement  readings exhibited periodic  j u  p s  followed by a long  recovery 
process. These v a r i a t i o n s  were found t o  occur i n  29-h cycles .  (Note: t h e  
d a t a  i n  F i g .  3 have been c o r r e c t e d  f o r  t h i s  d r i f t . )  Subsequent s t u d i e s  a t  
800°C showed t h a t  t h p  d r i f t  in  t h e  extensometer  could be c o r r e l a t e d  w i t h  
p e r i o d i c  v a r i a t i o n s  i n  t h e  room temper-ature. S t e p s  a r e  now b e i n g  taken t o  
thermal ly  i s o l a t e  t h ~  extensometer  ho r i s ing  f r o m  t he  ambient environment.  

An S i c  button-hrad specimen was used t o  examine t h e  temperature  
g r a d i e n t s  i n  t h e  gagc s e c t i o n  o f  t h e  sample. These temperature  g r a d i e n t s  
a r e  a r e s u l t  o f  t h e  flow o f  heat f r o m  t h e  specimen hot  zone i n t o  t h e  
water-cooled g r i p s  ~ 

10°C a t  1 2 0 P C  t o  l e s s  than 5°C a t  15UOQC. 

In t h i s  c a s e ,  t h e  load-displacement curve exhr ’b i ted no permanent 

It SbCOUld be nOted t h a t  d u r i n g  teStl”Prg SeVerdl problems were enC0un- 

The ~~~~~~~ g r a d l e n t  decreased from approx ima te ly  

For t h e  f i n a l  t e s t ,  a dense single-phase S i c  was cyc led  a t  800°C. 
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F i g .  1. Samples exposed  a t  8005C and st ressed at; 
123 and 104 MPa exhibited no e v i d e n c e  o f  steady-state 
creep b e h a v i o r .  

.... ........... _l_l - II .- ...... .- 
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F i g .  2 .  Sample  exposed a t  800°C and stressed a t  
164 CIPa exhibited short-term failure. 
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80 

F i g .  3 .  S t e a d y - s t a t e  c r e e p  behav io r  w a s  observed 
f o r  sample exposed a t  800aC and s t ressed  a t  82 

d i sp lacemen t s .  
i n  good agreement  w i t h  literature values .  

The Young's rnadulus was calculated to be 405 GPa,  which  i s  

Status o f  milestones 

No a c t i v i t y .  

Publications ..__....l.iI_ 

No publications 
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The purpose of t h i s  research i s  t o  understand the room temperature 
and high teillperature [<137O0C ( Z S O O 0 F ) ]  behavior o f  toughened ceramics, 
in pa r t i cu la r  Sic-whisker toughened Si,N,, as t h e  basis  fo t -  deve!oping 
a l i f e  prediction methodology. A inzjor object ive i s  t o  understand the 
re1 a t  ionship between microstructure and t h e  mechanical behavior w j  lhin 
the bounds o f  a limitccl number o f  materials,  A second major object ive 
i s  t o  determii-se t h e  behavior as a function o f  time and temperature. 
Spec i f ica l ly ,  thc  room temperature and elevated temperature s t rength and 
re1 i ab i l  i t y ,  the f r ac tu re  toughness, slow crack g r o ~ t b l  and t h e  c r e e p  
behavior wi 11 be d e t e m i  ned f o r  t h 2  as-manufactured ma"i.eri a1 . The same 
prape:-ties wi 11 a1 so htt eval uated a f t e r  1 ang-time exposure t o  v a r i o u s  
h i g h  temperature i sothermal and cycl i c  envi ronments. These resiil t s  4 ~ i  11 
provide input, for para1 1 el  mater! a1 s devel o p ~ i i i t  and des 3gn method01 ogy 
devel n p m e n t  programs. Reswl taant des ign codes wi 11 bc veri  f i  ~ d .  

T e c h n i c a l  progress  

Fxperimental Procedures 

vintage Aug., 1987, azae'.-e obtained f r o m  Norton Co. and machined in to  MOR 
( 3  x 4 x 50 m m )  and chevron-notihed ( 3  x 6 x 59 mm) bars  f o r  room tem- 
per ateire and h i g h  temperature MOR and f r ac tu re  toughtiess - deterrrri nat ions,  
creep evaluat ion,  and oxidation and corrosion s tud ie s .  lhese n a t e r i a l s  
w r e  prepared by mixing s i l i con  powder with 4 w t . %  Y,O and then add ing  
30 vo la% Vateho T44 Sic, t o  a portion of  t h e  p i x e d  pogders. The powder 
mixtures were cas t  as a s lur ry  in to  square p l a t e s :  cold i s o s t a t i c a l l y  
pressed, n i t r ided ,  and H ! P d  by t h e  ASFA g l a s s  encapsulation melird. 

All MOR bars  were yadiogsaphed th rough b o t h  t h e  width and i h i c k -  
ness. 
i t e  wcre 
phases. 

The degree a f  c h i s k e r  c lus te r ing  !t'.ss detet-miiied from SEM photo 
y a p h s  o f  sect ions para l le l  and perpsndicular t o  t h e  b i l l e t  face by a 
s tereoloqical  method. Satnples o f  SiC,,/Si S were lnovinicd in epoxy and 
ground and  polished w i t h  ciiaiaiond d o w  t o  fp;. The samples were removed 
from t h e  mounts and e tched  i n  h o t  KOH f o r  30 s t o  rmove t h e  grain? 
boundary phase. The saiiiplt3s vere then plasma etched f o r  45 s w i t h  CF, 
+ 4% O, follorirag h e a t i n g  in a N, p l a s m a  f o r  20 m i T r . l l )  

S t r e n g t h  and Fract U'FP toughness a t  room atid elevated temperatures 
were meastared in 4-point bending w i t h  inney and outer  spans o f  20 niiit and  
40 mm, respectively and a loading rate  of 0 .5  mm-inin-l. Step-  
temperatuPe-str~ess-rupture t e s t s  were p e r f s m d  on r"iX bars w i t h  inner 
and outer spans of 19 mm and 58 mm, respect ively.  
ured by LVDils positioned on the t e n s i l e  f a c e  beneath the  iilner load 

B i l l e t s  o f  HIPed RBSN (3x015) and IIIPed SiC,/R&SN (7x014) both 

As-received and pos t - t e s t  b a r s  o f  b o t h  t h e  i i ~ono l  i i h i c  and compos- 
analyzed by TEN w i t h  par-t icular emphasis an t h e  intergranular  

U e f l e c t i ~ ~ ~  bvas meas- 
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Whisker d i s t r i b u t i o n .  The po i  i shed and etched s e c t i o n s  wzre 
observed uncoatrd by SEM. 
the  v i a t r i x  arid appear b r i g b t  a g a i n s t  a d a r k  background. 
t u r e s  were t i i k e ~  of  each sample. i h e  vo ibme f r a c t i o n  o f  the  whisker 
phase ~ 2 . 5  measured by p o i n t  count ing t o  asccutair l  t h a t  the  samplc was 
proper ly  etched. -/he mcasuremewts and s t a t i s t i c a l  and s t  T o l o g i c a l  

rwan value of the perrent of t h ~  surfacP area of  each whisker  t h a t  i s  
c o n t a c t i n g  another  whfsker. C o n t i y r r i t y  i s  c a l c u l a t d  by t i i ~  eq i ia t  ion 

The S i c  whiskers  a r c  s l i g h t l y  e l e v a t e d  above 
Four teen  p i c -  - 

analyses  w r e  done w i t h  a semi-automatic frnagp ana lyzer - .  717 
One measure 3 f  whisker d i s t r i b u t i o n  i s  This  i s  t h e  

v+ere S 
t h e  sur?iTe a t T a  o f  whisker-mat,rix contact. The qurface areas  WPTS 
measured by p o i n t  count ing.  
the  c o n t i y u i t y  Hould lw 0.  The contig1Iity of  t h i s  mdltrrial i s  21%, 
i nG i c a t  i n y 5 11 b s t. an t i a 1 c 7 ii s t e $- i ng . 

Bsth the  monol i th ic  a d  the 
coapDsiLe arc f l r l ly  dcnse acd have g r a i n  boundaries w i t h  s i g n i f i c a n t  
c r y s t a l l i z a t i o n .  The c r y s t a l l i z e d  5ra- in boundaries  a r e  Y-r ich ,  b u t  t he  
many phases could not be i d e n t i f i e d .  Glassy r e g i a n s  reimin, some o f  

bu t  s e m  t o  have accumulated many i m p u r i t i e s ,  e.y. ,  K ,  Ca; C 1 ,  Na, P, S ;  
e t & .  , thought t o  have come from abras ion  o f  a rubber mil 1 s e a l .  l he  
m a t e r i a l s  a l s o  c o n t a i n  smal l ,  spherizal  H r i c h  p a r t i c l e s ,  presumably 
from m i l l i n g  med ia*  Many Si,N, g ra ins  conta in  d i s l o c a t i o n s .  The com- 
p o s i t e  m a t e r i a l  c o n t a i n s  l a r g e  S i c  g r a i n s ,  which are deb r i s  added u i t h  
the  S i c  whiskers. (Norton i s  now t a k i n g  steps t o  remove t h o s e  l a r g e  
chunks beF0t-s w h i s k e r s  a re  added.)  Hang. o f  the  S i c  d i i s l t e r s  are hollow 
and c o n t a i n  i Y-rich amorphous phase ant1 small S.E,N, c r y s t a l s ,  The S i c  
whiskers a r e  bonded t o  t h e  matr ix  by a g l a s s y  phase ,  which e x p l a i n s  the 
obsesvat i o n  o f  1 i t t i e  whi ~ k e r  pul l  - o u t  on fracture  s i i r f a c e c  I 

Strength and Fracture Tolighness, Strength as a Srii-t-retion o f  temper- 
a ture  for both the monol i th ic  and whisker-toughened m a t e r i a l s  i s  i l l u s -  
t r a t e d  i n  Flgc l re  2 .  

The monol i th ic  m a t e r i a l  shows coirjtarjt s t r e n g t h ;  ~14Sthir-i t h e  r t a n -  
d a d  d e v i a t i o n s ,  up t o  1200°C. A t  1400°C t h e  st rength drops  rapidly. 
I h e  l a rge  s tandard  d e v i a t i o n s  i n  thc  s t r e n g t h  d a t a  were a t t r i b u t e d  t o  
the  m a t e r i a l  v a r i a t i o n s  i d e n t i f i e d  by x-radioqrapby (One b a r  t h a t  showed 
uniform dens i ty  i n  t h e  radiographs had a strenyth o f  691 MPd.) The 
s t r e n g t h s  rfiea.;ured by Norton Co. were h igher ,  661 HPa a t  R.T. and 
517 MPa a t  1370°C. 
t i o n s  thr-ou9?? t h e  b i l l e t s ;  t h e  N O T ~ O E I  MOR bars  had t h e  t e n s i l e  f a c e  
p a r a l l e l  t o  the b i l l c t  face ,  r e s u l t i r r g  i n  a more uniform s u r f a c e  than 
t h e  NASA b a r s ,  which had the t e n s i l e  f a c e  g z r p e n d i c u l a r  t o  t h e  b i l l e t  
f a c e .  

1) ZeSss Videoplan I " ,  C a r l  7eass T r i c  . ,  Thornwod ,  N Y  10594 

i s  the s u r f a c e  a r e a  o f  v!hisk?r-whisker contdc t and S,_,,, i s  

I f  the  vh'skers were completely sepa ra t ed ,  

Transmission €;t.ctrsra fiScrescopy. 

- ich a m  phase separa thd .  l hese  reg ions  a w  low i n  y t t r i u m  c o n t e n t ,  

T h i s  may have k e n  the  resailt o f  the density v a r i a -  

TRc f a i l u r e  i n i t i a t i n g  f l a w  vere foirnd i o  be s l i g h t l y  s i r b \ ~ r f a c ~  
- - _ - - - - - - -  
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- 60 psn across. 

Cs. d a t a  and t o  the 
I n  most cases the i n i t i a l  failure 
1 ength. 

mposite mater ia l ,  i n  c o n t r a s t ,  sh s a steady decliw of  
t n  showed good car re l  a k i  8;1 
ctirre seen by radilagra 
a s i c  chunk %SO prn i n  

-4 1200 

1 400 

Figure 2 ,  4-pa in t  s t r e n  r ton  RBSN and SiC,,/RBS 

e fracture t o  3)  reached a ~a~~~~~ o f  % T  ~ ~ a . r n 4  
for b o t h  the  ma mposite a t  9800 "C. t i s  corajectured 
t h a t  the reduce 
g lass  remaining 

e t o  s o S t m i n g  o f  

-Pem~eraturr-Stress-Ruplurg, The STSR resul ts  a re  g i v e n  i n  

;Pry phase cavsed by 
e csmpcpsite bars show c t i o n  t h a n  the fflccno- 

impurities as i lure  i n i t i a t i n g  flaws 
were d i f f i c u l t  t o  identify because o f  ~~~~a~~~~ o f  t e fractrl;re surface,  
b u t  seemed t o  be the Salllle type  o f  flaws ast f r ac tu re  t e s t s "  

ana lys i s  o f  t h  crept bars i s  lex were prepared f r o m  
seen i n  the  

en.? t e s t e d  a t  2 

ased crystdl  1 i z 
~ ~ ~ ~ ~ ~ ~ ~ e s ,  and Lh sl nca t i  ons n l  t 

a t i o n  dens i t y  h 
o f  the uncrept material. 
been ~ ~ ~ t e ~ ~ ~ ~ ~ d  wh 
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TEMPFKATURL. C 
r- - 

RT 
! 

I coo 

F igu re  3.  Chevron-i-iotch frartlfre toughness o f  NorTon RBSN and 
S i  C,/RBSN. 

- 
a 
2 2 

0 (3 
v) 0 
N N 

0" TEMPkI3A1 U R C .  "C 
1.430 - 

90 h ,  no failure 
31 mjls doiioction 

(3 73 mils deflection 

?i gure 4 .  4 - pc i n t f l  exiiral s t e p  - te t i ipera t i i re  - st ress  - rupture 
s t r e n g t i i  o f  Nor ton  RSSN and SiC,/RSSN. 
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Qxidat ion and Cor ros ion .  Hot corrosion e~cc~ars when siadiiane (an a i v  
( a  fuel impurity) t o  f o r  

on hot, - g a s - p a t h  
severe corrosion, 
gler f l  a m  resu-i ted 

of s u b s t a n t i a l  Na o * x q s  

s i t e *  Room t ~ ~ ~ ~ ~ a ~ ~ ~ ~  bend 

ceramic s u b s t r a t e  (<&re 
ilicate preduct was 11.6 k 8.6 p g  on the nons- 

ased by 3077 aver the  ds-received 

Lire 5, Corrosion roduct Formed on SiC,/Si,N, ( t o p )  and Si,FI, 
e t o  exposure t o  610s. 

material (F-igirrcl 6 ) .  A c o m ~ ~ r ~ ~ l ~  strength reduction o f  24% was 

t i o n s .  Corros ion  c ~ l c  t h e  Sic-reinForced carnpr~si te material resulted i n  a 

observed as  the fracture  origins i n  940 rnonol i t h i c  and composite inate- 

33% over as -recei ved materi a1 .) i s  t h a t  excess 
carbon i n  t h i s  develo Ling f a c t o r  i n  
ba th  carros-ioo and ox remove excess 
carbon a s s o c i a t e d  wit may a1 1 e v i  a te  t h i  s enhanced 
a t t a c k .  TEil.1 a n a l y s i s  o f  the g r a i n  ~~~~~~~~~ material  i n  bo th  t h e  cor- 
roded and o x i d i z e d  m a t e r i a l s  i s  ye t  ta hre conducted. 

observed f o r  n ~ i ~ o l i t h i c  G T E  AY6 Si,N, corroded under the  same c o n d i -  

strength decrease of 7 % -  From fracto aphy, carrosioar p i t s  aye 

ner  r i g  o x i d a t i o n  (no added Ha) has 110 e f f m  on the mano- 
d '  HOWCVQP, t h e  cc3 t e  e x h i b i t e d  a s t re  th r e d u c t i o n  of  
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, ~ ~ t ? b i r - ~ . ~ p - T L e n t a l ~ ~ ~ . ~ ~ ~ . t , F :  _ _ _ _  B a . . r ~ l : ! ~ . h - i ? r . ~ ~ - . ~ ~ ~ ~ .  
14, I... Hecht  (University o f  Dayton)  

Objective/scope 

Since 1985 the University o f  Dayton has been involved .in a three- 
phase pro jec t  to investigate the effects a f  ~~~~~~~~~~~~ on t h e  mechanical 
behavior o f  commercially a v a i l a b l e  ceramics being cons i  
engine applications. 
environment on the mechanical behavior o f  ~ r ~ ~ s ~ o r ~ a ~ i Q ~  
ceramics were investigated. In the second phase, two S i 3  

I ) .  I n  the third phase, which i s  i n  pr~gt-ess ,  t he  tensil 
fatigue strength properties o f  n i n e  S i c  and S i  N ceramics (see Table 1) 
are being e v a l u a t e d .  Microstructure, chemistry, physical proper t . i es ,  and 
mechanical b e h a v i o r  from 25-14OO"C a m  being investigated. A major focus 
of- these  evaluations is the Flexural st rength and dynamic fatigue o f  these 
mat IE k- i a 1 s from B 0 0 0 O - 1 4 0 t3 ' C 

matevials  were i n i t i a t e d  (tlexoloy a-Sic ,  Nawmet SIV-4, Kyocera SN-252, NGK 
EC-152, and NortonlTRW N T - 1 5 4 ) .  
SN-252 were completed. In a d d i t i o n ,  a c t i v i t i e s  to develop o p t i c a l  inter- 
ferometry techniques to m o n i t o r  s t r a i n  and 
S i c  ceramics were i n i l i a t e d .  
property data base from the literature were a l s o  initiated. 

__ E x w  r -i ine 1.8 t a I I) r o c ed ~9 res 

I n  the f i r s t  phase o f  t h i s  project the effects oF 

Norton/TRW-Xe144) and  S i C  (Hexof OY a-SiC) were e ~ t i 1  twa 

3 4  

During t h e  p a s t  6 months (Apr i l -September 1988) evaluations o f  f i v e  

Evaluations o f  How et SN-4 and Kyacera 

aman spectroscopy to analyze 
A c t i v i t i e s  , to compile a S i c  and Si3N4 

The research plan  developed for Phase I I Z  is o u t l i n e d  i n  Table 2 .  
strength measurements are made usin 

Machines (Model 1123)  Elevated temperature measurements (1OOQ" - 
are conducted in two ATS #3320 ~ i ~ h - ~ ~ m ~ ~ r ~ ~ ~ ~ ~ ~  furnaces. 
strengths are measured on t e s t  specimens 3 x 4 x 50 rnm w i t h  the 

surface ground and pol ished to a 16 microinch f i n i s h .  The l o n g  
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Table 1. Candidate Sic and Si3N4 Ceramics Selected for Evaluation. 

Sohio - Clexoloy @-Sic 

Sohio - Hexoloy ST 

GTt - PY6  

NortOII/fKW - NIi54 

CVD - Sic 

tiowmet - SM 4 

Ceradyne - Ceralloy 147-3  

Kyocera - SN252 

NGK Spark Plug - EC-152 

Cold formed (injection molded or isostatic 
pressing) and pressureless sintered a-Sic wjth 
additions o f  B and A I  (200 Tensile and 200 
Flexi.rre Specimens) 

Cold Formed and pressureless sintered a-Sic and 
TiB2 (60 Flexlire Specjmens) 

Injection molded and hipped $ Si N4 with 
additions of Y 0 
Flexure Specicnzn3) 

Sintered and HI2'ed Si3N4 (100 Fiexure and 
100 Tensile Specimens) 

Sic prepared by cheniical vapor deposition 
techniques (60 Flexure Speciliicns) 

Cold f o rmed  (die pressing/isostatic pressing), 
sintered and KIP'ed Si N w i t h  10% oxide 
sintering aids (A!203,3Y:03) (60 Flexure 
Spec i men 5 

Cold formed (isopressing/slip casting/injection 
molding) sintered Si N 
and A I 2 O 3  (6C Flexur2 {pecimens) 

Cold formed (isopres:ed/slip cast/etc.) and 
sintered Si7N w i t h  additions of Yb 0 Y 0 
and A I  0 
troll& 30 promote the grol.lrth of a 8 S i  W 
whisker phase in the Si3N4 matrix) (60 ?l8xure 
Specimens) 

Gas pressure sintered Si N with additions 
of A1203 and Y203 ( S O  FlJx4i"e Specimens) 

(200 Tensile a4d 200 

with additions of Y203 

(bote t.he sintering pt-oceSs3;s 20i :  

........... __........... ~ 
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edges o f  t h e  tensile surface are rounded and polished t o  m i n i  
f a i l u r e s ,  Flexural strthriyth i s  measured u r i n  four-point bend t e s t  f i x -  
tures, and the t e s t  specimens a re  loaded u s i n g  machine crosshead speeds o f  

0.0004, and 0.00004 cm/sec, For t h e  room t ~ ~ p e r ~ t ~ r ~  measurements 
the bend f i x t u v e s  are made o f  s t e e l ,  and f o r  t h e  ~ ~ a s ~ ~ ~ ~ e ~ t s  a t  IOOO", 
l P O O o ,  and 1400°C the bend f i x t u r e s  are made o f  S i c ,  The four-point bend 
fixtures have an outer span o f  4 cm and an inne r  span o f  2 cm, 

The d d t a  f r o m  the fast, medium, and slow l o a d i n g  r a t e s  provide the 
The bdsis for  t h e  dynamic fa t igue  ana lys i s  o f  the candidate 

dynamic fatigue can be characterized by a l n - I n  plot o f  fracture st rength 
(of) versus loading rate (6) which i s  expressed by t h e  relationship: of = 

ateri a1 s .  

1 

A I 6  (where A '  i s  a constant). The constant, n ,  i s  a measure o f  t h e  
s t r e s s  corrosion susceptibility Q F  t h e  material. 
~ ~ ~ ~ n , ~ ~ ~ u ~  w i t h  lower stress csrrosim or f a t i g u e .  

Mechanical  T e s t  System (Model 136%) equ i  pgptmrd w i t h  Supe?r -Sr ip  Tnstron 

Large values o f  n are 

The tensile strength ~~leasurement~ ~IB-Q made us ing  an Insti-on Electro- 

iversal Coupling and Water-Cooled Holders f o r  High-Temperature Tensile 
For h i g h  ternperature measurements an Tnstron h Temperature 

S h o r t  Furnace i s  used. The buttlainhead t e s t  specimens used for the  tensile 
measraretiients are s h ~ k ~ n  schematically in Figure 1. 

Fracture o r i g i n s  are determined by optical microscope and SEK 
( ~ ~ ~ ~ ~ ~ ~ - ~ ~  w i t h  E G G  Ortec System 5000 icroanalysis System), lhc 
strength values o b t a i n e d  are  al so e v d l  uated by ddei bull ana lys i  s .  

likelihood e s t i m a t e s  o f  t h e  shape parameter, m (modulus), and t h e  scale 
pal-ameter, SO (the 63rd percentile f o r  the d i s t r ibu t ion  o f  breaking 

th )  are  determiined by this  a 
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T a b l e  2 .  Research P l a n  

Task I F r o j e c t  i n i t i a t i o n  

Phase I - Candidate M a t e r i a l  S e l e c t i o n  
A .  Review Candidate Natef i a l  Opt ions  
€3. S e l e c t  Two t o  Three Candidate Matprials  

f o r  i n v e s t i g a t i o n  and t v a l u a t i o n  and 
E s t a b l  i rh Procedures f o r  Specimen 
Preparak I or1 and Speci f i c a t i  ons for 
Sur face  F i n i s h  

S p e C i m C i - l S  
C.  P lace  Order for F l e x u r e  and T e n s i l e  

Phase I 1  - Re-eva lua te  and F i n a l i z a t i o n  o f  Testing 

A.  Review o f  1 e s t  i iig P r o t o c o l  Techno; ogy 
B. R e - e v a l u a t i o n  o f  F i e x u r c  I 'es t ing  t a c i l  i t y  

A .  I n v e s t i g a t e  Computet- D a t a  S torage Systems 
B .  E s t a b l i s h  t h e  D a t a  Storaeje P r o t o c o l  t o  be 

Used 

P r o t o c o l  

Phase I11 - E s t a b l i s h  P r o t o c o l  f o r  D a t a  S tarage 

Task I 1  I n v e s t i g a t i o n  o f  F a t i g u e  a t  Eleva tgd  Temperatures 

Phase I - Dynamic F a t i g u e  - -  Four  P o i n t  F l e x u r e  
Testing @ 1000°C/12900C/14!?OoC in A i r  a t  
Three Load i ng R a t e s  

Phase I 1  - P e n s i l e  Stress Rupture ( s t a t i c  f a t i g m )  
@ 100B°Cc/1?00"C/1400"C i n  Air a t  2/3 the 
measured f a s t  f r a c t u r e  k e n s i  l e  s t r e n g t h  

Phase 111 - A n a l y s i s  o f  R e s u l t s  
A .  S t a t i s t i c a l  A n a l y s i s  o f  { e s t  D a t a  
El. F r a c t u r e  A n a l y s i s  - V i s u a l  I n s p g c t i o n /  

Microscope Examination/SFM and EDXA 
Fxami n a t  i on/TEM/Auger 

Task I11 T e n s i l e  S t r e n g t h  Seasurements 

Phase I - Neasuremcnt a$ T p n s i l e  S t r e y t h  @ 

Phase I 1  - A n a l y s i s  o f  l e s t  R e s u l t s  
25°C/500"C/750"C/10000c/12000c/14m?oc 

A.  S t a t i s t i c a l  A n a l y s i s  o f  TmsSle T e s t  Data 
B .  F r a c t u r e  A n a l y s i s  - V i s u a l  I n s p e c t i o n /  

Microscope Examination/SFM and  F D X A / l E M  

(continued - . . )  
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Tab1 e 2. Research P 1  an ( C ~ n c l  uded) 

Task I V  Material Characterization 

A.  

E!. 

C. 

0. 

E. 

icrastructure and Chemistry - 
and € ~ X A ~ ~ ~ ~ / ~ a  

m i  ~ r ~ ~ a r ~ ~ ~ ~ ~ $ ~ / ~ a e ~ ~ ~  e i  e 
Expansion 
Fracture Toughness - Control 1 ed $1 aw 
Method a t  25"C/10O 
methods of measur i  
investigated) 

P o s s i b 1 e  I t l ~ ~ ~ ~ ~ r ~ ~ ~ t ~ ~  a l  25"6/108Q"C/ 
1400°C 
F 1 exural Stren t h  - ~ ~ ~ ~ ~ r ~ ~ ~ ~ t  o f  
flexural S t r e n  ? h  i n  A - i r  @ 25"C/5OOQC/750"C 
( a n a l y s i s  o f  resul ts  - statistical 
analysis/fracture a n a l y s i s )  

Phase I - Review and Finalize Data Storage System to 

Phase I 1  - E s t a b l i s h  D a t a  Storage Protocol and Farmat 
Phase I 1 1  - Initiate Data Storage Pro 

be Wscd 

Task V I  P r o j e c t  A m - Limited Characterization o f  
and S i c  Ceramics 

Phase I - Candidate Material I d e n t i  f i c a t i o n  and 

Phase I 1  - Materials E v a l u a t i o n  - High Temperature 
Selection 

Dynamic Fatigue Evaluation (1008"C/120Q°C/ 
14Qla.C) 

Phase I I I  - Extended Material Analysis - T e n s i l e  
t h  Measurement @ ~ ~ ~ ~ / ~ ~ O Q ~ / ~ ~ ~ ~ ~ ~ ~  

noo c 9 F1 eixura'l Stren 
Data ,  Fracture Tsughnes 

at 25°C and 50 
analysi  s/fract  
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The e l a s t i c  inodulus o f  the  candidate mater ia ls  i s  measured by a 
4; t- i ndo - Son i c ( I40 d e 1 s/I R3 5T 1 T r an s i en t I mg u 1 s e/ E 1 a s t i c Mod u 1 u s Ap p a r a t II s . 
The hardness o f  the carid i d a t e  material s i s  measured by a Vicker' s 
dent hardness t e s t e r .  

The microstructure and c emistry of the  candidate mater ia l s  a re  a l s o  
being studied.  Polished sect ions from representa t ive  speci ens are viewed 
by o p t i c a l  microscope (Nikon Epiphot) I and f resh ly  fractured sect ions a re  
viewed by scanning electron microscope ( J O E L  J ~ ~ ~ - ~ 4 ~ ~ .  X-ray f l  u~rescence 

XA) spectra  are  obtained using the  EG&G 
-840. Tes t  specimens are a l s o  examined by x - r a y  d i f f r ac t ion  us ing  

r tec  System ~~~~ attached t o  

a Norel co/Phi 1 ips  C 1  ectroni  c Instruments X R  System. X-ray d i f f r ac t ion  i s  

28, In addition fu r the r  chemical analysis  o f  selected specimens i s  ob-  
tained us ing  h i g h - r e s o l u t i o n  scanning Auger spectroscopy (J 

T h e t a  Indus t r ies  Oil a t ronic  I 1  (Model SO2 1.  Fracture toughness i s  
measured by bo th  the control led flaw method and the  microindent meth0d. 

ucted by CrrKa r a d i a t i o n  (40  KV, 25 /LA) f o r  analysis  from 2 

Thermal  expansion coe f f i c i en t s  are measured from 25"-1408"C using a 

Technical procyes_s_ 

s i  cal  pro_p.wrty __ measurement r e s u l t s  

The r e s u l t s  o f  the  physical property measurements obtained f o r  aSiC, 
- 4 ,  and NT-154 a r e  surrrmarized i n  T a b l e  3.. The f lexural  s t rength d a t a  

o ~ ~ ~ ~ n e d  f o r  Wowmet SN-4 a n d  Kycacera SM-252 a re  summarized i n  Tahlei 4 .  
The interim f lexural  s t rength data  obtained f o r  m - S i c ,  E@-152, and 
are summarized i n  Table 5. A s e r i e s  o f  bar graphs  cornparin 

g t h  w i t h  loading r a t e  and temperature f o r  the  four  S i g  
evaluated t o  date  a re  presented i n  Figure 2 .  
For Hexoloy a-Sic i s  presented in Figure 3. 

rnateri a1 s were a1 so characterized by Meibull analysis .  
these analyses a re  summarized in Table 6 ,  
a lso  used f o r  preparing computer-generated g raphs  o f  Inof versus I n  t? and 
f o r  determining n .  The resiults o f  these ca lcu la t ions  a re  summarized in 
Table  7 and the  I n - I n  p l o t s  Obtained are  shown in Figures 4 through 12. 

A s i  i 1 a r  b a r  g raph  d i  spl ay 

The f lexural  s t rength d a t a  obtained f o r  each o f  the  candidate 
The r e s u l t s  06 

The f lexural  s t rength d a t a  were 
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Tab1 e 3. P h y s i c a l  Property Measurerwit Resirl ts 
........................................ .- ... 

................... -- - - .............................. _-l_ll__ I ~ 

Dens i t y  (g/cc) 3.17 3 . 2 3  3.23 

Young's Modulus (GPa) 427.0 204.0 310.5 

2 7 2 9  
2 Hardness (kg/nm ) 

C o e f f i c i e n t  o f  Thermal 
Expansion ( i O + / " C )  5 - 
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Table  4 .  Plexiiral Strength Measirremeiits For Howmet SN-4 and Ky~cera  SN-252 
...................... _I._ .............. __I ... .... .- 

Machi ne Flexural Standard 
Temperature Crosshead Speed Strength Devi  a t  i orb F r a c t u r e  

-._-I.__ MPa M A  t,er .......... i a1 "C __cm!sc.c ............. lll__ MPa 

1000 0 * 004 944 91 s (1 f f ipc e 

lO00 0 e 00004 514 47 SUr faCk2  
flaws 

f l  aws 

1200 0.004 402 40 s iB r f a t e 

1200 0.100004 312 15 sur Face 
f 1 aws 

f l  aw5 
p o s s i b l e  
5CG 

1400 0 ~ 004 130 _ -  Severe o x i -  
d a t i o n  j n d  
$1 i r t e r i  ng 

SN 252 !COO o*ooa 525 31 A t  s In - f a  IlP 
and cdgc:, 
drde It:> t h e  

1000 G. 00rS04 465 25 presence 
o f  l a r g e  
w h i  skerr 

1200 0.004 4 78 43 A t  surface 
and edges 
due t o  t h e  
p re 5 en C e? 

w h i  skPrs 
1200 0 "  00004 485 35 of l a rge  

1400 0.004 459 29 A t  surface 
and erggps  
due l o  ls,.rge 
whiskers 

1400 0.00004 4% 29 Speeim;rlens 
mnderyo 

p l  as t ;  c 
deformas, i on 
p r i o r  t o  
f r ?I c t  Pd ?-e 

Severe 

... II .................... 
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Table 5 .  F l e x u r a l  S t r e n g t h  Measurements foi- k x o l o y  a-Sic, NGK EC-152, and 
Norton/TRW NT-154 

~ ~ .......... . . . . . . . . . . . . . . .. . - __. . . . . . . . . .. . . . . ..... 
M a c h i x  F1 e x u r a l  S tandard  

Temperature Crosshead Speed S t r e n g t h  D e v i a t i o n  F r a c t u r e  
Mater ia l  ~~ " C  ........ ~ c m / s e c  ..._ _____ WFa ____..... MP.3 or i q i n-.- 

a-Sic  25 0.004 402 52 l e n s i  1 e 
s u r f a c e  
f 1 aws 

1000 
1000 
1000 

1200 
1200 
1200 

1400 
1400 
1400 

0.004 
0.0004 
0.00004 

0 . 0 0 4  
0.0004 
0.00004 

0, na4 
0.0004 
0.00004 

416 
416 
412 

43 5 
400 
441 

435 
415 
390 

30 
49 
37 

53 
60 

6 

48 
40 
36 

- l e n s i l e  
s u r f  ace 
and edge 
f 1 aws 
( p i t s /  
v o i d s  and 
p o s s i b l e  
i n c l u s i o n s )  

E C - 1 5 2  1000 0.004 843 104 Sur face  
f 1 a'%s 

1200 0.004 826 35 Edge and 
s u r f a c e  
f l  aws 

1400 0.004 389 59 S u r f a c e  
f 1 aws 

14QO 0.00004 269 _ _  P l a s t i c  
d e f o r m a t i o n  
p r i o r  t o  
f r a c t u r e  

NT- 154 25 0.004 907 79 Sur face /  
s u b s u r f a c e  

1400 0 .004  610 30 and edgr  f laws  
1408 0.00004 364 69 P1 a s t  i c  

de f a  m a t  i on 
p r i o r  t o  
f r a c t u r e  
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Table 6. Weibull Sta t i s t i c s  For Sic and Si3 

Lcad i  ny 
M a t e r i  a1 Temperature Rate 

Des i g n a t  i on 'C MPa/sec 

blei b u l l  
Modulus 

rn 

* 
ueibui l l '  I?ibUlI 

Sca le -da ta  Scale-area 
So-MPa S 0 .-M P a 

Cirxoloy a-S ic  21 

1000 

190 8.83 424 147 

1.71 
17.1 
171 

12.5 
11.03 
18*13 

428 
436 
429 

202 
186 
255 

1200 1.43 
14.3 
143 

1.33 
13,3 
133 

9.8 
8.57 
8.79 

15.23 
12.18 
10.87 

465 
424 
457 

405 
432 
457 

179 
144 
158 

218 
2QO 
193 

1400 

SN--252 1.33 
133 

1.19 
119 

478 
540 

499 
497 

303 
33 1 

20 53 
19.19 

19.9 
12-56 

1201% 311 
236 

1400 1.14 
114 

143 

51 1 
472 

325 
285 

508 

20 * 78 

15.27 N Y - 1 5 4  21  

1400 

940 

1.14 
114 

6.87 
23.11 

391 
624 

100 
415 

SH-4 

ET.-152 

20 

1000 

1200 

143 11.45 1025 452 

133 9.86 $87 343 

119 24.7 84 2 576 

' S a - s c a l e - d a t a  - -    he ti3rd percentile f o r  the distribution o f  s t r e n g t h  for the  
specimens tested. 

So-Scale-area - -  Assuines a failure r e s u l t i n g  from a surfac9 f l a w  and a d j u s t s  
the sca l e -da ta  t o  account for  specimen surface area .  

* 
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Tab le  7. S I 0  Parameter (n) V a l  ues 

Matelri a1 Temperature n Va lues  

Sohis Hexoloy a-SiC 1000°C 

Kyocera 568-252 

Howmet SM-4 

xaooac 
1200°C 

1400°C 

Slope not  significantly 
greater t h a n  zb?ro 

S lope  not  s i g n i f i c a n t l y  
rea te r  than zero 

49 

3 3  

Slope  n o t  s i g n i f i c a n t l y  
grea te r  than zero 

$1 ope s i gn I f i can tsl y 1 es s 
t,har1 zero (n = -58 )  

12 

1% 

7 . 6  
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500 

100 - 

0 -  

20 1000 1200 1 4 0 0  

Ternpe ro tu re  ( C )  @,q 0 0 0 4 c r n / s  O 0 0 0 4 c n / s  0 0 0 0 0 4 c m / s  

F i g u r e  3.  Bar g r a p h  o f  a-SiC a i  1000°/12000/14000C. 
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I 5 

100 
1 

1 1 1  r - - - - - r - - - - r r r .  ., .. .. . .... T--r . .. . . . . .. __.,__ ...... ......_.. 
2 4 6 8  2 4 6 8 '  2 4 6 1  

Figure 4 ,  Flexural strength versus l o a d i n g  ra te  f o r  HexrPloy a-SiC a t  
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I 5 

100 

0 

0 

10 
1-sadina %J Rat 

F i g u r e  5.  F1 exi.ir;rl s t rength versus 1 oai i  
1200°C. 

ng ra te  for  Hexoloy a-Sic a t  
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.. ......................... 

8 

S O H I 0  WEXQLQY s - 1400 c 

1 10 
Loading R / s e c  

Figure 6 .  F1 exural s t r e n g t h  versus 1 oaclin r a t e  for Wexolay a-s ic  a t  
14QO'C. 
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1060 
9 

a a 
CL 7 

z 
6 

I 5 

..c 
a> 

-9.- 4 

100 

F igu re  7 .  

1 

KYOCERA 

- - - T  
2 

~. I .., - ,  . r~. . l  ..,.,. ~ ........ 

2 4 6 8  

10 

SN- 252 - 

1 QQ 1000 
Loading Rate - MPa/sec 

F l e x u r a l  s t r e n g t h  versus loading r a t e  for SN-252 a t  1000°C. 
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100 

Figure 9, 

-252  - 1206 c 

T - - 1 1 T p 7 . - - ' 7 1  I I I I I I I I I T I T  
... . .. . . . .. . . 

2 4 6 8  2 4 6 8  2 4 6  

1 10 100 1 BOO 
/ s e c  

F1 exiwal s t r e n g t h  versus 1 Qadi n ra te  f o r  SN-252 a t  1200°C. 
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0 
---.- ..... .. . 

KYOCEWA SN-252 1400 C 

I I I I 
2 

r-7-r-1 I I 1 I I 7-7-1 1-r i I I I __ 
2 

- -_ 

4 6 8  4 6 8  4 6 8  2 

1 10 100 1000 Loading Rate - MPa/sec 

Figure 9 .  Flexural s t r e n g t h  versus l o a d i n g  r a t e  for  SN-252 a t  1400°C. 
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0 

0 
0 

E? SN-4 - 1860 C 

... -. III-T-TT.T .,................,......... .... TT-. I 1  I I ' 7 - 7 - T - r l - r  
2 4 6 8  2 4 5 8  2 4 6 8  

1 10 1 0Q 1088 
Loading te  - / S € ? C  

F igu re  10. Flexural strength versus loading rate for  94-4  a t  10 
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l_L 

100 I 
2 

HOWMET SN-4 1200 C 

1 18 100 1000 
Loading Kate - MPm/sec 

F i y l r r e  11. tlexural strength versus l o a d i n g  r a t e  for SN-4 a t  1200°C. 
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1 1  r 17 1 r r 1  I T T n l T - - T T I l - T T  4 6 8  2 4 6 8  2 4 6 8  100 -- 

1000 
9 

8 1s 
n, 7 

2 
6 

~ 

L- 
1 NORTON NTl54 - 1400 C 
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Photographs o f  t y p i c a l  f r a c t ~ ~ r e  su r faces  ob ta 'ned by o p t i c a l  m i c r o -  
scope and SEM were prepared. Photomicrographs o f  t y p i c a l  f r a c t u r e  
s u r f a c e s  fo r  Hexoloy a-SiC a r c  p resented  i r s  iigures 13 th rough  17. 
Photainicrographs a f  typ ica l  f r x t m - e  s u r f a w s  for  Kyocera SN-252 a r e  s h o w  
i n  F i g u r e s  18 th rough  2 0 1  f o r  How:wt 94-4 are shown i n  Figures 21 th rough  
25, f o r  NGK EC-152 a r e  shown i n  F igu res  27 and 28, and f a r  Norton/VRW NT- 
154 i s  shohn i n  F i g u r e  29. 
f r a c t u r e  s u r f a c e  photsmicragraphs p resen ted -  

f l e x u r a l  t e s t i n g  were examined by EDXA. 
t i t a t i v e  analyse5 a r e  summa'rieed i n  Sable 8 ,  

examined by X-Ray D i f f r a c t i o n  A n a l y s i s ,  and a summary o f  t h e w  r e s u l t s  i s  
p resen ted  i n  Tab le  3 .  

f o r  Hexolay @ - S i c  u s i n g  bu t tonhead specimens. 
s i l e  s t r e n g t h  measurements a r e  p resented  i n  Tab le  10. A l though  23 
specimens were t e s t e d ,  on ly  12  o f  t h e  t z s t s  were cons ide red  v a l i d .  
o f  t h e  t e s t  specimens faaled a t  t h e  bu t tonhead and three t e s t  specimens 
f a i l e d  at, severe  r ad i t , l  g r i n d  m r k s  i n  tiir gauge s e c t i o n .  

F r a c t u r e  o r i g i n s  are  i d e n t i f i e d  i n  the 

Represen ta t i ve  specimens o f  each m a t e r i a l  as-received arid af ter  
The r e s u l t s  o f  t h c s e  senjiquail- 

these specimens were a l s o  

Room tempera ture  ( - Z l r ° C )  tpnsile s t r e n g t h  measurements w r e  i n i t i a t e d  
The reser7ts o f  t h e s e  t en  

E i g h t  

From an e v a l i i a t i o n  o f  12 t e s t  spec ine l l s  i t  was found t h a t  a l l  t hose  
examined had r a d i u s  o f  c u r v a t u r e s  below t h e  bu t tonhead which were n o t  i n  
compl 'sarace w! t h  t h e  spec i  F i c a t i o n s  e s t a b l  i shed by I n s t r w n .  Specimens w i  t h  
radi i15 o f  c u r v a t u r e s  o u t  o f  coiiliJl i ance  w i t h  the s p e c i f i c a t i o n s  are  s u b j e c t  
t o  excess i ve  stresses which  c o u l d  cause f r a c t u r e  j u s t  b e l  ow t h e  bu t tonhead 
(see F i g u r e  30).  
s e c t i o n ,  10 f a i l e d  a t  surface flaws (see F i g u r e  31 ) .  These f l a w s  may bc 
due t o  r a d i a l  g r i n d i n g  marks which were n o t  c o m p l e t e l y  p o l i s h e d  o u t  ( sce  
F igurc  3 2 ) .  

For  t h e  12 t e s t  specimens wh ich  failed i n  t h e  g z u g ~  

R e s u l t s  o f  o p t i c a l  i ntet-fc:-ometrrv, R a m n  spectroscopy a n d  dat&>-e 
devel opment 
Based on i n i t i a l  s t u d i e s  i t  w s  de termined t h a t  speck le  i n t e r -  

ferometry o f f e r e d  the most e f f e c t i v 2  mearis f o r  m o n i t o r i n g  s t r a i n  d u r i n g  
t e n s i l e  t e s t i n g .  Speckle i s  t h e  te rm used t o  r e f e r  i o  "iw g r a i n y  s t r u c -  
t u r e  observed when v i  ew i  rig a s u r f a c e  i 11 u r n i n a t d  w i  th cnhpmn t 1 i g h t  . The 



355 



35 5 

- F i g u r e  15. i y p i c a l  fracture surface for Ikxoloy a-SiC at, 500X. 

F igu re  15. SubsurfarP f l a w  a t  t i l e  rracturc o r i g i n  o f  Ckxo loy  a-SiC t e s t e d  
a t  I O r 3 c i " C  a t  5 O O X .  



Figure 18. Typica l  fracture surbace f o r  Kyocera 5N-252 ies ted a t  18 
a t  ? O X .  
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Figure 19. Typical f r a c t u r e  surfacc f ~ r  Kyocera S N - 2 5 2  t es ted  a t  1000°C 
a t  50x.  

Figure 28. Typical f r a c t u r e  s u r f a c e  f o r  Kyocerz SN-252 tes ted a,t 1000°C 
a t  5 O O X .  
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rrre 2 2 .  T y p i c a l  fracture surface for Howmet SN-4 a t  4 $ X ,  



Figure 74 .  Frac ture  sur face  o f  Hobmet SN-4 t e s t ed  a t  1200°C a t  2QX. 



Figtire 25. Top ten.<i i e  surface iind frcjctui-e f a c e  of  ilowmct S N - 4  
t es ted  a t  1400°C a l  7 X .  
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- Figure  ? i .  i y p i c a l  fr-zcture sur face  o f  NGK FC-152 t e s t ed  a i  1000°C a i  
20x .  

Figirre 28. Frac ture  sur face  o f  N G K  t ~ - 1 5 ?  )L~-".id a t  1400°C. a t  ? O X .  
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F i gefrcb 29 Typ i oa l  f r a c t u r e  surface! o f  o r t a n  NT-154 tested a t  room 
temperature  a t  ? O X .  

Figure 30, Typical buttonhead failure i n  Hexo loy  @ - S i c  tensile! specimen. 



3 

F i g u r e  31. l y p i c a l  f r a c t u r e  surface f o r  a Hexoloy a-Sic  tensi le  specimen 
t e s t ed  a i  room trmperatuw a t  12X. 

Figure 3 2 .  l yp ica l  r a d i d l  g r i n d  m a r k s  observed i n  t h e  guage s e c t i o n  o f  
t h e  Hexoloy a-Sic  teensilc spcrimens. 
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Table 8. S e m i q u a n t i t a t i v e  Chemical Ana lys i s  o f  Candidate M a t e r i a l s  

Treatment 
S i c  Mat,eri a1 Condi t i  an Si3N4 A I 2 O 3  Y203 Yb203 

- - 

NGK EC-152 

KyQcerin Sh! - 2 5 2  

Kyocera SN-252 

As-received 90.65 

93.06 

4.40 

0.40 

4.94 

0.30 

- 

6 . 2 4  As-received 

1600 O C/ f a s t  
f r a c t u r e  t e s t i n g  

1 200 c/ f a s t 
f r a c t u r e  t e s t i n g  

77.64 22.36 t race 

Kyocera 3 4 - 2 5 2  
73.74 t race 25.26 

Kyocera SN-252 1400°C f a s t  
f r a c t u r e  t e s t i n g  

1400°C alow 
f r a c t u r e  t e s t i n g  

As - rece ived  

73,14 t r a c e  26.86 

Kyocera 94-252 
65.19 

90 65 

34.81 t race 

5.26 4.10 H5wmet S N - 4  

Howmet SM-4 1 00 0 6/ f a  s t 
f r a c t i m  t e s t . i  ng 88.82 5.20 5.98 

10QQ°C/slow 
f r a c t u r e  t e s t i n g  

1 POO"C/fas t 
f r a c t u r e  testing 

120Q"C/sl ow 
f r a c t u r e  t e s t i n g  

1400 O C / f  a s t  
f r a c t u r e  t e s t i n g  

As -rete i ved 

90.47 4.94 

7.83 

4.59 

I-fobmet SN - 4 
23.67 

24.48 

68.50 

l-lowrnet SN-4 
66.46 9.06 

5.16 89.71 5.13 

100 We:toloy sr-Sic 



r d b i e  9 .  XRU A n a l y s i s  o f  Cand ida te  M a t e r i a l s  

#a t e r i  a: 2H n 28 n 1 23 D I 2R 0 1 Comments 
' l e x u r ?  Tes ted  F l e x u r e  Tes tec  F i e x u r e  Tes ted  

a t  12C.O":: a t  1403'C As Recelvec a t  1300°C 

Hexo!oy a-SiC 34.20 
34.95 
35.7s 
38.25 
41.50 
45.40 

Kyocera S\i-252 21.95 
23.40 
27.10 _ _  _ _  
29.45 
30.85 
22,;a 
32.80 

33.75 

3 6 . ; 5  
39. a5 
39.65 
41.45 

44.70 

._ 

_ _  

_ _  
_ _  _ _  _ _  

2.522 
2.561 
2.512 
2.353 
2.176 
1.998 

4.0A9 
3.801 
3.293 _ _  
_. 

3.333 
2.698 
2 .  i 88  
2.730 

2.656 

2.485 
2.307 
2.2/3 
2.178 

2.027 

.. 

_ _  

_. 

_. 
_. 
_. 
.. 
_. 

24 34.35 
7 35.10 

~00 35.90 
34 38.40 

41.65 

2 L; 3[!. 20 
4 34.90 

100 35.75 

2.622 19 
2.57: 6 
2 . 5 1 2  100 

33 38.25 2.353 33 
i 3  4 i . 5 0  2.:76 1 4  

4 45.40 1.998 6 

21.15 
28.15 
29.90 

.. 

.. 

._ 

30.35 
31.30 
32.95 

_ _  _ _  _ _  _ _  _ _  
33.90 
35.  CO _ _  36.50 
39.25 
10 .35  
C :  . 6 5  

_ _  _ _  
_ _  
.. 
_. 

._ _ _  

.. _ _  
46.05 
49.50 
50.15 
52.40 
58.:5 

_ _  
.. 
_. 
._ 
_. 

.. ._ 

3.773 21 
3.267 71 
3.715 2 
3 . : 7 0  15 
2.988 8 
7 . 9 4 1  7 
2 .858 4 
2.718 21 

2.644 1 3 0  
2.564 1 
2.475 88 
2.295 t: 
2.235 
2.165 4.; 

._ ._ 
.. .. 

1.893 12 
1.541 16 
1.6-Y 17 
i ,746 6tb 
,586 25 

34.25 
3 5 . x  
35.85 
38.3G 
41.55 
45.45 

2 2 . 1 5  
23.85 
27.55 

28.35 
29.55 
30.:5 

.. 

._ 

32.65 
33.5s 
34.13 
35.00 
35.5: 
39.115 
p.il.50 
4 i  .85 
1;3.20 
4 i .  85 
46.30 

50.30 
52.60 
58.35 

_ _  

2.615 
2.564 
2.506 
2.353 
2. ; 7 3  
1.996 

4 . 0 : 3  
3.731 
3.238 

3.118 
3.023 
2.964 

2.71;; 
2.671 
2.629 
2.56L 
2.462 
2.284 
2 . 2 2 7  
2. ;58 
2.093 
2.32: 
i ,884 

; ,814 
1.7r0 
1.58-  

_ _  

_ _  

_ _  

25 
3 

100 
36 
13 
6 

1 2  
24 
65 

23 
6 

.2 

6 
i 8  

190 

88 
12 
13 
35 
12 
6 

18 

12 
53 
12 

_ _  

._ 

.. 

a (  6d! -S1 C 
a (  4H)-S I C 
B / L I ! ~ H ) - S ~ C  
U( 6H ,4H) - S i  C 
P - S i C  
a (6h ) -S iC  

Cri s t o b a l  i t e  

3-S  i 3N4 
B-Si3N4 

_ _  

._ 

3-s I3N4 
$-SI  3N4 
i r - S i 3 N ~  

W 
cn 
cn 



Tdble  9. XRD Ana lys i s  o f  Candidate Mdteriais (Co?clud?d! 

Mate Î  i d 1 2 3  D 29 I 2 a  D I '1 D Conmnts 

F:enure Tested F1exilre Teszed F l e x u r e  i e s l e d  
4s Received a t  ;00C."c a t  1200°C a t  1100'i 

- 
Howme: SN-4 

Norton NT-154 

NGK ic-152 

_ _  
23.50 

27.15 
_ _  
_ _  _ _  _ _  
35.75 
36.15 
39.05 
41.45 

-- 
23.65 
27.30 

33.90 
36.30 
3 9 . 2 5  
4: .55 
48.10 

23.45 
27.15 
2 9 . 5 5  
31.95 
33.70 
36.10 
37.30 
34.00 
41.55 
i5.45 

_ _  

_ _  

_ _  
3.786 

3.284 
-- 
- -  _ _  _ _  
2.556 
2.485 
2.307 
2.178 

_ _  
3.762 
3.267 

7.644 
2.475 
2.235 
2.168 

_ _  

1 . a w  
3.733 
3.264 
3.C13 
2.801 
2.559 
2.488 
2.411 
2.303 
1 " 8  

1.996 
L . ' ,  

_ _  

_ _  
23 

16 
-- 
-- _ _  _ _  
77 

i ti0 

33 
I 

_ _  
24 
77 

96 
.I 00 

? 2  
44 

_ _  

1 7  
I, 

45 
15 
65 
Y5 
100 
96 
2 

l i  
41 
5 _ _  

_ _  
23.45  

27.19 
-- 
_ _  _ _  _ _  

33.70 
36.10 
30 .,?(I 
41.40 

_ _  _ _  _ _  -- 
-- -- _-  _ -  -- 

23.75 
27.40 
29.90 
32.20 
34.00 
36.43 
37.60 
39.30 
4 I . 79 
45.65 
46.15 

22.05 
23.55 
?6.25 
27.?3 
29.40 
3; ' .  95 
33 .45  
33.80 
36.2G 
39.10 
31.5C 

21.95 
23.45 
27 . :5  
29.75 
33.75 
36.15 
39.10 
41.50 
47.95 

_ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  

4.031 
2.778 
3.3% 
3.278 
3 . u x  
2 . 7 1 8  
2.679 
2.C.52 
2 . 4 8 i  
;. 304 
1.176 

4.c49 
3.793 
3.284 
3.003 
2.655 
2,485 
2.306 
2.176 
1 .897 

- _  
-- _ _  
- -  
-- 
-- _ _  _ _  _ _  _ _  _ _  

C r i s t o o a l  te 

Quartz 
3 - S i  ~ N , I  

: - s i  3x4 

- -  

_ _  
3-s i  3N4 

V20; 
6-S; 3N4 

3-S i 3N4 



Table 10. Tensile Strength Measurements o f  Mexoluy @ - S i c  a t  Room 
Temperature 

Spec i m n  F r a c t u re  
Number Strength (MPa) Commesl t s 

8 
9 

10 
11 

1 2  
13 
14 
15 

16 
17 
18 
19 
20 
2 1  
22 

_ _  
251 
247 
294 

_ _  
- -  

307 

2 53 
219 
277 
196" 

286 
220 

24.3" 
- -  

_ _  
2 50 

_ _  
352 
290 

225* 
_ -  

_ _  23 

"Average f o r  the 1 2  valid t e s t  specimens 

Elutionhead f a i  1 ure 
SurlFace f a i  1 Ut-@ 
Sur  Face f a i  1 u r e  
Vol Urn@ r a i  1 ure 
Buttonhead f a i  1 tire 
Buttonhead f a i  1 w e  
Surface f a i l u r e  (possible  

Surface f a i  1 ure 
Surface f a ;  1 ure 
Surface f a i  1 ure 
Invalid - specimen f a i l ed  

a t  g r i n d  mark 
Sur  face f a i  'I ure 
Surface f a i  1 lire 
Buttonhead f a f  1 ure 
Invalid - specimen f a i l e d  

ah grind mark 
Buttonhead f a i  1 ure 
Surface f a i l u r e  
Butionhead f a i  1 ure 
Surface f a i  1 ure 
Vol U ~ P  f a i  1 ure 
Buttonhead Fai 1 ure 
Invalid - specimen f a i l ed  

a t  g r i n d  mark 
Butttonhead f a i  1 ure 

p i t )  

- 290 MPa (+- 36 MPa) 
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s i z e  o f  the image i s  a function of ‘the aperture o f  the focusing lens ,  t h e  
average speckle diameter be ing  a b o u t  equal t o  the  diameter of  a d-iffrac- 

i t e d  spot in t h a t  optical syste . To be able t o  measure motion a 
speck le  interferometer i s  required, i . e . ,  the speck le must  in te r fe re  w i t h  
a reference f i e l d .  I n - p l a D e  mot ion  i s  measured in an interferometer in 
which t w o  speckle f ie lds  in te r fe re  w i t h  each other, t h e  speckle f ie lds  
haw i ny been created 
face from d i f f e r e n t  
s e n s i t i v i t y  vector-, 
f o r  t h e  s e n s i t i v i t y  

by scat ter ing o f  two beams incident on t h e  same stir- 

(kl - k 2 ) ’  i s  parallel t o  the surface. 
i s  X def ined by: 

directions. y u s i n g  t h e  setup shown i n  F i g u r e  33 the 
The measure 

S 

w h i c h  i s  on the order o f  t h e  wavelength o f  S i g h t .  
can be described as  follows: The t w o  incident l igh t  bea s s e t  u p  a s t a -  
t ionary amp1 i t u d e  and  ph;lse distribution a l o n g  the  surface o f  in te res t ,  
w j t h  a periajd o f  A s .  
e v o l v e  in a random form i in t i l  the  surfacp has moved an integral  number o f  
periods. A l  thlat. t i m r !  t h e  surface microstructrire will $e an identical  
l i g h t  f i e l d  t o  t h a t  which i t  saw in i t i a l ly ,  and t h e  resul t ing speck le  
f i e l d  wil l  be identical  t o  t h e  original speckla? f i e l d ,  p r w i d e d  t h a t  the 
image o f  the  surface has  n o t  s h i f t e d  by more t h a n  the correlat ion length 
o f  t h e  image s p e c k l e  ( i . e * ,  the avera e speckle dimension). T 

where the speskilc. f ie lds  i~ the t w o  cases correlate  can determine 
regions tha t  have moved an in te  r a l  number o f  periods o f  the i n c i  
f i e ld ,  

Conceptually the e f fec t  

I f  t h e  s u r f a c ~  i s  moved t h e  speckle pattern will 

To irnp?eiiaent t h i s  feature a reference speckkegram i s  f i r s t  captured 
by producing an image o f  t h e  surface on a ~ h o t ~ ~ ~ ” a ~ ~ ~ ~  plate  and exposing 
the p la te ,  T h e  surface i s  then dis tor ted and a secoiid specklegram i s  
captured on the  same p l a t e .  Where the objec t  surface i s  oved an integral 
number o f  p a r i o d s  o f  t h e  f i e l d ,  the speck le will cor re la te  and 
sharp,  I n  t he  r e y j ~ ~ s  hetween, the two speckle f i e l d s  M i l l  have been 
random w i t h  respect, t o  each o the r  and t h a t  region o f  the ~ ~ ~ t ~ ~ ~ a p ~ ~ c  

o f  motion  i n  u n i t s  0% t h e  f i e l d  periodicity. Since the specklegram i s  an 
e o f  t h e  s u r f a c e ,  t h e  contours are i r e c t  surface appings o f  the 

i l l  appear i n d i s t i n c t .  The regions o f  sharp speckle are contours 
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TENSlkE T LASER 

Figure 33. Speckle interferogr-.am s e t u p  used t o  iiieasure 
r e l a t i v e  elongation i n  tensile specimen.  
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m o t i o n .  

the speckle f i e l d s  i f  t h e  ~~~~~~~~~~~i~ p la t e  ? s  woved slightly betwem 
expsssures > 

I t  becomes eas ie r  t u  discern the regions s f  'the c o r r e l a t ? ~ ~  s f  

Then when the devel oped p i  a t e  i s  i 11 mli nated w i t h  COhE!P 

t h e  correlaled speckle f ie lds  will e f f e c t  a double  s l i t  :$rsd Yoil:y's 
es w i l l  occur i n  t h e  Fourier t r a n s f s m ~  plauwh The uncorre la t& 

a t t e r n s  w i l l  prlovli I a d i f f u s e  s c a t t e r i n g  i n  t h e  Fcswier  $ l a w  
tes- can be cmstructed Pa sa~parate the two reg!oos. 

Young"s f r i n g e s  and rcfocaasing the ~~~~~~~n~~~ light prov ides  an jmage nd  
B1rcki;ag t h e  

i n a l  surface w i t h  an inten erimposcd, %he 
f r inges  being co93:C~ri"s el" mot,ion i the  f i e l d  pell"i47 

- I 1  simple saco:,aiury s y s t e  V a l  uate the system 
c a p a b i l i t y .  A dEf ca t t e r i  ng s u r f a c e  An A g c n  
laser (514*5 nm) i i  Ewiflateci E; 5" t o  t h e  su r face  narmal A 
irroi-, normal t , ~  t h e  surface, i e f  the laser bea 

h i t  the surface a t  90" t o  the  i n i l  A s  a resu'it t A  

surface o n t o  a phots  

p e r m i t t i n g  10 psn mot ion  s F  t h e  surface.  
shown i n  Figwe 3 4 .  
between euptlsures I The devel oped p l  a t e  

the resu l t ing  Young's fringes are shown i n  Figwe  3 

or ien ted  horizontally because o f  the veirLickm1 s h i f t ;  

cremeratal r o t a t i o n  would resu l t  i n  i Fferent i a1 i n ~ p l  ane mot, ion An 
incremental r o t a t i o n  a f  0.04" a b m t  a vertical a x i s  

0dicit .y was a/Jax  (360 nm) A len t 3  focus an image of the 

ckle kd0illld be ;a 

~~~~~.~~~~~~~~ o f  the  

The p otograplaic p l a t e  was mo%ted v e v t i c  

i n  the n e x t  experiment, the  p l a t e  was r o t a t e d  

osures, A mask as  made t o  b-leack the arga.lli2ecl s g and t a  pass 
ion o f  t h e  dark t-,ands on e i t h e r  s i d e  o f  cen ter .  The i 

surface formed by t h e  l i g h t  t h a t  passed t h r o u g h  the mask i s  z 
F i g u r e  36- Note  t h e  intensity ~ i ~ ~ ~ l ~ ~ ~ ~ ~ ~ ~  wl- ieh c o n s i s t s  kaf w r t i c a l  
fr inges.  
A p l o t  o f  t h e  measured and computed ota'ons i s  shown i n  Fjgaaw 3 3 ,  

Clearly the technique has  de onstrated ?a bench-top capability af  belisg 

The fringes are c o n t o ~ i r s  o f  i n - p l a n e  rnot ia i n  u n i t s  of 360 nm. 

e t o  measure modioris w i t h  the  accuracy desired f o r  the  e x k o s i w  t es t s .  
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Figure 35 .  Young’s fringes resulting f r o m  ver t i ca l  s h i f t  o f  ~ ~ ~ t ~ ~ r ~ ~ ~ ~ ~  
p7 a t e .  



F i g u r e  36. Speckle f r inges  clue t o  p l a n a r  component o f  5pecimt.n m o t i o n .  
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E 

Figure 3 7 .  Comparison o f  measured and computed p l a t e  m o t i o n ,  
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I 

F1ybr-e 39. Spec t ra  o f  t w o  a-Sic  s p c r i m e ~ s :  ( a )  spec i inpn No. 1 -5  
a t  a f r a c t u r e d  d g e ,  and (b) specimen No. 1 - 4  a t  t h e  
m i d d l p  o f  t he  specimen.  

t i q l s r e  $0.  Spectra  o f  two a-S ic  spcc-iiiiev5. ( a )  No. 1 - 5  near a 
f r a c t u r e d  e d g ~ .  ( b )  No. 1 - 5  a i  t h e  m i d d l e  8 f  t h e  SpPcirilen, 
atrd ( c )  No. 1 - 4  near  the liriddle o f  t he  s p c i m e n .  
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have a l a r g e  number o f  modes [1 ,2] .  
nC where n i s  t h e  number o f  c lose-packed l a y e r s  i n  t h e  ~ ~ ~ y t y p ~  s t a c k i n g  

uence. For example, a common hexagonal p o l y t y p e  i s  6H S i c .  

These s t r u c t u r e s  a re  l a b e l e d  by nH o r  

St rong l i n e s  i n  t h e  a l lowed modes o f  non-poly type ( w u r t r i t e )  S i c  
occur f o r  propagat ion of t h e  phonon pe rpend icu la r  t o  t h e  c - a x i s  , a t  
976) cm-' ( l o n g i t u d i n a l ,  L ) ,  797 cm-' ( t ransve rse ,  TI) ,  and 788 cm-l 
( t ransve rse ,  T 2 )  [ Z ]  t h e  f i r s t  and l a s t  o f  which a re  seen i n  F i g u r e  46 ( c )  
taken f r o m  Hexoloy sample  io, 1-4. The 797 cm-' l i n e  i s  weak and can on ly  
be seen i n  h i g h e r  r e s o l u t i o n  scans. For phonon propagat ion p a r a l l e l  t o  
t h e  c - a x i s ,  t h e  L and T2 modes s h i f t  r e s p e c t i v e l y  t o  964 and 7 
while t h e  T1 mode does no% change. 
suggest t h e  p o s s i b i l i t y  o f  o b t a i n i n g  some assessment o f  g r a i n  o r i e n t a t i o n  
s ince  l i n e  p o s i t i o n s  can be measured t o  w i t h i n  1 cm-'. 

l i n e s  [ Z ] .  Genera l ly ,  t he  po ly type l ines are  q u i t e  weak and would n o t  be 
expected t o  be de tec ted  i n  these scans. Therefore,  t h e  two o r  more add i -  
t i o n a l  l i n e s  i n  p l o t s  (a) and ( b )  i n  F igu re  48 cannot r e a d i l y  be assigned 
t o  a p o l y t y p e .  Moreover, t h e i r  Raman s h i f t s  do n o t  c o r r e l a t e  w i t h  any nH 
S i c  po l y t ype .  They cannot be assigned t o  t h e  c u b i c  phase since t h e  cub ic  
l i n e  p o s i t i o n s  n e a r l y  c o i n c i d e  w i t h  t h e  hexagonal phase values f o r  phonon 
propagat ion normal t o  t h e  c - a x i s .  Thus, i t  appears t h a t  they are  due t o  
t h e  presence o f  a ca rb ide  o r  p o s s i b l y  a carbonate o f  an a d d i t i v e  or 
i m p u r i t y .  

The appearance o f  t h e  a d d i t i o n a l  l i n e s  a t  866 and 1150 cm-' shown i n  
F i g u r e  40 were s tud ied  us ing  t h e  scanning s l i t .  F i g u r e  4 1  s h ~ w s  a s e r i e s  
o f  f o u r  scans taken a% 20 gm spaced p o s i t i o n s  on Hexoloy specimen no. 1 - 5 .  
The $66 cm" l i n e  c l e a r l y  disappears w h i l e  t h e  re fe rence  line a t  788 cm-' 
a c t u a l l y  shows an increase i n  i n t e n s i t y  f rom t h e  0 prn p o s i t i o n  t o  t h e  
80 fim p o s i t i o n .  

The r e g i o n  scanned on t h e  sample v i s u a l l y  showed 
some k i n d  o f  microscopic  " b l o t c h "  on t h e  su r face  where t h e  866 cm-' l i n e  
was st rong.  

o f  t h e  des ign i n  t h e  s t u d i e s  o f  s i l i c o n  c a r b i d e  ceramics. 

These s h i f t s  a re  l a r g e  enough t o  

I n  a d d i t i o n  t o  t h e  s t r o n g  l i n e s ,  t h e  6H S i c  p o l y t y p e  has 14 al lowed 

Furthermore, t h e  TI mode a t  797 cm-l a l s o  becomes v i s i b l e  
8 pm p o s i t i o n .  

T h i s  work w i t h  an upgraded Raman microprobe has v e r i f i e d  t h e  u t i l i t y  
The scanning 
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sl it feature provides a valuable tool for characterizing the morphology of 
the ceramics. Clearly the extrapolation o f  this one-dimensional 1 ine- 
scanning design t o  a system based on a two-dimensional array detector 
would give the ideal scheme for th 
ceramics provide may opportunities 
teriaation using the microprobe. 
for S i c  are known. Thus, the work  
tional lines, exploring ways to de 

s work. It is evident that these 
for crystal1 ine and nirslecul at- charac- 
he basic s i n g l e  crys ta l  Waman spectra 
will be aimed at identifying the addi -  
ect  the presence o f  the other  phases, 

and examining the possibility o f  detecting orientation of Sic crystal- 
lites. 

Efforts to deve lop  a comprehensive property data base for- S i @  and 
Si3N4 ceramics from the literature were initiated. 
literature sources have been compiled and entered into our D Rase I 1 1  
program. This effort is continuing. 

D a t a  from 15 pertinent 

The flexural strength values measured for t h e  Hexcloy a-Sic were 
higher than the average room temperature strength b u t  lower than the 
average elevated lemperature strength measured for the batch o f  specimens 
evaluated i n  Phase 11. The flexural strength measured f o r  this batch o f  
specimens did not vary more than 50 MPa f rom 20"-1400"C a t  the three 
loading r a t e s .  Fracture origin for most o f  the specimens was abzerved t o  
have occurred a t  tensile surface and edge flaws. A majority o f  t h e  flaws 
observed were found to be voids or pits at or just below the surface. 
Pits and voids were not vbservcd in the initial batch o f  speciif iens 
evaluated in Phase 11. 

The Howmei SN-4 material had very high room temperature flexural 
strength and 1000°C fast fracture f l e x b r a 1  strength. However, above 
1000°C the strength decreased dramatically and at, 1400°C the :natprial was 
severely oxidized. 
slow crack growth at 1000°C and l?00"C. 

- ihe S N - 4  mdt-erial also appeared to be s u s c e p t f b l e  to 

The Kyocera S N - 2 5 2  was unique compared to the other Si36J4 materials 
evaluated. 
and very small quantities (less 0.5%) o f  A1203 and Y203. 
Si3N4 i n a t r i x  contained a whisker-reinforcing phase o f  0 S i g N q  dispersed 

lhis material contained significant quantities (5-6X) of YbE03 

I n  addition t h e  
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t ~ r Q u ~ h o u t  the matrix, T i s  f i b r ~ u s  phase i s  devels ed during sintering 
by the use of a proprietary p r o c ~ s .  
fracture surfacz was examine The resul t s  
o f  t h i s  analysis showed the whiskers t o  have the same S i 3 N 4  Compositions 
as the matrix (see Appendix 11). 

fibers located a t  Q Y  just below the tensi le  surface. 
t h a t  Kyocera i s  working t o  better control the whisker development process 

The flexure specimens tested 

The c emistry of these fibers a t  the 
auger m i  croprobe e 

19: was observed t h a t  most of the  fracture origins 

ent whiskers from growing t o o  large. 
"C u s i n g  the slow loading rate appeared t o  have undergone severe 

plast ic  deformation p r i o r  t o  fracture (see Figure  4 2 ) .  
material deforme ens fractured a t  strength values 

accounts for the negative n values calculated i n  Ta 
The NGK EC-IS2 had impressive 180 ' and 1200°C flexural strengths. 

Wowe\lei*, a t  140Q'C the flexural strength o f  EC-152 decreased 

Althotugh t h e  

T h i s  behavior ed for fracture a t  the fas t  l o a  i n g  ra te .  

nificantly.  A t  1400°C using the  slow stressing rate the  EC-152 
speciinens were subjected t o  p l  ast  i c deformation and had 1 ower f1 exural 
strength values t an those measured a t  the fas t  stressing rate .  
lower strength may be dire t o  the occurrence o f  slow crack growth. 

orton/TRW NT-154 material was a l s o  found t o  have the h i  
flexural strength a t  both 20" and 14 0°C a t  the fas t  stressing rate-  
However, a t  1480°C rising the s low stressing irate the  measured flexural 
strenlgth decreased significantly and the t e s t  specimens 
significant plast ic  defamation, 

the slow stressing rate a t  1400°C were subject t o  plast ic  ~ ~ ~ ~ r ~ a t ~ ~ n  
p r i o r  t o  fracture,  

o f  the glassy intergranular phase formed d u r i n g  sititering. 
the materials (NT-154 and EC-152) also had significantly l a  
strengths a t  the slower stressin rates.  The increased flexural strength 
measured for the SN-252 materials i s  probably due  t o  the reinforcing 
e f f e c t s  o f  the S i g N 4  fibers i n  t h e  m a t r i x ,  

This 

I t  i s  interesting t o  note t h a t  a l l  of the S i 3 N 4  materials tested a t  

T h i s  plast ic  deformation i s  probably due t o  the  s o f -  
Two o f  

The lower strengths measured 
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F i g u r e  41. Spectruin o f  Sohio  Hexsloy cr-Sic No. 1-5  as a f u n c t i o n  o f  
position. 

F i g u r e  4 2 .  P l a s t i c  deformation observed for Kyocera SN-252 a t  1488°C 
under slow l oad ing .  
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f o r  t h e  EC-152 and ay be due t o  the  occurrence of slow crack 
growth .  
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(cont inued . . . )  

M a t e r i a l  ( " C )  Speed (cm/sec) (MPd) (MPa) Modulus O r i g i n  
Temp. Machine Crosshead S t reng th  Std. Dev.  Weibul l  F rac tu re  

XL 144 ( B a t ~ h 2 ~ )  
25 Q. OM4 787 4 1  22 Surface and 

edge flaws 

i n c l u s i o n s )  

edge f l a w s  
(sonie 
i n c l  us i on s 

( K l O S t l y  

1450 Q.OO64 537 76 7 Surface and 

* 
Specimens were machined f r o m  a h o t  pressed b i l l e t  a t  t h e  U n i v e r s i t y  o f  Dayton 

I n c l u s i o n s  - Fe, C r  
I nc lws ions  - Fe, Mo, Cr., Cu 

;Specimens were prepared a t  Norton/lRW 

4- 

6.  Phys ica l  P roper t y  Measurement Made i n  Phase I1 
............................................ ~ 

Mat-eri a1 s 

Prop e r t y Sohio Howmet NorLon TRW 
Fleasurement Hexoloy a-Sic 3 4 - 4  N T -  154 

Young's Modulus (GPa) 427 293 314 

2558 1 58 1421 Hardness (kg/mm ) 

F r ac t  ii re To ug h ngs s 

C o e f f i c i e n t  o f  Qermal 

2 

CF/MI* (MPa-Jm) 2.1/1.6 3 .0/6.1 3 . 1 / 3 . 8  

Fxpansion (10 / " C )  5 3.4 3.4 

* M I  = M ic ro inden t  method. 
CF = C o n t r o l l e d  f law method. 
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A specimen des iqnated Kya~cera 94-252 #30 was examine 
University a f  Dayton Surface Scic.nc-6.  at^^^ us ing  i t s  JEOL 

P-30 Scanning Auger a c r o ~ ~ ~ ~ ~ ~ .  Speci a1 a t  teen t i  on was g li v e ~  

t o  t h e  l a rge  crystallite features observe on a Fracture surface, 
The la rges t  cryrtallite i s  show i n  Figure 1, ]Et mea514re4; ap-  
p rox imate ly  5 by 200 juri i n  surface area. 
secondary electron image i s  showrl i n  F i  
a p p a r e n t  t h a t  t h i s  cr-ystal l i te  rur'faca j s  gen 
l i t t l c  evidence o f  rc?siciual m a t r i x  adhesihsn a f t e r  fracturee The 
presence o f  geometric drpressions a long  I h e  cryi;tall i t e ' s  e ~ p o s s d  
su r face  i s  n o t e d .  These m s l ,  ~~~~~~~~~ rescalt~d f ro  

tersect  i ng rnatr? x crystal  1 i te5 ). Ore such p w t r u d  iing c rys t a l  - 
l i t e  i s  ev ident  r iear the  bot&um of Fig 

F i g u w s  3 th rough 5 s ow other reg ions  oil t 
surface where 1 avyer c rys ta l  1 ii Les have for  
have the  same fea tures  as those exhibited by the largest  e ~ y s t a l -  
l i t e  shown i n  Figures 1 and 2 .  The c r y s t a l l i t e  i n  Fiqtsre 4 ,  
howew~rr, appears t o  have a distinctive ' ' k j n k "  near i t s  sip 
as i f  i t  were def lec ted  d u r i n g  growth. 

SpecinaPn 30 was tested i n  flexure at, 14BO"I: under r a p i d  
1 0 ad i I1 g c 0 nd i t i 8 n s 7 

Initially, d i f f i c u l t i e s  
u i r e  Auger spectra  from this  ~~~~~~~~~~ fracture s w f a c e .  Rem1 1 

t h a t  Fa i r ly  l a rge  beam currents a r e  re  ired t s  stirnulate a 
Skiff i c i  ent number o f  A u  enabl e d e t e c t i  cm conipared tea 
what i s  required for- secondary electron ~~~~~~~~~~~~ (SE 
flarnps compared to 6.1 narnps) * 1 i ns t rumen t  i s  b o t h  an 
SFH and a scann ing  Auger spcctrsmeter which allows t 
t o  be t i l t e d  r e l a t j v e  t o  the incident primary e l e c t v o n  heap. 
W i t h  50me nonconduct"42 specimens cha rg in  c a n  senK?tiimes be 
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e f f e c t i v z l y  e l  iminairtl by sPloc t inq  a glancinq r)rirrrary Is 
incidence a n c j l ~  o f  y w a i e r  t l  50 ” .  After s ~ ~ e r 3 1  attempts i t  
was apparent  t h a t  a l l  t h e  urual if ickz; used t o  d e f ; ~ a t  l o c a l i z e d  
charging were not y u j n y  i o  wrk w i t h  this  s p w i m m .  R e l i ~ c t a n t l y ,  
the  specimen “t’zs c o a t p d  v i t i i  d 1 h i n  gnlt.i/Ii~llx!i!im f I n  
( ~ s t i m a t e d  t o  be a b o u t  20 nmj aiid inser ted  back i n t o  liie 
instrument The b i f f c r e s t i a i l y  pimped “micrwfocusn on gun on 
t h e  i rlstruiiiPnt 
o v e r l a y ~ r .  F iec t ron  b p a  param?t2;-s ( 3  keV and 0.1 !lamps) W E X  

chosen which e n a b l e d  s u i t a h l c  A t S  ~ p c e t r a  t o  bc 3cquired f rom t h e  
sput tered s u r f a c e  without spcciiilen chary  i rig UnTortunateIy those 
were n o t  o p t i f i m  paraiiietrrs for-  the S i  KLL peak a t  -1620 eV. 
Consequently, s tandard s p e c t r a  froii, t h i n  f i lms  o f  S i 3 N 4 ’  S i 0 2 ,  
arid Ag w r c  a l s o  a c q u i r e d  uncle:- t h e s e  same beam par-r?’iicit?.rs so 
t h a t  appropt i a t e  sens i  t i v i  i y  f a i i u r - $  co~ilrl  be a i  q u i  r p d  t o  ma31 e 
more exac t  q u a n t i f i c z t i o n .  
was used f o r  quant i  f i cz t  i o n  c.31 si l l  a t i  o m .  Care ::.as taken i o  
opera ts  a t  s u f f i c i e n t l y  s i n a l ?  bcaiii c u r r e n t  d e o s i i i e c  i o  m i t l i i i i i r e  
e lec t ron  bcazii indclLcd S i  L V V  peak spl i i i i  tig s o m t i m e s  o b s e r v e d  on 
t h i n  Si02 f i l m s .  
r e s u l t s  rkihich fo l lo l .~  - - re  b a s 4  c i i i  only a f ~ w  monolayers n f  atorris 
i n  very l o c a l i z e d  reqiorls o f  ihr s p ~ c i m w  Further, ion beam 
spi t  Leri ng may a1 t w  ? oca1 i zed s u r f a c e  chrmi s t r j  by s e l  e c t  i vc 
s p u t t e r i n g .  The yiiant i t a t i  ve resu l  t s  r e p o r i d  hrr. shos~l d n o t  b,n 
e x t r a p o l a t e d  beyond the  r e a s o n a b l e  s t d e i s t i c a l  1 i n i t s  of  t h i s  
technique (+lo”/,). A w c h  more r l a h r a t n  study .rcl~lii be requi red  
t o  determi IIP t i l e  experinierital error  iiiur u dccura ty ly .  

c used t u  s p u t t e r  t h r o u y h  the rnnduc t ive  

T h ?  S i 1  V V  peak b?+,;’i’2en 68 and 90 e\‘ 

- [ h e  rcader  i s  caut ioned t h a t  t h e  q:iar i t i tdt ive 

- lhe l a r g e  c r y s t a l l i t e  show: i n  Figurer  1 and 2 was sputtered 
u n t i l  t h e  Pd peak a i  -327 eV x2.s s t i l l  v i s i b l e .  T h i s  w3s take:! 
t o  d e f i n e  t h e  approximdtc n a i  ive s u r f a c e  of t h e  c r y s t a l 1  i i e .  
Figure 6 shows t h e  Auger- speciriitii o f  t h i s  s u r f a c e .  The s u r f a c e  
i s  predocriinaritly compoced o f  Si and 0 \ * f j t l ,  t r a c P  w m i r n t ~  of  C and 



Pd. Figun-e 7 shows an ex o f  t h E  l O N  energy regiinn. 
presence o f  d t r ace  amount of Yb a t  i s  syectrarnl s 

-178 eW which i s  ~~~~~ t o  be present. f r om energy dispersive x - r a y  
spectra. 

T h i s  region was agairr sputtered f o r  9 miniatcrr to remove t 
oxide layer.  F i g u r e  is a n  Auger spectrum showing E 

o f  the ox ide  and t h e  presence o f  anesp-iL+t?tecl A 
on i m p l a n t a t i o n  i n  stoichiometric CV 

r e s u l t  o f  ion sput te r ing  i s  well know sugges t ing  t h a t  the  crys-  
tallite may be near- stoichiom~tric S i 3  

o f  s i l icon  and n i t r o  n d f t e r  sputtcriny. T 

An addi t i onal sputtcjrin?g for 1 I minutes, b r i  ragi rig t h e  t o t a l  
s p u t t e r i n g  time t o  20 ~ ~ i i n u l e s ,  mi: done F igure  9 shdjws the 

ectrurn a t  t h i s  d e p t h .  I n  a pr~vicpus study, s p ~ t t e r  rates 
were  found t o  b3  about 2 2 . 5  t an~/mnin  f o r  th i s  instrument. 

suggesting t h a t  t h e  spectu-a i s .  F i  U W S  8 and 9 represent d e p t h s  
o f  202 .5  and a 458 run r e s p e r t i ~ e l y  (assuming a q j m i l a ~  spu t t e r  
ra te  for the  i n i t i a l  o x i d s  layer - )  Atomic compositions have been 
calculated f o r  t h e  n a t i v e  surface, a f t ~ r  9 minutes, and a f t e r  2 
minutes o f  sputte~iny. These are sumnsr!zzed i n  Tab le  1.  

A t  surface 36.6 5 9 1 . 3  - - -  6 2 . 1  .r* - _ _ _  

202,s n 49.3 - - -  1 . 4  - - - -  - 4 9 . 3  
450 nm 58.8 - _ _  0 - 4  - - - -  - 4 9 - 8  

_ _ _  
- - -  
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Two smaller crystallites (shown in F i g u r e  5) were sputtered 
to determine their atomic compositions f o r  comparison t o  the 
large crystallite. Figure 18 shows a typical Auger spectrum o f  
the I Q W ~  crystallite in F i g u r e  5 after ion sputtering t o  r, W o V e  
the gold/pall ad i  uiii over1 ayer. An Auger spectrui~i from the upper 
crystallite i n  Figure 5 was virtually identical t o  that shown in 
Figure 10 after t h e  overlayet- was removed. Because o f  their 
prox imi ty ,  both crystallites in F igu re  5 were sputtered 
simultaneously. 
served (Figure 11). Auger spectra from both crystallites after a 
20 minute sputter etch arc shown i n  Figures 12 and 13. Again, 
these spectra are virtually identical i n  composition. These 
results are summarized in Table 11. 

Some peak splitting i n  the SiLVV peak is ob-  

TABLE I 1  
CALCV1.ATED A T O M I C  C O M P O S I T I O N S  OF THE TELO C R Y S T A L L I T E S  

FROM FIGURE 5 

Lower crystallite surface 4 1.2 27.2% 66.9 - - - -  - - -  

Lower crystallite after 
- 57.0 2 - 8  46.2 - - - -  

Upper crystal 1 i te a f t e r  

- - -  

20 min sputter - - - -  5u,5 2.4 38.1 - - - -  

Estimated experimental error 110% 

The compositional data presented in Tables I and I I  were 
based on the SiLVV transition. As mentioned earlier, two stan- 
dards ( S i D p  thermal oxide film and a thin CVD Si3b14 film) were 
used in making these calculations. These data suggest that the 
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c r y s t a l l i t e s  have a t h i n  S i O p  film on t h e i r  outer surface o f  

perhaps several tens o f  nm. T h i s  oxide film on c r y s t a l l i t e  
surfaces probably r e s u l t s  from oxidation which occurs during the 
flexure t e s t i n g  a t  1400°C. 

Conclusions 

Calculated bulk atomic concentrations from Auger spectres. 
copy f o r  the large c r y s t a l l i t e  (Figures 1 and 2 )  suggest a 
s i l i con  rich material a t  l e a s t  t o  the depth measured. 
(Stoichiometric S i 3 N 4  should be approximately 43 percent s i  icon 
and 57 percent nitrogen.)  The smaller c r y s t a l l i t e s  (Figure 5 )  

appear t o  be more stoichiometric a f t e r  sputtering t o  an equ \E- 

epth. Whether t h i s  i s  a s ignif icant  difference which 
r e l a t e s  t o  c r y s t a l l i t e  s ize  i s  unknown.  Other c r y s t a l l i t e s  (bath 
large and small) will have t o  be examined t o  ident i fy  whether 
there  i s  a s ize  versus composition relat ionship.  I t  i s  c l e a r ,  
however, w i t h i n  the experimental l imi t s  o f  the Auger technique, 
t h a t  the surface oxide seen on these c r y s t a l l i t e s  i s  near 
stoichiometric and qui te  t h i n .  No residual oxide i s  observed 
within the bulk o f  the c r y s t a l l i t e s  a f t e r  only a short  sputter. 
Finally,  these d a t a  suggest t h a t  the large c r y s t a l l i t e s  observed 
on t h i s  f racture  surface are near stoichiometric S i 3 N 4 -  
mechanically linked t o  the substrate with l i t t l e  o r  no  evidence 
o f  chemical adhesion. The substrate i t s e l f  (from Figures 2 and 
5) appears t o  be composed of many smaller interl inked elongated 
c r y s t a l l i t e s ,  presumably also Si3N4 .  

They are 
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Figure I .  Secandary c l e c t r o n  image o f  a f r a c t u r e  s u r f a c e  of specimen SN- 
252 6 3 0 .  
f a c ?  t o  over 200 pln i n t o  t h e  bulk i s  e v i d e n t .  O t h e r  c r y s t a l -  
l i t 2 s  within t h e  b u l k  a r e  a l s o  e v i d e n t  on t h i s  sur facc .  

?, l a r g e  c r y s ’ d l l i t e  w h i c . h  e x t e c d s  from t h e  upper sur- 

Figure 2 .  A 9 O O X  secondary e l a c t r u n  image s f  a port ion o f  t h e  l a r g e  
c r y s t a l l i t e  from k1gut-e I .  Thee i s  c l 2 a r  evidence o f  nechan- 
i c a l  l inkagp o f  t h i s  c r y s t a l l i t 2  t o  t h e  b u l k  rriatrix and l i t t l e  
evid7,nce of ciie#niral  bond i i lg  (adhes ion)  o f  the  matrix t o  t h e  
c r y s t a l  1 i te. 
face arid near slrbsilrface cihemistr-y o f  t i i is  c r y s t a l  1 i t e .  

A u g e r  S ~ J P C ~ !  oscopy  was used t o  determi ne the  s u r -  
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Figure 3 .  s on the 

Figure 4 .  A secondary electrcin iriiage o f  a w i d 1 I e . r  c . r y s t a l l i t e  a p p r o x i -  
mately 10 I lm i n  linear crwss sec t i cn .  F, " k i n k "  i s  observpd i n  
t h i s  crystallite a5  i - r  i t  w r e  d e f l e c t x d  diur ing growth .  O t h e r  
10 11m c r .y s t a l l i t e s  a r e  a l s o  seen dt ;  var ious  angles  t.o t h e  
f rac ture  su r face .  
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Figure 5 .  A secondary r l e c t r o n  image o f  two mort l a r g e r  c r y s t a l l i t e s  
on the  f r a c t u r e  s u r f a c e  o f  SM-252 $ 3 0 .  Auger spectroscopy 
i n  conjunct ion w i t h  argon ion s p u t t e r i n g  wc?s used t o  p r o b e  
t h e  s u r f a c e  and h u l k  chemistry o f  b o t h  these  c r y s t a l l i t e s .  
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Figure 7 .  Auger spectrum showing an exploded view a t  the low energy end 
o f  the spectrum seen in Figure 6.  
over layer .  
surface t o  laboratory atmosphere fo r  a considerable t i m e .  
Ytterbium i s  one of the b u l k  cons t i tuent  elements. 

The Pd i s  from the conductiva 
Carbon i s  most 1iKeiy from exposure of the f rac ture  
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Figure 8. Auger spectrum f r o m  t h e  s u r f a c e  o f  the l a r g e  c r y s t a l l i t e  shown 
in Figures 1 and 2 a f t e r  9 minutes of s p u t t e r i n g .  T h i s  s u r f a c e  
i s  f r e e  of oxygen and shows some implanted Ar which i s  char-  
a c t e r i s t i c  o f  Si3N,. 
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Figure 9 .  Auger spectrum f r o m  t h e  l a r g e  c r y s t a l l i t e  (Figure 1 and 2 )  
a f t e r  20 m i i l u t e s  o f  ion s p u t t e r i n g  with 3 keV Ar. 
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Figure 10. Auger spectrum from t h e  surface o f  the lower c r y s t a l l i n e  in 
Figure 5 a f t e r  t h e  Au/Pd 'Payer has been removed. 

Figure 1 1 .  An exp loded  view o f  t h e  Auger spectruni i n  Figure 10 showing 
peak s p l i t t i n g  i n  t h e  S I L V V  peak. T h i s  c o u l d  occur as  a 
reslnl t o f  ei ther  i o n  beam oi- cjectron beam damage. 
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Figure 1 2 .  Auger spectrum f r o m  t he  lower crystdlline seen i n  
Figure 5 a f t e r  a 20 minute spu t t e r .  

5000 1 
w P \ 

W 

X W 

- - 
L - 
L 

n o  

> 

ln 
w 

H 

5 
H 

-5000 

-.... --... 1 . L---_L*.. . 
0 500 l 0 O C  1500 2 

K I N E T I C  ENERGY (eV) 
00 

Figure 13. Auger spectrum from the upper c r y s t a l l i t e  i n  
Figure 5 a f t e r  a 20 minute spu t t e r .  
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Lcpw Heat Ri?igg&i.-m.Xe,sc?l Coupon Tests. 
6.  R .  Br inkman and W. K.  Kahl  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

The o b j e c t i v e  o f  t h i s  t a s k  i s  t o  expose v a r i o u s  s t r u c t u r a l  ce ramics  
t o  c o n d i t i o n s  found  i n  a sma l l  d i e s e l  engdne. Commerc ia l l y  a v a i l a b l e  
ceramr’cs, as  w e l l  as  new c a n d i d a t e  m o n o l i t h i c  and wh isker - toughened 
ceramics ,  w i l l  be  f a b r i c a t e d  i n t o  modulus o f  r u p t u r e  (MOR) b a r s ,  non- 
d e s t r u c t i v e l y  examined, and exposed t o  a v a r i e t y  o f  o p e r a t i n g  c o n d i t i o n s  
w i t h i n  a s m a l l  d i e s e l  eng ine .  Subsequent t o  exposure,  t h e  b a r s  w i l l  be 
n o n d e s t r u c t i v e l y  and d e s t r u c t i v e l y  examined and t h e  r e s u l t s  compared t o  a 
nonexposed d a t a  base. 

Specimens o f  b o t h  p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  (PSZ) ,  TS and 
grades,  were exposed t o  t h e  combust ion  c o n d i t i o n s  i n  two smal l  d i e s  
eng ines .  The specimens were MOR b a r s  50 x 4.5  x 3.5  mm and were h e l d  o r  

mped by a special f i x t u r e  d u r i n g  exposure a t  one end as shown i n  
. 1.. The f i x t u r e  h e l d  two b a r s  a t  a t i m e  f o r  100 h o f  d i s c o n t i n u o u s  

eng ine  o p e r a t i o n .  Two eng ines  were employed f o r  t h i s  e f f o r t ,  one o f  wh ich  
was a s i n g l e  ( e n g i n e  1) and t h e  o t h e r  a t w o - c y l i n d e r ,  0.825-1 u n i t  
(eng ine  2). Some specimens were g i v e n  a 100-h i s o t h e r m a l  age a t  700, 750, 
o r  8 0 0 O C  t o  a c t  a s  c o n t r o l  specimens w i t h  t h e  engine-exposed b a r s .  
Temperatures i n  t h e  eng ine  were measured by s e v e r a l  methods, i n c l u d i n g  
templugs  a t t a c h e d  t o  specimen s u r f a c e s ,  and v i a  thermocoup les  i n s e r t e d  i n  
a sma l l  c e n t e r - d r i l l e d  h o l e  a t  s e v e r a l  p o s i t i o n s  w i t h i n  a b a r .  Peak tem- 
p e r a t u r e s  were a t  t h e  s u r f a c e  o f  t h e  b a r s  and were near  o r  exceeded 800QC 
a t  t h e  unclamped ends. 

and t h e  r u p t u r e  s t r e n g t h s  de termined.  Tab le  1 g i v e s  t h e  s t a t i s t i c a l  
a n a l y s i s  and average s t r e n g t h  v a l u e s  f o r  a l l  BSZ b a r s  t e s t e d  t o  da te .  
F i g u r e s  2 and 3 a r e  W e i b u l l  p l o t s  w h i c h  compare r u p t u r e  r e s u l t s  o f  eng ine-  
exposed m a t e r i a l  w i t h  nonengine-exposed PSZ-TS and PSZ-MS grades,  respec-  
t i v e l y .  Tab le  1 and F i g s .  2 and 3 i n d i c a t e  t h a t  t h e  TS grade showed a 
decrease i n  average s t r e n g t h  o f  32% w h i l e  t h e  MS grade decreased by abou t  
9% i n  compar ison t o  average b e h a v i o r  o f  unaged m a t e r i a l  due t o  eng ine  
exposure .  

m a t e r i a l  w i t h  unexposed b a r s .  Most o f  t h e  engine-exposed b a r s  were 
i n s e r t e d  i n  eng ine  2.  No te  i n  F i g .  4 t h a t  b a r s  exposed i n  eng ine  2 p r e f -  
e r e n t i a l l y  f a i l e d  some 13-17 rnm f rom t h e  clamped o r  c o l d  end o f  t h e  b a r  i n  
compar ison t o  unexposed m a t e r i a l .  Some o f  t h e  b a r s  exposed i n  eng ine  1 
had a g r i t t y  o r  s a n d p a p e r l i k e  s u r f a c e  t e x t u r e  as can be seen i n  compar ing 
s u r f a c e s  o f  unexposed rnai,erial, F i g .  5, w i t h  exposed m a t e r i a l ,  F i g .  6* 

F i g u r e s  7 and 8 a r e  t h e  r e s u l t  o f  X-ray d i f f r a c t i o n  and Raman spec- 
t r o s c o p y  s t u d i e s ,  r e s p e c t i v e l y ,  and show f r a c t u r e  s t r e n g t h  as a f u n c t i o n  
o f  m o n o c l i n i c  c o n t e n t .  The i n d i c a t e d  m o n o c l i n i c  c o n t e n t  measurements were 
made near  t h e  f r a c t u r e  s u r f a c e s  as shown. I n  t h e  case o f  t h e  Raman spec- 
t r o s c o p y  measurements, the apparen t  m o n o c l i n i c  c o n t e n t  assumes t h a t  o n l y  
t h e  t e t r a g o n a l  and m o n o c l i n i c  phases a r e  p r e s e n t .  F i g u r e s  7 and 8 i n d i -  
c a t e  a s t r e n g t h  r e l a t i o n s h i p  w i t h  t h e  h i g h e r  m o n o c l i n i c  c o n t e n t s  showing 

Subsequent t o  exposure ,  t h e  b a r s  were s u b j e c t e d  t o  f o u r - p o i n t  bend ing  

F i g u r e  4 compares f r a c t u r e  l o c a t i o n s  o f  r e p r e s e n t a t i v e  engine-exposed 
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F i g .  1. C r o s s - s e c t i o n a l  v i e w  o f  d e u t z  cy1 i nder 
head shows b a r s ’  p o s i t i o n  w i t h  respect  t o  fue l  ing’cctoor. 

l o w e r  s t r e n g t h s  i n  t h e  TS-grade rna tu r l a l .  
m o n o c l i n i c  c o n t c n t  measured by Rarnan s p e c t r o s c o p y  a s  a f u n c t l o n  o f  d i s -  
t a n c e  f rom t h e  cold  o c  c lamped end o f  t w o  engine-exposed b a r s  p r i o r  Lo 
b e i n g  s u b j e c t e d  t o  f o u r - p o i n t  b e n d i n g  t o  F r a c t u r e .  Note that .  t h e  
i n c r e a s e d  m o n o c l i n i c  c o n t e n t  i s  i n  t h e  same p o s i t i o n  i n  t h e  b a r  a s  t h e  
f r a c t u r e s  i n d i c a t e d  i n  F i g .  4 f o r  specimens exposed i n  e n g i n e  2.  S i n c e  
t h i s  i s  n e a r  the c o l d  o r  c lamped end o f  t h e  h r s ,  no e x p l a n a t i o n  i s  cur- 
r e n t l y  g i v e n  a s  t o  why t h e  m o n o c l i n i c  c o n t e n t  i s  so h i g h  i n  t h i s  a r e a .  
A d d i t i o n a l  s t r e s s  a n a l y s i s  s f  t h e  b a r  d u r i n g  e n g i n e  o p e r a t i o n  i s  c u r r e n t l y  
u n d e r  way. 

F i g u r e  9 i s  a p l o t  o f  a p p a r e n t  

- S t a - t u s  o f  m i l e s t o n e s  

M j l e s t o n e  331504 was c o m p l e t e d  September 15, 1988, as  schedu led .  



Table 1. Results of tests conducted on MOR bar s  after exposbre 
t o  s e v e r a l  conditions* 

8educt.i on 

(MPa) (MPa) strengthb 

Average Standard i n  Neibull moduius y-intercept 
- No. of 

obser- 
vatfons 

Materi a 1 
corldi tion Linear Maximum Linear Maximum strength deviation average 

regression likelihood regression likelihood 
(X)  

53 
12 
23 
20 
20 

2 

40 
14 
20 
19  
20 

As-fabricated 
Engine exposed for 100 h 
Pre-aged 100 h at 70G'C 
Pre-aged 100 h at 75OOC 
Pre-aged 100 h at 80OoC 
Engine exposed for 100 h/ 
ground and p o l i s h e d  

As-fabricated 
Engine exposed for 100 h 
Pre-aged 100 h a t  7OO0C 
Pre-aged 100 h at 750Y 
Pre-aged 100 h at 800OC 

PSZ-TS MOR bars af ter  exposure 

3 1 . 7  48.6 -202.5 -311.2 
3 . 6  4 . i  -21.7 -24.8 

3 7 . 0  40.9 -233 .9  -258.4 
15.1 14.7 - 9 5 . 5  -93.2 
57.2 53.7 -359.2 -337.1 

587.3 
378.4 
547.7 
539.1 
5213.4 

2 5 . 3  
114.0 

17.8 
42.0 
11.3 

0 
36 

7 
8 

10 

PSZ-MS MOR bws after exposure 

29.2  29.8 -191.1 -195.1 
1 7 . 2  20.1 -111.3 -129.9 
1 6 . 4  28.2 -106 .8  -182.7 
1 9 . 3  24.7 -124.7 -159.6 
30.0 39.4 -194 .1  -254.8 

459.5 

683.0 
623.2 
641.6 
629.4 
635.2 

60 .3  

28.5 
42 .6  
40.1 
36 .5  
2 4 . 3  

22 

aTests here conducred with a cross head speed o f  8.47 x l o - '  nm/s or a strain rate of 1.1 x lo-'' s - l .  
bRcduction in s t r e q t h  in comparison to as-fabricated material. 
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Ln (MOR) 

F i g .  2 .  W e i b u l l  p l o t  c o m p a r i n g  inodulus o f  r u p t u r e  (MOR) 
s t r e n g t h  d a t a  f o r  N i l c r a  PSZ-TS exposed  t o  d iese l  e n g j n e  combus- 
t i o n  c o n d i t i o n s  and  unexposed m a t e r i a l .  Nu rnb~rs  i n d i c a t e  b a r  
numbel-s and  specimens exposed  t o g e t h e r  a s  p a i r s  a s  f o l l o w s :  
e n g i n e  1, 71-81 and  95-89; e n g i n e  2, 63-58, 133-123, and  144-150. 
Specimens 151 and 152 exposed  i n  e n g i n e  2 were o m i t t e d  f o r  
c 1 a r  i t y  . 
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MOR @Pa) 
300 400 500 600 700 

2 

1 8.95 

0.569 0 

-1 
8.20 

-2 0.10 

-3 

-4 0.02 
5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6 

Ln ~~~~~ 

F i g .  3.  Weibull p l o t  comparing MOR s t r e n g t h  
d a t a  f o r  Nilcra  PSZ-MS exposed t o  diese l  englne 
combustion conditions w i t h  unexposed material. 
Numbers ind ica t e  bar numbers and specimens exposed 
toge ther  a s  p a i r s  a5 Fallows: 

Specimens 45 t h rough  50 were omitted f o r  c l a r i t y .  

engine 2, 41-42!, 
43-44, 51-52, 53-54, 55-56, 57-58, and 59-50. 
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F i g .  5 As-machined s u r f a c e  o f  PST-TS 
grade,  specjmen 118, f l e x l i r a 1  t e s t e d  j n  nonex- 
posed c o n d i t i o n .  

F i g .  6 .  As-exposed su r face  of specimen 71 
o f  PSZ-TS grade a f t e r  100 h i n  d- iesei  eng ine  
combustion chamber. Note g r i t t y  surface 
condition, 
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F i g .  7 .  Modulus o f  rupt i~re  (MOR) f a r  
i n d i v i d u a l  b a r s  as  a f u n c t i o n  o f  m o n o c l i n i c  
c o n t e n t  f rom X-ray d i f f r a c t i o n  a n a l y s i  s .  

R"2 = 0.664 

PSZ- TS Grade 
PSZ-MS Grade 

1 Engine Exposed 

o 1 0  20 30 40 50 6 0  70 a o  90 

APPARENT MONOCLINIC CONTENT, 'A 

F i g .  8. Modulus o f  r u p t u r e  (MOR) f o r  i n d i -  
v i d u a l  b a r s  a s  a f u n c t i o n  o f  a p p a r e n t  m o n o c l i n i c  
c o n t e n t  a s  de te rm ined  a t  f r ac tu re  sur face  by 
Raman spec t roscopy .  
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Note: Monoclinic Content Assuming Only Monoclinic And Tetragonal Phases Are Present 

F i g .  9 .  Apparent monoclinic c o n t e n t  
shows a peak 15-17 mm from clamped end o f  
engine-exposed bars. 





3 . 4  FRACTURE 

The purpose o f  t h i s  e f f o r t  w i l l  bt:? t o  t e s t  and e v a l u a t e  !~dvanced 
cerdiT1ic m a t e r i a l s  a t  tempersdtures u p t o  1500 "6 i n  u n . I a x i a . l  tens-isn, T e s t i n g  
rimy i n c l i i d e  f a s t  f r ac tu re  s t r e n g t h ,  a l o n g  w i t h  a i i a l y s i s  o f  f i -nctur i? 
s u r f a c e s  by  S c a n n i n g  e lec t ron  mizrascnpy .  T h i s  ~ f f ~ r t ,  w i  11 ccmpr ise  0.f the  
fo71 ow-i iiij  t a s k s :  

Task 1. 

Task 2. 

Task 3. 
Task 4. 

Task 5. 

Taxk 6. 
Task 1. 
l a s k  3. 
Task 3. 

Speci  F i c a t i o 9 s  f o r  T e s t i n g  Flachins and controls -+ 
(Pv.c,curement) 
i d e n t i f i c a t i o n  o f  Test M a t e r i a l  ( 5 )  + (Procurement. o f  
spec innens ) 
I d e n t i  f i c n t i o n  o f  T-lst- Specirnevl configurat ion 
S p e c i f i c a t i o n s  f o r  T-er;t.ing g r i p s  i lnd Extensometer  -;- 
( P r 0 i: (1 re 'Tier.; t. 
Specif  i c a f r i o n s  For. T e s t i n g  Furnace (Procurement)  + 
c o n t r o l s  
Development, o f  T e s t  P lan  
H i rj h Tein prr T a t 14 r e  Ten s i 1 e Te s t i ng 
Report<r;q (Periodjc) 
F i n a l  Repclrrt. 

I t  i s  a n t i c i p a t . e d  -th;s.t th?s  procqra~i  w-i.11 h e l p  i n  unders tand ing  t h e  
b e h a v i o r  of Ceramic mat.er.ials a t  v e r y  h i g h  t.ernperatures i n  u n i a x i a l  
t e n  5 i on * 

. Techn ica l  .. . . . . . . . . . .-. proqre5;r; 

D u r i n g  t h e  r e p o r t i n g  per.jod, t h e  riiechanical st,rencjth charac : te r i s t ics  
of GTE SNW-llj00 s i 1  i co r i  r1.i t r i d e  under ur-1-iaxial t e n s i n n  a t  e l e v a t e d  
temperatures were completed. F rac t~qr - t iphy  and X-Ray m i c r o a n a l y s i s  o f  t h e  
fracture s u r f a c e s  of the 5.i  1 icon n i  tvide s d i r i p l ~ ! ~  t e s t e d  a t  e l e v a t e d  
temperatlures were a l s o  completed diAr-.iny th.is r e p o r t i n g  p e r i o d .  The p l o t s  
o f  t h e  log t e n s i l e  s t r e n g t h  versius l o g  s i u e s s i r i g  r a t e  for- three (3)  
t e s t i n g  teniperatures o f  namely, rooiil t;empewdtui'e, 909 " C  and 1 100 " C  
and a t  f i v e  ( 5 )  d i f f e r e n t  s t r e s s i n g  rat,es o f  3.75, 7.5, 450, 900, and 
21013 MF'a/Min are g i v e n  i n  F- jgure  1. Froni the F i g u r e ,  it, can be observed 
t h a t  there i s  no e f f e c t  of s t r e s s i n g  rdx? on t h e  t e n s i l e  s t r e n g t h  o f  t h i s  
r r i a t e r i a l .  The v a r i a k i o n  o f  average t-ensi l e  s t r e n g t h  versus t e s t i n g  
tempera tu res  f o r  a1 1 t h e  .t.ested samples i s  shown i n  F i g u r e  2. Here, the  
operi "squares" i n d i c a t e  t h e  d a t a  ahtair ied a t  NCP, K T and t h e  da rk  " c i r c l e s "  
i n d i c a t . e  the  d a t a  o b t a i n e d  a t  OBNL. I t  can be observed t h a t  t h e  average 
t e n s i l e  s t r e n g t h  va lues  o b t a i n e d  a t  A K T and URNL rriatched v e r y  well ,  
i n d i c a t . i n g  t h e  cons is tency  o f  results f r o m  two d i f f e r e n t  l a b o r a t o r i e s .  
The p l o t  shows a decrease i n  average t e n s i l e  s t r e n g t h  w i t h  i n c r e a s i n g  
tempera ture .  T h i s  d r o p  i n  strer1gt.h i s  observed t o  be iwre pronoilnced a-t: 
1100 " C  and 1200 O C  t -han  al: 900 " C .  T h i s  decrease c ~ u l d  be a t t r - i b u t e d  t o  
t h e  softening o f  t h e  g r a i n  bcundar ies  and p o s s i b l y  d i ~ e  t o  creep occuriny 
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t h e  s o f t e n i n g  of t h e  g r a i n  boundar ies  and p o s s i b l y  due t o  c r e e p  o c c u r r i n g  
at t h e s e  t e m p e r a t u r e s .  

SEM images i n  F i g u r e s  3 and 4 show t h e  f r a c t u r e  i n i t i a t i o n  s i t e s  o f  
samples t e s t e d  a t  900 " C  a t  s t r e s s i n g  i -a tes o f  7 . 5  and 2100 MPa/Min 
r e s p e c t i v e l y .  F i g u r e s  5 and 6 show t h e  f r a c l u r e  i n i t i a t i o n  s i t e s  o f  t w o  
samples t e s t e d  a t  1100 " C  a n d  a t  s t r e s s i n g  r a t e s  o f  7 . 5  and 2100 MPa/Min 
r e s p e c t i v e l y .  H i g h  m a g n i f i c a t i o n  image o f  a sample t e s t e d  a t  900 " C  
(2100 MPa/Min) i n  F ig lu re  7 i n d i c a t e s  t h a t  t h e  f r a c t u r e  mode i s  t r a n s -  
g r a n u l a r .  S i m i l a r l y ,  t h e  h i g h  m a g n i f i c a t i o n  image o f  a saiiipl:, ( F i g u r e  8 )  
t e s t e d  a t  1100 "C ( 7 . 5  MPa/Min) a l s o  i n d i c a t e s  a t r a n s g r a n u l a r  f r a c t u r e  
mode. However, F i g u r e  9, t h e  h i g h  m a g n i f i c a l i o n  image o f  a sample t e s t e d  
a t  1100 " C  (2100 MPa/Min) shows a r e a s  where t h e  g r a i n s  a r e  n o t  s h a r p .  T h i s  
i s  p o s s i b l y  due t o  t h e  p a r t i a l  i . w l t i n g  o f  the g r a i n  b o u n d a r i e s  w h i c h  makes 
t h e  g r a i n  b o u n d a r i e s  weaker  t h a n  the  g r a i n  i n t e r i o r ,  r F s u l t i n g  i n  p a r t i a l  
i n t e r g r a n u l a r  f r a c t u i - e .  I n t e r g r a n u l a r  f r a c t u r e  i s  seen o n l y  i n  s o w  a r e a s  
b u t  t h e  f r a c t u r e  mode i s  predoir i i  n a n t l y  t r a n s g r a n u l a r .  X--Ray m ic rocher r i i ca l  
a n a l y s i s  c o n d u c t e d  on t h e  f r a c t u r e  i n i t i a t i o n  s i t e s  o f  t h e  sairiples t e s t e d  
a t  e l e v a t e d  t m p e r a t u r c s  ( F i g u r e  10) shows c o n t a m i n a n t s  such  as Fe, C1, K ,  
C, 0 , and Na, s i m i l a r  t o  the samples t e s t e d  a t  room t e m p e r a t u r e .  
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F i g u r e  1. P l o t  o f  log tensi le  strength vs. l o g  stressing rate 
f o r  G'i'E SNW-1000 for 3 temperatures 
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Figure 3. Frsct.ut-e i n i t i a t i o n  s i t e  o f  a 
s a m p l e  t es ted  a t  300 " C  (7 .5  MPa/Min) 

F i g u r e  4. Frac ture  i n i t i a t i o n  s i t e  o f  a 
sample t e s t e d  a t  (300 " C  (2100 MPa/Min) 
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Figure 6. Fracture i n i t i a t j o n  s i t e  o f  a 
sample tested a t  1 1 C O  'C (2100 MPa/Min) 
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F i g u r e  7.  High m a g n i f i c a t i o n  image o f  a 
sample  tested a t  900 "C (2100 MPa/Min) 
showing t r a n s g r a n u l a r  f r a c t u w  iiiode 

F i g u r e  8. High m a g n i f i c a t i o n  image o f  a 
sample t e s t e d  a t  1100 " C  (7.SMFd/Min) 
showj ng t r a n s g r a n u l  a r  f r a o t u r e  mode 





S t a n d a r d  ...................... Tensile .... T e s t  Deve lopriient 
S .  M .  Wiederhorn, D .  F .  Carrol I - ,  ' r .  - , I .  Chuatig and D. E .  Kobelrts 
( Phe National. Inst i tute:  o f  Standards and Technology) 

Object ivz/scope .............. 

Thi.s p r o j e c t  i s  concerned wi.I-ih ilie developmen!z o f  test eq i r ipmcn t  
and test procedures  for ineasiit-ing the tens j.lc ,s i:t.ength and c r e e p  
res i . s tance  of ceramic mai:xz.ials t o  tensi.1-e ? t r e s s e s  a t  e l e v a t e d  
t impera tures  . Inexpezxive  technique,^ of measuring t h e  c reep  and 
st i -ength o f  trer,?mics a t  e l e v a t e d  temperatures  are be ing  developed and 
wi 1.1 he used co c11aract:erize the mechanical behavior  of s t r u c t u r a l  
ceramics .  The t e s t  methods w i l l  use  s e l f  a l i g n i n g  f i x t u r e s ,  a id  
s i m p l e  grindi.ng techniques f o r  specimen p r e p a r a t i o n .  Creep d a t a  
ob ta ined  w i t h  t e n s i l e  t e s t  techniques w i l l  be compared wi~ili d a t a  
obta ined  u s i n g  f l e x u r e  and compressive creep tcchni.quEs. ihe 
ultimate g o a l  o f  the  p r o j e c t  i.s io assisi: i n  tihe &vel-opment of a 
r e l i a b l e  d a t a  base  and a methodology t h a t  can he  used f o r  s t r u c t u r a l  
design of  h e s t  ei:gi.nns f o r  v e h i c u l a r  a p p l i c a i  i.ons . 

........ 

During the p a s t  6 inonths, t e i l s i j e  i e s i  cquipinenL w a s  c o n s t r u c t e d  t o  
coilduct c r e e p  tests a t  tem2eratures  as  h j g h  a9 1500°C. C i c c . p  
deformation i s  measured wi th  a l a s e r  extznsometer which f o l l o w s  t h e  
r e l a t i v e  d i s p l a c e n e r t  o f  tbro f l a E s  at idr .hed i o  i l l +  garge s e c t i o n  of 
each s p e c h e r :  D a t a  c o l l e c t  i n n  i s  cniitely automat ic ,  t h e  
displacenlents b p f n g  €nd i n t o  a personal  computer where they  are 
stored and then used t o  deterlnine c reep  curves f o r  the ~ ~ i a t e r i a  1 s 
being  s t u d i e d .  A d e t a i l e d  d e s c i i p t i o n  of tlie equipment i s  given 
lie low. 

Tensj ].e Creep Apparatus 

A schciiiaLic r e p r e s e n t a t i o n  o f  t h e  t t ?ns i le  c i ~ e p  . + p p ~ r n i  us i s 

shown i n  f i g u r e  1 .  The t e n s i l e  s p e c f ~ ~ ~ e i :  waq a [  ~ d ( h e d  t o  L V J ~  s i l i c o n  
c a r b i d e  loading  rods i n  a p i n  and c l e v i s  arranee,wrii using s i n t e r e d  
a lpha  s i l i c o n  c a r b i d e  p i n s  The s i l i c o n  carb ide  loading rods 
extended o u t  of t h e  furnace a:d were conn~cted v i a  s imple u n i v e r s a l  
joints t o  a n  a i l  p i s t o n  L I M L  dpplicd t h e  load  t o  the  specime,~ ( u p p e r  
r o d ) ,  and t o  a load  cc1 1 t h a t  monitored t h e  appLied load  o n  the 
specimen (lower rod)  . Using a n  o p t i  ~ a l  pyrometer ~ no i e l n p e r a t u i  r 
d i f f e r e n c e  was d2:ected ~i t h i  I L  tile zaug? s e c t i o n  o f  'die t e n s i l e  
specimcn ai Ltxrrrpcratures g r c n t p r  than  1100°C.  For  ease  o f  specimen 
l o a d i n g ,  a c l a m - s h e l l  furnace  was used i i r  t h e  c reep  a p p a i a t u i  
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F i g u r e  1. Schernat ic r e p r e s e n t a t i o n  of t he  tensile loading apparatus.  
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The t e n s i l e  specimen was f la t :  and dogbone-shaped w i t h  ho1 .e~  a t  
each end ( f i g u r e  2 )  s o  t h e  specimen could be pinned t o  t h e  load  
t r a i n .  Specimens w2re ground from a b lock  o f  ma1:erial wi th  t h e  same 
dimensions a s  t h e  length and widfh o f  t h e  tensi1.e specimen. The 
c r o s s - s e c t i o n  of t h e  hI.ock was reduced t o  t h a t  o f  [:he t e n s i l e  
specimen w-ith a shaped g r i n d i n g  wheel.  A t h i n  wafer ing b lade  then  
c u t  specimens from t h e  b lock  wi th  t h e  der;i.red t h i c h e s s .  

A f t e r  s l i c i n g  t h e  t e n s i l e  specimens from t h e  b l o c k ,  h o l e s  were 
machined i n t o  t h e  t e n s i l e  specimens.  Proper machining of t h e  h o l e s  
a long the c e n t e r - l i n e  o f  t h e  speci.men i s  e s s e n t i a l ,  s i n c e  alignmerit 
of t h e  specimen i s  c r i t i c a l l y  dependenl: on t h e  machining. I f  a 
m a t e r i a l  h a s  a h i g h  enough e l e c t r i c a l  c o n d u c t i v i t y ,  t h e  b e s t  
technique f o r  machining (;lie hoLes i s  wire EDM ( e l e c t r o - d i s c h a r g e  
machining).  When h o l e s  a r e  machined us ing  a wi.re EDPI, f i n i s h e d  
t e n s i l e  specimens can be made at approximately 3 t imes t h e  c o s t  of 
convent iona l  bend beam specimens.  However, when EDM cannot be used,  
specimen c o s t s  a r e  h i g h e r  s i n c e  more convent ionas g r i n d i n g  methods 
a r e  r e q u i r e d .  

Alignment 

One major concern i n  developing a t e n s i l e  c reep  appara tus  i.s the  
degree of a l ignment  of  t h e  t e n s i l e  specimen. An e x c e l l e n t  review 
paper by C h r i s t  and Swanson [ 11 i d e n t i f i e s  causes  o f  misalignment and 
g i v e s  examples of  methods t o  mini.mi.i-.e bending momenlrs in t roduced  by 
tile load  t r a i n .  A comimn source  o f  misalignment i n  tihe p i n  and 
cl-evis  c o n f i g u r a t i o n  occurs  when t h e  p i n  used t o  a t t a c h  t h e  t e n s i l e  
specimen t o  t h e  loading  r o d ,  does n o t  sit: proper ly  i n  t z h e  h o l e ,  b u t  
loads  on  t h e  edge o f  the specimen ( f i g u r e  3 3 ) .  
misalignment produces a bending moment about t h e  mi3jor f a c e  o f  t h e  
t e n s i l e  speci.men. To minimize this type of bending,  t h e  h o l e s  i n  t h e  
t e n s i l e  specimen a r e  t a p e r e d  s o  t h a t  I.oad i s  a p p l i e d  onLy t o  t h e  
c e n t e r  of  t h e  speci.men (fS.gure 310). A cone-shaped copper r o d ,  
diamond p a s t e ,  o i l  and a s l o w  speed d r i l l  p r e s s  are used t o  t a p e r  the 
h o l e s .  

t h e  accuracy w i t h  which t h e  h o l e s  a r e  machi-ned t o  t h e  c e n t e r l i n e  of 
t h e  specimen ( f i g u r e  3 c ) .  The a n a l y s i s  by C h r i s t  and Swanson [ I ]  w a s  
used t o  e s t i m a t e  the t o l e r a n c e s  needed i n  machining t h e  h o l e s  onto  
t h e  centt?r: .I ine.  I f  t h e  c e n t e r s  o f  t h e  h o l e s  were o f f s e t  from t h e  
c e n t e r l i n e  by 0 . 0 2 5  mm (0 .001 i n ) ,  a bending s t ress  equal. t o  
approximately 5% o f  the a p p l i e d  s t r e s s  wou1.d be in t roduced  i n t o  t h e  
gauge s e c t i o n  o f  t h e  speci-men. Although based on a s imple e1asti.c 
a n a l y s i s ,  thi.s c a l c u l a t i o n  i n d i c a t e s  t h e  machinine t o l e r a n c e s  needed 
t o  o b t a i n  good al ignment  i n  tile t e n s i l e  specimen. 

This  type of 

Alignment about: the minor f a c e  o f  i:he specimen i s  determined by 
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1 2 . 5  2 . 5  

F i g u r e  2 .  
specimen. 

The major and minor faces O €  the flat dogbone-shaped teasi1.e 
A 1 1  dimensions are in millimeters. 



420 

A> 8) e> 

F i g u r e  3.  
p i n  2nd Llevj s gripping techfiiqup. 

Coirinion sources  <a and c )  a i d  solutions ( b )  f o r  m i s a l i g m e n t  in the 
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The degree of alignment i n  the  t e n s i l e  specimen w a s  determined 
by measuring the e l a s t i c  s t r a i n  v a r i a t i o n  i n  the  ga.uge sec t ion  as a 
fi inction of appl ied  s t r e s s  a t  room temperature.  According t o  Chr is t  
and Swanson [ l ] ,  the  proper technique f o r  determining the  amount of 
bending i n  a gauge s e c t i o n  is t o  simultaneously measiire the  s t r a i n  
var ia t i -on  on a l l  four s i d e  o f  the gauge about t he  same perimeter  of 
the specimen. Due t o  the  small c ross - sec t iona l  a r ea  of  t h i s  
specimen, it w a s  no t  poss ib l e  t o  attac.h four  straim gauges 
simultaneously about the  same p e r h e t e r  . Therefore ,  t:he aligment 
w a s  determined by measuring the  s t r a i n  v a r i a t i o n  bct:ween opposi te  
faces  of the gauge s e c t i o n .  By w i n g  t h i s  technique, the amount o f  
bending about the  major and minor faces  of the t e n s i l e  specimen were 
determined as a func t ion  of  appl ied  load.  

Figure 4 represents  the s t r a i n  v a r i a t i o n  about t he  major and 
mihor faces of  a t y p i c a l  t e n s i l e  specimen as a func t ion  o f  appl ied 
stress. The percent  elastic bending w a s  ca l cu la t ed  accord ing  to: 

x 100 (1) 
E ,  - E ,  

% bending = 
€ 0  

where is  the  e l a s t i c  straixi measured from one face of the  gauge 
s e c t i o n ,  e z  i s  the  e l a s t i c  s t r a i n  measured f r o m  the opposi te  face  and  
e o  is  the  average s t r a i n  det:ermined lay ( r l  + c 2 ) / 2 .  

found t o  decrease from approximately 3 , 3 %  a t  1 2 . 5  MPa t o  1 .0% a t  50 
MPa. Higher stresses were not  appl ied  t o  the specimen f o r  fear  of 
b r i t t l e  f r a c t u r e  a t  room temperature.  Typ ica l . l y ,  t i h e  stresses used 
i n  the  creep tes ts  were approximate1.y 75 t o  325 &Pa. I f  %he bending 
d a t a  a r e  ex t r apo la t ed  t o  these s t r e s s  levels bending about the  maj o:r 
face  shouLd be l e s s  than  1%. This  r e s u l t  shows that.  good alipnnerit  
can be obtained about the  major face  of the t e n s i l e  specimen, by 
us ing  the  tapered h o l e  arrangement shown i n  f i g u r e  3b. 

The percent  bending about the  minor face  o f  t he  specimen was 
a l s o  found t o  decrease from a l eve l  of approximately 4 . 2 %  a t  1 2 . 5  PXPa 
t o  2 . Q %  a t  50 HPa. I f  t hese  r e s u l t s  are extxapolatcd t o  the  S ~ T ~ S S F S  

used i n  the  creep s t u d i e s ,  the e l a s t i c  bending about the mi.nos f a c e  
o f  t he  specimen should be less than 2 .8%,  These resu1.t:: show t h a t  
good alignment can be obtained i n  the m i t i o r  face o f  the specimen if 
proper care is taken t o  machine the holes as close t o  t he  center1.ine 
as poss ib l e .  

Although e las t ic  s t ra in  gauge r e s u l t s  i nd ica t e  good alignment a t  
room ;eemperature, bending could s t i l l  be introduced . in to  tilie specimen 
i f  the  upper Loading rod e x h i b i t s  an o f f - a x i s  t r a n s l a t i o n  during 
deformation. Even though displacement-s o f  t s h e  upper loading rod 
during the  creep test  were siiial.1. (<0.2 mm), it: was s t i l l  necessary t o  
check the curva ture  of t:he specimen a f t e r  deformation t o  ensure tAat 
al.ip,nment w a s  maintained arid t h a t  bending due t o  o f f - a x i s  translat:ion 

The percent  bendf.ng about: the major face of the specimen w a s  
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F i g u r e  A .  
of a t e n s i l e  specimen w i t h  t a p o r s d  h o l e s ,  as a funct.iora o f  a p p l i e d  stress. 

‘The p e r c e n t  e l a s t i c  bending  abou t  the major ( 0 )  and i,iiiior ( 
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w a s  not introduced i n t o  the  specimen. The curvature of: t h  deformed 
~rensj.1.e specimens w a s  measured using a profilometer device developed 
by Jakus e t  al. [ 2 ] .  This device consis ted of an LVDT thnl: was 
systematfcal ly  dragged across  the  face of the  t e n s i l e  speclinen. Any 
curvature  i n  the  speciiiien was recorded as  a pos i t i ve  o r  negative 
displacement by the LVDT. A computer was then used t o  ca l cu la t e  the 
curvature  of the  specimen from the displacement da ta  as a funct ion o f  
dis tance  along the  gauge sect.ion, 'This equ:i.pment w a s  capab1.e of  
measuring surface displacements over distances  o f  50 m n  t:o a19. 
accuracy o f  1 micron. 

and a f t e r  deformation a r e  shown i n  f igure  5a and 5b ( s o l t d  l i n e ) ,  
respect ive1y. l   or tale as-machined specimen ( f igure  5a), the 
curvature w a s  e s s e n t i a l l y  zero with only sllght var i a t ions  with 
posi. t ion on the specimen. 'plhc: var i a t ion  i t n  curvature along [:he gauge 
sec t ion  w a s  a consequence sf surface roughcness from the rrtach i.riirig 
process I After  defarmation t o  a creep s t r a i n  o f  ayproximaLeLy 0 .25%,  
there  was l i t t l e  change i n  the overalL curvature of the gauge sec t ion  
( f igure  50, s o l i d  l i n e )  . 
sec t ion ,  approximately 0 .06  m - '  ( radius  o f  17 m > ,  can be used t o  
ca l cu la t e  a strain clue t o  bending of ==2-3% o f  the t o t a l  measured 
s t r a i n .  These resnlts confirm I;ht aligninent; i n  the specimen w a s  
maintained during deformation arid t h a t  any effect: ;  o f  off-a.x.i.:; 
t r a n s l a t i o n  o f  the upper loading rod were minimal. Similar curvature 
r e s u l t s  were obtained f o r  the minor face of the tensile specimen. 

For comparison, the curvature of a specimen without. tapered 
iioles is shown i n  f igu re  50 (d.ashed l i n e ) .  Those resul ts  ind ica te  
the  dramatic improvement t h a t  can be obtained i n  alignment when 
tapered holes  a r e  used. The i n i t i a l  curvature of this specimen 
before deformation w a s  similar t o  t h a t  shown i.n f igure  5a.  After  
deformation t o  a strai .n of O . S % ,  p a r t  o f  the gauge sect.:i.on exhib i ted  
A negati.ve curvature  of approximately - 0 . 3 3  m- (ractins o-E - 3  m> 
while another p a r t  of  the speciineri exhibit:ed a pos i t i ve  curvature of 
approximately 0 "  33 rn-' ( radius  of 3 m) . 
the specimen was deformed in to  a "s" shape. Assumi.ng t h e  spec  ihen 
had a uniform rad ius  of curvature o f  3 m ,  the specimen exhibi ted a 
bending s t ra in  equal t o  approximately 8 t o  10% of  the t o t a l  measured 
cre.ep s t r a i n .  Based on these r e s u l t s ,  specimen alignment i s  
s i g n i f i c a n t l y  improved by using the  tapered holes  s h o w n  i n  f igure  3b. 

The curvature  along the major  face of  a t e n s i l e  specimen before 

The  max-f.mi*m curvat.ure along the gange 

This r e s u l t  indicated t h a t  

1 The curvature  r e s u l t s  were expressed i n  teriiis o f  ( l / r )  where I i s  the 
ca lcu la ted  rad ius  of curvature .  In t h i s  no ta t ion ,  a per fec t ly  f l a t  
specimen (I-) would have a curvature of 0 m-'. 
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F i g u r e  5 .  
As-machined  s p c c i m e n .  
cr-ecp s t r a i n  of O.?.<% (solid l i n e ) .  
at- i303"C t.o a crc'ep s t r a i n  of 0.5% ( d a s h e d  line). 

C u r v a t u r e  o f  a tensile spec i rnen  b e f o r e  and a f t e r  d e f o r m a t i o n .  A )  

~pecincn w i t h o u t  t a p c r c d  holes ~ieforn~ri 
B )  Spec imen w i t ! )  :apert>d h o l e s  dc fo rmr?d  at 1300°C to a 
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creep Me iis c1r eme n t 

Creep deformati.on w a s  measured continuously us ing  a l a s e r  
extensometer.  I n  t:h-i.s technique,  the  gauge length o f  the  speci.inen 
w a s  i n a d d  wi th  a s e t  o f  a lpha si.1.i.con carb ide  f l a g s  a t tached  t o  the 
gauge sc:c:tian [ 21 . 
fl.ags used to mark the  gauge sec.t iori  o f  the speci.1ne.n. The  f l a g s  were 
made hy c u t t i n g  an angled s l o t  at one e ~ i d  of a .r-c?ctxingul.nr piece  of 
a lpha s i l i c o n  ca rb ide ,  s i r i t h  an opening about t:he s i z e  of t:Pie specimen 
c r o s s - s e c t i o n .  The s l o t t e d  end o f  the f l a g  was Lhcm. placed a r o u n d  
the gauge secti.on of  the specimen. 
p r o p e r l y ,  f r i c t i o n a l .  f o r c e s  held the f l a g s  t o  
the  specimen. As seen i n  f i gu re  6 ,  fl2gs contacted the  specimen 
a long  t w o  l . ines ,  Eorrn-i.ng a wel l  defined gauge l ength .  A room 
temperatuxe cement was t;hen used t:o secure  the fl .ags to the gauge 
s e c t i - u n ,  so  the  s p e c h e n  could be p laced  i n t o  the  furnace wi.t:liout 
distux:bi.ng the  p o s i f i o n  of the. f 1 . a ~ ~ .  During fi.irnace heat-up I the 
cement burned  o f f  leaving the  f l a g s  he ld  i n  pl.zce by f r i c t i o n .  A t  
eLevated ixmperat:uares, nsidati-o-n secured the f l a g s  f i rmly  t o  t h e  

Figure 6 i s  a schr?inat%c rep resen ta t ion  o f  the 

If the f l a p  were machj.ric?tl. 
the gauge secti-on o f  

gauge seellion. 
The l a s e r  extensometer cons is ted  of a detrector and a HeNe l a s e r  (<1 

mW) t h a t  scanned i n  R v e r t i c a l  l i n e  over 150 times p e r  s e c o n d .  The 
l a s e r  w a s  d i r ec t ed  through a window of the  f u x t i a c e  t:oward Lhe gaqge 
s e c t i o n  o f  t he  specimen ( f igu re  7 ) .  The t w o  a.lplia s i l i c o n  carbide 
f l a g s  i n t e r r u p t e d  the v e r t i c a l  s c a n  as the beam passed through 
a n o t t i e r  w i-ridow o f  t he  furnace loca ted  d i r e c t l y  behind the specimen, 
A detect:or received t 5 e  verti-cnl s c a n  from the furnace and sensed the  
in te r rupt : i .un  of  the 1.aser by the f l a g s  , thus measuring the gauge 
length  of tihe specimen. By imsi.ng a comput:er ~ the laser extzensometes 
recorded the movement: of the  f l a g s  a:; (I funct:i.ori o f  t ime. ' h e  
accuracy o f  the l a s e r  extensometer f o r  measeirements at: room 
temperature i s  b e t t e r  than 1 2  p m .  Both the  l a s e r  and de tec to r  wese 
p r o t e c t e d  from the h e a t  o f  the furnace by water-cooled p l a t e s ,  which 
were at;t-ached t o  Chc? f r o n t  of each u n i t  and extended t o  and contac ted  
the  windows o f  the furnace. A s1.c.t: w a s  c u t  :i.rit:o each p l a t e  j u s t  wi .de  
enoup;li t o  permi.k passage o f  the  l a s e r  beam. 

A major prob1.en-i with l a s e r  extensometry a t  high temperatures i s  
a i r  dc.nsi.ty fluct:iiatiion!; in the l i g h t  p a t h  O F  the I~nser beam. Since 
the i.ndex of  r e f r a c t i o n  o f  a i r  depends on i t s  densi- ty ,  such 
f lucti-1ation.s lead t o  small random var i a t ions  i n  t:he ineasured 
disp1.acerneG.t of  the f l a g s  durin-g c reep .  Such tlensi.ty fLiictuat.i.oris 
a r e  the r e s u l t  of convection cu r ren t s  e i t h e r  i n s ide  o r  out .s ide o f  the 
fu rnace .  'T'o use 1.a.set: extensorlietry as a method o f  measurement a t  

Model 1102 Laser Dimension Sensor and Model 1100 MuItidimcnsionaI 
Processor ,  Zygo Corporat ion,  Middl e f i e l d ,  CT 
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FLAGS 

F i g u r e  6 .  Schematic  r e p r e s e n t a t i o n  of t h e  f l a g s  used i n  creep measurement 
technique.  The f l a g s  were a t t a c h e d  t o  t h e  gauge sec t ion  of  t h e  specimen. The 
f l a g s  c o n t a c t  t h e  specimen along two l i n e s ,  forming a w e l l  dcEined gauge 
l e n g t h .  I d e a  of f l a g s  o r i g i n a t e d  by Chuck [ 1 5 ] .  
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F i g u r e  7 .  Schematic r ep resen ta t ion  of t h e  laser extensometer used for 
nieasuring creep deformation. 
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e l e v a t e d  temp t u r e s ,  t h e s e  f l u c t u a t i o n s  have t u  be minimized s o  
t h a t  smal.1 amounts of c reep  deforination can be d e t e c t e d .  

p r e s e n t  s t u d y .  Known as t h e  chimney e f f e c ' i ,  t h e  fl~irst source was 
caused by a i r  seepage around t h e  1-oading rods a t  t h e i r  p o i n t  o f  e n t r y  
i n t o  t h e  f u r n a c e .  This  source o f  convect ion cuSSCr,t:j r e s u l t e d  i n  
r a p i d  a i r  d e n s i t y  changes w i t h i n  t h c  f i l r n a c e ' s  h o t  zone. The e r r o r  
a s s o c i a t e d  wi.th t h i s  r a p i d  change i n  a i r  d e n s i t y  can be iilinimized by 
averaging  s e v e r a l  readiirgs t o g e t h e r  f o r  a singlle displaceinent 
measurement. Since t h e  l .aser e x t e n s o n a t s r  cazl scan  150 times p e r  
second,  mar?y r e a d i n g s  can be e a s i l y  averaged over  a s h o r t  p e r i o d  o f  
t i m e .  F igure 8 shows a n  exampl-e o f  how averaging  can e l i m i n a t e  e r r o r  
cause? by convec t ion  c u r r e n t s  f o r  a specimen t e s t e d  a t  1300°C under 
zero a p p l i e d  l o a d . 3  
o f  1 minute .  The f i r s t  s e t  of rendiiigs (open c i r c l e s )  r e p r e s e n t s  
measurements based upon an average of 10 s c a n s ,  whereas t h e  second 
s e t  o f  readi-ngs ( s o l i d  c i r c l e s )  r e p r e s e n t s  measurements based  upon an  
average of 1 , 0 0 0  s c a n s .  For t h e  readings  based upon 10 s c a n s ,  t h e  
mcasuremenis recordect a t  one second i n t e r v a l s  v a r i e d  by 0 . 0 2 5  mm (25 
pm) from A 1.ow of 14.495 mm t o  a high o f  15.020 mm. Even i:hough 
t.hese measuremenks were based on  an average of 10 s c a n s ,  v a r i a t i o n s  
s t i l l .  occur red  because the  averaging  t i m e  (-0.07 s e c )  was s h o r t  
compared to the  per iod  o f  f l u c t u a t i o n s .  The ineasureineiits based upon 
1 ,000  scans  (averaging  t h e  :=7 sec) reinained c o n s t a n t  a t  15 .011  mm 
and d i d  n o t  vary  w i t h i n  t h e  one minute p e r i o d .  These measurements 
remained c o n s t a n t  because ( I h t ?  averagi~ng t i m e  ('7 s e c )  was long 
compared to the p e r i o d  of  f l u c t u a t i o n s ,  thus  a l lowing  t h e  e f f e c t s  o f  
random f l u c t u a t i o n s  t:o be averaged o u t .  'These r c s u l  t s  clear1.y show 
thai: by averagj-ng a s u f f i c i e n t  riuinber o f  r e a d i n g s ,  t.l-ie f l u c t u a t i o n s  
i n  measurement: caused by t h e  chimney e f f e c t  can be c1.i.minated f o r  
s h o r t  p e r i o d s  o f  rime (ger ie ra i ly  f o r  per lods  o f  I t o  3 m i n u t e s ) .  

source  o f  thermal  f l u c t u a t i o n s  w a s  Eound t o  a f f e c t  t h e  re;ldings.  
This secotid source  is  important  f o r  creep t e s t s  t h a t  las t :  f o r  
hundreds o f  h o u r s .  Figure 9 summarizes measuremenis taken on a 
specimen under zero  a p p l i e d  load  a t  temperatures  o f  600,  950 and 

Two major sources  o f  thermal- f l u c t u a t i o n  were impor t an t  i n  the 

Two d i f f e r e n t  readings  were taken over a p e r i o d  

I f  t es t s  a r e  conducted f o r  longer  per iods  o f  t i m e ,  another  

~n t h e s e  r e s u l t s ,  t h e  furnace  w a s  n o t  p r o p e r l y  i n s u l a i x d  to reduce 
t h e  chimney e f f c c i  . This  s e t u p  was i n t e n r i o n a l  t o  produce a furnace  
environment t h a t  r e s u l t e d  i n  l a i g e  displacement  v a r j a t i o n s .  I n  a normal c reep  
t e s t ,  t h e  furnace  i s  i r i su la ted  t o  reduce t h e  chimney e f f e c t  s o  t h a t  
displacement  measurements based upon an  average o f  10 scans would n o t  v a r y  by 
more than  +7 microns over  a one  minute p e r i o d .  
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15.035 

I I 

F i g u r e  8 .  
specimen a t  1300°C unde r  z e r o  applied l o a d  ( 0 )  measuxemerlts averaged ov{?r 10 
scclns, (8) measurements averaged over 1,000 s c a n s ) .  

Gauge 1-engtl? measurements t a k e n  ove r  a uIIe I I I ~ I ~ U ~ ~ ?  period f o r  a 
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F i g u r e  9 .  
one hour  i n t e r v a l s  over a twenty hour p e r i o d .  
a v e r a g e  of 1 ,020  s c a n s .  
due t o  long t e r m  changes i n  t h e  a i r  d e n s i t y  n e a r  t h e  windows of t h e  f u r n a c e ,  
and a long  t h e  channel  l e a d i n g  froiii t h e  h o t  zone t o  t h e  windows and EL-CJITI t h e  
windows t o  t h e  laser and d e t e c t o r  p o r t s .  

Gauge l e n g t h  measurements as a f u n c t i o n  of tempera ture ,  t a k e n  a t  
Measurements based upon an 

F l u c t u a t i o n s  i n  r e a d i n g s  aL h i g h e r  tempera tures  were 
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F igure  10. 
t h e  temperature  g r a d i e n t  ac ross  t h e  faces of the windows arid by r e s t r i c t i n g  
t h e  width of the channels  lead ing  from t h e  h o t  zone t o  t h e  windows and from 
the windows t o  the lases and d e t e c t o r  p o r t s .  
over  a 90 hour per iod  f o r  a specimen under zero  applied load .  
measurement w a s  an average of 1,020 scans .  The scatter i n  oieasurements during 
t h i s  time frame is less than 22 pm. 

Gauge l e n g t h  measurements after fu rnace  w a s  modified t o  minimize 

Measurements taken  at 1300°C 
Each 



1300°C. Measurements were Laken a t  one hour i n t e r v a l s  over  
zpproximat::Ly a twenty hour p e r i o d .  
ari average o f  1 , 0 2 0  s c a n s .  A t  600"C, t h e  readings  Were r e l a t i v e l y  
c o n s t a n t  f o r  t h e  entire twenty hour p e r i o d .  A s  t-he temperature  W ~ S  

i n c r e a s e d  t o  950"C, tiic readings  began t o  fluctuate wi th  a sca t te r  o f  
approximately k.3 p m  . A t  1300"C,  t h e  readi.ngs were found t o  
f l u c t u a t e  over  d 42 pm range f o r  t h e  twenty hour p e r i o d .  

This  s c a t t e r  was too  l a r g e  f o r  1.aser extensornetry t o  be an  
e f f e c t i v e  t o o l  f o r  s t r a i n  measureilier:t ais e l e v a t e d  temperatxres  . This  
e r r o r  w a s  i ? o ~  due t o  r a p i d  changes i n  t h e  a i r  de t i s i t y  wi'iliin t h e  h o t  
zone o f  t h e  F u n a c e ,  b u t  t o  l~orig term changes i n  irhe ai.r d e n s i t y  n e a r  
t h e  furiiace windows. Fluctuat:ions i n  t h e  readiiigs weie reduced 
s i  gri i - f i c a n t l y  by ininiririzi ng the temperature  g r a d i e n t  a c r o s s  t h e  f a c e s  
o f  thc windows, and by r e s t r i c t i n g  the width o f  t h e  channel  lending  
f r o i i i  t he  h o t  zone t o  t h e  windows and from t h e  windows t o  che laser 
and d e t e c t o r  p o r t s .  I f  t h e  windows and channels  were proper ly  
i -nsu la ted ,  a v e r y  stab1.e reading could be obta ined  f o r  1.ong p e r i o d s  
of t tme.  F igure  10 shows t h e  s tab i l - i t -y  t h a t  can be obta ined  i n  
measurements over  a =90 hour  per i -od for a specimeil under z e r o  a p p l i e d  
load  a t  1 3 0 0 ° C .  The s c a t t e r  i.n the  measurements dur ing  t h i s  t ime 
frame were found to  be l e s s  t h a n  f 3 .  pm. 

i f  p r o p e r  c a r e  i s  taken  to i n s u l a t e  t h e  f u r n a c e ,  t h e  l a s e r  
exten::omei:er is  a good tec:hnique f o r  riic;+suring creep  deforiiiat i o n ,  
Figure 11 is  an example o f  a typical-  c reep  curve obta ined  Lor a 
si.1.iconized s i l i ~ c o r l  c a r b i d e  a t  1300°C under an a p p l i e d  s t . rcss  of 100 
MPa t h a t  w a s  i i i t x r r u p t e d  a f t e r  approximately 100 h o u r s .  Each 
displacement  meii:;iirement was an average of 25 ,500  s c a n s .  

Each h o u r l y  r e a d i n g  r e p r e s e n t e d  

Summary 

A tec l in i ipc  f o r  measuring t e n s i l e  c reep  deformation o f  ceramic 
m a t e r i a l s  up to temperatures  o f  1500°C h2s been developed.  The 
t e n s i l e  c reep  a p p a r a t u s  i.s based upon a p i n  and c l e v i s  arrangement t o  
a t t a c h  a f l a t  dogbone-shaped specimerr t o   he load t ra l .n .  Good 
al.ignment i s  obta ined  i n  t h e  t e n s i l e  specimen through c a r e f u l  
machining and i:aperi.ng o f  t h e  specimen h o l e s .  
bending was found t o  be l e s s  than 1% and 2 %  about_ +_he major and m i n o r  
f a c e s  of t h e  specimen, r e s p e c t i v e l y .  Creep deformati.ori i s  measured 
cont inuous ly  u s i n g  a non-contac t ing  s tx'ain measurement system that: 
u t i l i z e d  a l a s e r  extensometer and a s e t  of a l p h a  s i l i c o n  c a r b i d e  
f l a g s  a t t a c h e d  t o  t h e  gauge s e c t i o n  o f  t h e  .specimen. 

The percelnt e L a s t i c  

I n  t h e s e  r e s u l t s ,  the  furnace  w a s  i n s u l a t e d  t u  iiiiliimize t h e  thriindl 
f l u c t u a t i o n s  cau7ed by t h e  chiinney e f f e c t .  
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Figure 11. T y p i c a l  displacement versus  t i m e  curve obtained with t he  laser 
ex tensomete r  f o r  a specimen deformed a t  1300°C under appI.ied stress of 100 
MPa,  Each displar:einent-. iiieasiirement w a s  an average of 25 ,500  scans. 
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- Engineering Foundation _-... ConSerencS 

In addition to the above work on the tensi.1.e test apparatus, a 
technical conference on the subject.  Structural Ceramics .- Science and 
Technology is bei.ng organized under the auspices of the Department of 
Energy and the Engineering Foundation, an organization that con;ucts 
meetings that are less formal in structure than the normal engineering 
meetings held on this subject. It is our p l a n  to invite a series of 
speakers from industry and academia to exchange ideas on progress in the 
f i e l d  o t  structural. ceramics. Plans c a l l  for 2 to 3 talks in the morning 
and 71 to 3 in the evening on various subjects of importance to the fie1.d 
of structural ceramics. Each talk will be fo l lowed  by a discuss i .on ,  wi.t:E-1 
15 to 30 minutes allotted to each speaker. In this way, the meeting will 
be structured to maximize discussion after each talk. There will. be no 
written proceedings of the meeting. 

The rrrcrtjng will be held on March 12-17, 1989 at the Sheraton Palm Coast 
Resort, P a l m  Coast, k l o r i d a ,  'Topics to be covered at the meeting will 
inrliade: 

Reliability and . ̂. . Structural Bes5gra ( A . G .  Evans, Universi-ty of California; 
Leona-cd Lindgren , A l l -  ison Gas 'Turhi ne Operations) 

Fatigue of Ceramics--(Rob Ritchie, University of California; Ken Liu, High 
Temperature Materials Laboratory) 

Hrractu _.. ... (R . S te ihbrecln, Univcrs i t a t  Dortmund) 

Turbi.ne &g&nes(Gene H e l m s ,  Allison) 

D i e s e l  Engines (Tom Yunoshonis, Cummins Engine Co.; C . L .  Quackenbush, 
Norton Co.) 

Turbo-Cbrgers (Craig Baker, Garrett) 

HighsTemperature .TksTk(blcolm S .  Loveday, National Physical 
Laboratory; Mattison K. Ferber, High Temperature Materials Laboratory; 
Daniel F. Carroll, Dow Chemical Corp . )  

Composite Mlateria'hs (David Marshall, Hockwell  Science Centvr; Paul 
Hecher-, H j  gh Temperature Materials Laboratory) 

____..--. Nsn--hide Cerami.cs-(Mike Lewis, University of Warwick; Arvid Pasto, GTE) 

High - ._ -.. . .. Tcmpera tu re -g -ege  m d  Strecgth Loss (David Wilkinson, McMaster 
University; Georg Grathwohl, Universitiit Karlsruhe;  Karl Jakus, 
University of Massachusetts). 
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S ta tus  of milestones 

341301 This milestone has been completed. A paper on the  creep 
t;echni que us ing  Laser measurements a t  e lcva ted  temperatures has 
been submitted t o  the  Journa l  o f  the  American Ceramic Society f o r  
pub1 icai t ian.  

A l l  o the r  milestones a r e  on  schedule (34102-34105) 

ml i c a t  i ons 

1. T .  - J .  Chuang and S . M ,  Wiederhorn, "Damage-Enhanced Creep i n  a 
S i 1  icor i ized  S i l i c o n  Carbide: Mechanics o f  Deformat;ion, J .  Am.  
Ceram. S O C .  71, 595-601 (1988). 

2 .  S.M. Wiederhorn, D.E. Roberts,  T . - J .  Chunng and L Chuck, 
"Damage Enhanced Creep i n  a S i l i con ized  S i l i c o n  
Carbide:Phenomenology," J .  Ami. Ceram. S O C .  7l, 602-608 ( 1 7 8 8 ) .  

3 .  D.F.  C a r r o l l  and S .I+. Wiederhorn, "A Technique for Tensile 
Creep Test ihg  o f  Ceramics, J .  Am. Ceram. Soc. I Submitted 

4 .  T . - J . Chuarig , D . F . Car ro l l  and S M .  Wiederhorn, "Creep Rupture 
of  a Metal-Ceramic P a r t i c u l a t e  Composi.t:e, '' Seventh 
Internati.onaL Conference on Frac ture  Accepted. 

5 .  S . M .  Wiederhorn, "Design O €  Advanced Ceramics f o r  Creep 
Res is tance ,  " Transact ions o f  the Canadian C o m ~ c  i 1. on  Advanced 
Ceramics, D e s i K n  w i t t i  Ene;ineered Ceramics, he ld  Phy 2 6 - 2 7 ,  
1988, Toronto,  Canada, t o  be published as  p a r t  o f  the 
proceedings of the Conference. 
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The goa! of this piogram is to develop the scientific base and technology required to 
obtain the fracture toughness of thin coalii79s from microindentation. 

I niroduct ion 

Microindentation fracture measuremiats have been 3 iopic d i  interest since the mid 
1390's. r'echniqws involving microindentation fracture have been developed to 
detsrmine the fracture toughness of brittle matcrials. Thc process of determining t he  
fracture toiighncss for a bt ittle material involves meawren-lent Of the crack lengths 
created by applying a load Eo an indenier of of kriowi: geometry. Common indenters 
include the Vicker's diamond pyramid indefiler, the Knooy indmler arid various baii arid 
conical indenters. The crack length and other parameters such as hardness and Young's 
modulus are then formulated to deterrnii-ic the fracture tocigiintlss. 

There are many factors that influence dekri77iiiatinn of thc fracture totighness 
pararnc!er. The magnitude of thz applied load cat? chanqe the stress state and cause 
different cracking systems to operate. I t  is the stress state in ihe naater;aI which 
governs tho cracking system and determines ths final crack length. Tcsi sraviroili-lent and 
the materials surface finish may also bias the final results. 

importance to constructing an acclrrate model depicting this eveni. This entails knowing 
which type of cracking system is active at a padicular stress level. R stress field can be 
generated either by an applied load or by residcral stresses resulting from the 
elastic/gldstic zone. Much of the literature tliscusses the various types of cracks that 
may accompany indentation types of tests. However few authors have gone beyond 
empirical formulations which are used in dctrrmine the fracture toughness parameter. 

Understanding fhc compleIe rnicroindmta!ion fracture procsss is of prinre 

There hds  GEE^ some confusion among the vaiiniis investigators concerning - nomenclature of the cracking process. I nerefore, the various crack typos will be 
described. Dut ing the itidenlation process, a! elasiiciplastic zone is procit~ed. The 
stresses accompanying this zone during Ioadiiq and unloading are responsible for the 
three basic types of cracks associated wifk rriicroinde!M~tion fraciinre. The radial and 
lateral cracks are shown in Figure 1, whereas Figure 2 depicts the median crack. Whec 
the sample is viewed normal to the surface, the radial and median cracks have sirnikr 
appearances. 
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Figure 1 : Geometries of ra ial and lateral cracks after a 
Vickers indentation. 

Figure 2: Geornet of a median crack aRer a 
Vicker's indeii tation. 

Radial Cracks 

The radial crack, sometimes referred ia as the alqvisl crack, is a near surface 
crack3. It is often confused with the median crack because 0 5  the similar surface trace 
geometries. Early work by Lawn and Marshall1 considered radiai cracks as either 
mature median cracks or surface cracks initiating from iar e surface flaws. By 
comparison of the initiation site and geometries of the radial crack to that of the median 
crack, if: is obvious that they ar8 of different ar igm. 

During loading, the radial crack is the first tu initiate4p5. The initiation site is 
reported as either the e l ~ s ~ i c / ~ ~ ~ s ~ i c  b ~ ~ n ~ a ~ ~  near the surface or at a surface flaw'. By 
examining the magnitude of the stress fields Perroit' concluded that t h e  Miation site is 
in the plastic zone. Haranoh et aI.6 conjectured that radial cracks initiate at surface 
flaws. They introduced different sized surface flaws by varying the materials surface 
finish. The applied loads for radial crack initiation were then relate to the surface flaw 
size. They reparted that the chemically-toughened specimens showed no radial cracks 





ial cracks. The difference bet 
Baing such a close match bet 

een the two expressions js k b ~  constant k2. By 
en ?he derived equation and the  empirical equation, 

~ ~ ~ Q r ~ ~ i ~ ~ J  credibili is given to t h e  original equations. 

The median crack has been fire most wi ely studied of the three cracks11T12. ~ h s  
stresses associated with a. median crack are similar bo those of the radial crack. 
However, instead of the residual force axhibitin 
tensile force occurs during the maximum load’ ically the loads for 
initiatiori are two to three Q F ~ W S  of magnitude higher than that for !he 
initiation.  awn et a!nlplo have ~iste~rli a chain of events for the ~~~~~~~~~~ 

median cracks. They describe f h ~ :  ~ ~ ~ ~ ~ i a ~ ~ ~ ~  by the typ! 
fracture mechanics. Once a crttical stress level is rea 
~ ~ ~ n ~ - s ~ ~ ~ ~ e ~  crack. This event c ~ ~ ~ ~ ~ o n ~ ~  occurs bels 

a? peak tensile force, the largest 

”’yield coe3troI” D-mdel af 
a sub-surface flaw i 

e indenter at 11-m pt3in-B 

the major Vicker‘s diagonak. Once the crack intersecis the 
a half penny ~ o ~ ~ ~ ~ ~ ~ a ~ i o ~ ~  by conPinua% growth ~~~~~~~~~~ 

into the bulk and outward along the surfac ’$4. Depending earl the residual sPress fie1 
during emloadivg, the median cracks may ither Start to ClOS@ O I  CQglEir2Ue to WPOW. 

always propagate to Bu extension during Isadirig. i ey sroted that the mediaP cracks 
extended fully down in the sample during loading lid they extended ou9vmd during 
u ~ l o a d ~ n ~  to reveal the fully dev 
residual stresses that way exist 

The loads required for me 
for radial cracking. The literature has not addressed the reasons for !he two to tkiree 
orders of magnitude difference between I 
cracks. However, it is assumed that the 
near surface are much greater than fh~se below the indenter due to 

Marshall and ~ a w n l 4  have obscwed in soda lime glass that rncciim cracks did not 

ped median silrfaee trace. This is an ~~~~i~~~~~~ of the 
ring and after unloading. 
crack ~ ~ ~ ~ ~ ~ ~ i 0 r ~  are much darger than those required 

required 4s initiate the radial and median 
ses  tin^ 10 cra ~ ~ ~ ~ ~ a ~ i ~ n  air the 

j ~ ~ r ~ ~ ~ ~ ~ ~ ~ .  

Lateral Cracks 

Lateral cracks have been the  least studi of the three crack sysrierns; ~ ~ ~ ~ ~ e r ~  they 
reral liractura in brittle materials can 

ay an important role in material removal due Io solid particle ~ F O S ~ O I P  or abrasive 
ear. 

are important in tribological a ~ ~ ~ i c ~ ~ ~ ~ ~ ~ .  

The potential volume renioval due to an i ~ ~ ~ ~ ~ ~ ~ ~ g  partic 
geometry. Marshall et al-15 modeled the material sernnval as 

where G = crack radius 

Most investigators’ 
h = crack initiation depth. 

agree that lateral crack propagation is due tu the residiial 
stress that develops during indenter removal. The residual stresses are ccealed by t 
elastic/plastic zone that is produced during loading. The relaxation of %Re elastic pe 
of the zone during unlo ding causes a mismatch in the erial and hence a residual 
tensile stress. Lawn an Swain1 0 modeled the plastic z 
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1 

where P .= load 
po mean contx t  pressure 
p i-- constant determined by indenter gcametry 
a = radibis of piastic zorie. 

With the crack initiation site at the elasticiplastic interface, the crack depth h can 
be represented by the parameter a The v~l i i rne removal then tmornes 

Lawn and Marshall1 have reviewed some of the techniques that are used in inodeling 
the propagation of R lateral crack. Their findings lead to the conclusion that niany 
workers try to oversimplify thc indenialion inodel and consider i? to be an expanding 
cavity in an infinite elasticlplastic medium. The expanding cavity model is not valid in 
this particular situation becauso of the presence of t h e  free suiiace. The interaction of 
the free surface with file crack tends to cause the crack to depC,it from it's spherical 
symmetry and to grow towards the suiface. Chiang et al examined Johnson's resultsl8 
obtained by replacing the expanding Caviiy solution with an incompressible hydrostatic 
core beneath Ihe iride!itation. This reprcsenZaiion helped establish relations between the 
plasiic zone, indentation prcssure, indenier angle, hardness and Young's niodulus. 
However, Jotmson's model rcsiricted the siTc of the core to that of the inderitation radius 
and also neglected the e f i ~ l s  of the free silrface. I he cxpecimerital results of Chiang et 
al have shown that the indenintion pressure is insensitive to a wide variation sf indenter 
geometry. This is attributed to the mitirilt-ii work hardening exhibited by the materials 
studied. The work hardening hypothesis assilrncs that the indentation volume is 
responsible for the plastic zone volume. The authois state that the plastic zone exhibits 
spherica! symmetry regardless of indenter shape. 

interface beneath the Indenterl7 just prior io complete indenter removal1 12. Hayan and 
Swain' spculate that lateral crack initiation could be due to shear deformation. In a 
glass syslcm, deforrndliori of the lattice can cause aioniic; bonds to break and degenerate 
into shear cracks. The shear cracks are thought to initiate at the highly strained regions 
beneath the indenter which then propagate in a direction parallel to the surface. The 
path the crack travels is along the tensrie stress trajeciories and which helps to 
minimize the number of covalent bonds btoken. 

- 

Lateral cracking is frequently ohserved to initiate at the elastic/plastic zone 

In ordcr to clarify what has been presented in the literature, a set of experiments 
were designed io study n-licroiribenfation fraciure. The apparatus was constructed at 
Vanderbilt UniversiEy using a screw driven lnsiron tensileicompression materials 
testing machine. A Vicker's diamond pyramid was mounted to a 201b load cell in order to 
continually measure the applied load during loadii7g and cmluading. Two capacitive 
displacenwnt gages measured the axial displacement of {he indenter. The samples where 
secured with mounting wax to a reinforced stage O S  a metallui.gical microscope. Data 
acquisition consisted of two 4!/2 digit voltmeters and a minicomputer. The materials 
chosen to be tested were soda lime glass, sapphire, SrF, fused silica, C axis quartz, 
Si(IOO), and Si(l l1).  Sapphire, fused silica and quartz were chosen because of their 
importance as engineering tna?erials. Most of the literature concerning microindentation 



fractsrrc reports data faom experimdnts using soda lime glass; therefore, it was also 

literature. The silicon sarnples were included because of a ~ ~ a i ~ a ~ ~ ~ ~ ~ y  and the promising 
results from load displacement curves ~~~~~r~~~~ by the ~ ~ ~ ~ ~ ~ i c ~ l  Propeaties 
Microprobe. The ioad displacement diagr-nms obtained 'ram ihe 
an event ncar completion of the unloading cycle which may iridicate a lateral crack 
in i I i at ia 11. 

curves. The last thiis of the unloading ctme had a large decrease in slope ala 
dramatic changes in isplacemont on load reversal. The exact cause of these ph 
has nor been confir d. However, possible S O L ' T C ~ S  of thc discrepancies may Se 

seversai ob the !11slrou. 

were made. Each test was taken to a r-s-raxirnurn load of ~ ~ ~ ~ r Q x j ~ ~ ~ ~ ~ ~ ~  2.5k.g. Me 
cracks were not observed lo initiate dt,iTii-iy auy OB t k s e  tesls. Radial cracks we 
obsesvsd $0 propagate on mIcm3ng while tho iaterai cracks iniliated near lhe end of the 
unloading cycle. Both crnckinr=: systarncl had controliod eaaek front ~ ~ 5 ~ ~ ~ a ~ ~ ~ ~ ~  

Due to the lack of ~~~~o~~~~~~~ load displacement diagrams, the ~ p ~ ~ ~ ~ ~ ~ s  was 
reconsIiructsd by ~ n c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  a new Ins2rora materials testing machine located at 
O R N L .  The microscope stage was also redesigned to ovide more strti~tural support. 

Twro materials were tested using 8hs new apparat I soda lime glass an 
The fracture response af soda iime glass was examined with laads of IOkg 
and lijqr, while t he  sapphire was e x m i n e d  at 7kg. I F  general, %he results were 
~ u ~ ~ ~ ~ ~ i ~ g ~ ~  good. ~ o ~ ~ e v ~ ~ ~  a lem was encountered with Fhe data obtai 
1Ol)gr. and IOgr. loads in that unloading curves exhibited decreasing s 
experimental ~~~~~~~~~~~~~~~ will equircd lo ~ ~ ~ ~ r ~ i n e  the origin of lhes 
results. 

insight coricerning the tracture behavior of brittle materials. Since soda lime glass is 
cane of the inme corninon materials used for bask resmrch in fracture toughness, it is 
appropriate that this material bo iwluded in this investig ion for direct coinparison 
with the Aiterahiire. Figure 3 is a load vcrsus dispiaeement 
obtained with the experimental apparatus described 

The shape of the ~ ~ ~ ~ d - d i ~ ~ ~ a ~ ~ ~ ~ ~ ~  C U W ~  for sad glass is as expe 
conducting this lest, and others of soda lime glass ti isoi~gh h e  maximum loa 
the sequence of cracking events were noted. Contra to some data reported 
iileratnre, radial cracks barere riot the first to be observed. T h e  first type of crack noted 
was the median crack. For all tests pestorrmed with soda lim 
initiated wit4 a big "pop in" at a load of a ~ ~ ~ ~ ~ ~ i ~ a ~ ~ ~ ~  7kg. 
until unioading and were no! always IaccaZecJ on the  major diagonals. Lateral csacking 
initiated near completion of the  u~loading half cycle. The crack fronts were seen to 
propagate i~ a eontrolled manner during urrloading for all three crack types. 

Figure 4 illustrates a typical cwve obtained for soda lirne glass indented with a load of 
Ikg. No fracture events were obsewed during loading of the sample. However, upon 

. a radial ""pop in'@ occurred fallowed by ?he appearance of lateral cracks. 

chosen Tor these experirP1ents Po allow direct comparison with the results reported in the 

for :;tiicon revealed 

attributed Bo tha nonlinear stiffness sf the rrlicaoseope stage and the screw slack 011 

The transparent materiais were vicbved during the test and geraeral sbsswalions 

In spite of this problem, results of the  ~ ~ ~ r ~ i ~ ~ e ~ ~ ~ ~ t ~ ~ ~  test can provide substantial 

ss, median cracks 
al cracks did not appear 

For the tests conducted at 1 OQ gram laads or less, m d i m  cracks wixe not observed. 
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0 1 0  2 0  3 0  4 0  

DlSP (pm) 
Figure 3: Load versus Displacement diagram of soda lime glass during 

indentation with a Vicker's indenter. (0.254 rnm/rnin) 

0 2 4 6 8 1 0  1 2  

BlSP (pm) 
Figure 4: Load Ve iSuS Displacement diagram of soda lime glass due to 

indentation with a Vicker's indenter.(0.0254 mm/min) 
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hen the minimum load of 1Ogr was used, a different material response was 
observed in that no cracks were observed to initiate during either loading or unloading. 
However, on close examination of the indenfation, a lateral crack was found to be 
present. Figure 5 is the corresponding load displacement diagram. The discontinuities in 
the curve are the  result of the lack of resolution of the displacemenst gages. 

0.15 I 1 

0.0 0.5 1 .0 

Figure 5: Load versus Displacement diagram of: soda lime glass due tu 
indenlation with a Vicker's indenter. 
Loading rate = 0.0025 mm/min. 

The sapphire sample was soaded to approximately 7kg. At the beginning of contact, a 
profuse arrangement of small cracks initiated under and around the indenter. At this 
time, it is not known whether or not the cracks were radial. Because of the randomness 
and abundance of small cracks, median cracks were not observed. On unloading, lateral 
cracks appeared as predicted. Figure 6 is the accompanying load displacement diagram 
for the  sapphire sample. 
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Figure 6: Laad verse Displacement diagram of sapphirs duiing 
Vicker's indentation. Loading rate = 0.258 imrn/min. 

While the data obtained for soda lime qlass are useful for compa~iscm with results 
available in the literature, it should be noted that it may not he represeriMive of 
engineering materials. As prcviorisly shown, the indentation response of sapphire differs 
significantly with ihat of soda lime glass. Other research has shown that qclaftz. anid SrF 
also belime differen!ly. In soda lime glass, median cracks ars believed to initiate first. 
In other materials, preliminary data indicate that radial cracks aie the first to develop. 
Further investigation is needed to determine the causes of the observed differences. 

One disappointing aspect from the IoacMisplacement results was the lack of 
correlation between cracking events observed optically and corresponding identifiable 
features in the load displacement curves. This result may be dire t~ the dynamic 
characteristics of the machine used for the tests. 

Future research will lsad to the development of a marc sensitive lcad and depth 
sensing machine. Underway is the constructiosr of a high load head for the Materiais 
Property Micropabe. T h ~ s  alteration of the MPM will enable high laads to be obtain so 
that ?he applied and ies id~a!  stresses induced are adequate to initiate radial and lateral 
cracks. With the present ability of the MPM to discern discrehe load and displacement 
events and the capabiliiy of higher loads. the energy release during crack formation is 
anticipated to be observable nn the load displacement diagrams. Subsequcntly, the 
fracture toughness of a material can bc determined without ihc need Tor crack length 
measurement or large indentation displacements. This will lead to further studies in 
determining the fracture toughness of thin films Also, by knowing the encrgy required 
for the lateral crack initiation, the adherencc of a thin film may be investigated. 
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Status of Milestones 

AI/ nlilsstones are proceeding on schedule, 

None 

Book 

1. 

2. 

5. R. Lawn and D. B. Marshall, Fracture Mechanics of Cesamies Val, 3, R. C. 

D.B. Marshall and E3.R. Lawn, " l ~ ~ e n ~ ~ ~ ~ o ~  of Brittle Materials", 
Bradt, D. P. W .  Hasselman and F. F. lar;rge, ("1977). 

~ ~ c ~ ~ i ~ d ~ ~ ~ a ~ ~ ~ ~  Techniques in aferiak Science an ring, ASTM STP 
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5. E. W. Yeafie, ~~~~~~~~~i~~~ (4), p.617 (1982)" 
6. 

7 .  James , J. Mater. Sci. 16, p.1177, (1981). 

C. M. Perrott, Wear 45, p.293 (9977). 
S. S. Chiang, 8. B. ~ a ~ ~ ~ ~ ~ ~ ,  and A. 6. Evans, J. Aypl. Phys. 53jl), 

T. Haranoh, H. l s ~ ~ i ~ ~ w ~ ,  N 

p.298 (1  982). 

rmhashi, J, Mater. 8ci. 17, 
. 1493 (1982). 

8. James J. Mater. Sei- Letters 1 p.493 (1982). 

10. B. R. Lawn and M. V. Swain, J. 
11. B. R. Lawn, E .  R. Fuller, and S. 

12. B. R. Lawn an E. R. Fuller, J. Mater. Sci. 18 (1975). 
13. H. lshikawa and N. Shinkai, ~ ~ ~ ~ L i ~ ~ ~ a ~ ~ o ~ ~  of the Am. Ces. Soc., C-124, 

14. D. E). ~ ~ ~ ~ s ~ a l ~  and 8. 
15. 63. €3. Marshall, B. R. Lawn, and A. G. Evans, J. Am. Cerarn. Soc. 

16. A. G. Evans and E. A, Charles, J. Amcr. Geram. Sac. 59, p.391 (1976). 
17. J.T. Magan and 
18. K . L . J ~ ~ ~ s Q ~ ,  J. Meek. Phys. Solids l a ,  p.115 (1970). 

ater. Sci. Letters 2 p221 (1983). 

59(§-6),  (1976). 

(a) ,  (19823. 

65(1 1 ), ( 1  982) 

ater. sei. 14, p.2001 (1979). 

.V. Swain, J. Phys. D: Appl. Phys., 11 , (1498). 





447 

3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT 

Nondest-ructive C h u m 9  srization 
W. A .  Simpson, Jr., and B. E. F o s t e r  (Oak Ridge N a t i o n a l  Labora to ry )  

Qb-jgc.t:i.ve/scope 

The purpose o f  t h i s  p r o j e c t  i s  t o  conduct  n o n d e s t r u c t i v e  e v a l u a t i o n  
(NIBE) development d i r e c t e d  a t  i d e n t i f y i n g  approaches f o r  q u a n t i t a t i v e  
d e t e r m i n a t i o n  o f  c o n d i t i o n s  ( i n c l u d i n g  b o t h  p r o p e r t i e s  and f l a w s )  i n  
ceramics  t h a t  a f f e c t  t h e  s t r u c t u r a l  performance. Those m a t e r i a l s  t h a t  
have been s e r i o u s l y  cons ide red  f o r  a p p l i c a t i o n  i n  advanced h e a t  eng ines  
a r e  a l l  b r i t t l e  m a t e r i a l s  whose f r a c t u r e  i s  a f f e c t e d  by s t r u c t u r a l  
f e a t u r e s  w i t h  d imens ions  on t h e  o r d e r  o f  t h e  d imens ions  o f  t h e i r  m ic ro -  
s t r u c t u r e s .  T h i s  work seeks t o  c h a r a c t e r i z e  those  f e a t u r e s  u s i n g  h igh -  
f requency u l t r a s o n i c s  and r a d i o g r a p h y  t o  d e t e c t ,  s i z e ,  and l o c a t e  c r i t i c a l  
f l aws  and t o  measure n o n d e s t r u c t i v e l y  t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  h o s t  
m a t e r i a l .  

Techn ica l  prgg_rzs-_s_ 

U l t r a s o n i c s  - W. A .  Simpson, Jr. 

ceramfcs by v a r i o u s  u l t r a s o n i c  t r a n s d u c e r s .  
a c o u s t i c  lenses, we a r e  f i n d i n g  o u r  model u s e f u l  f a r  d e t e r m i n i n g  t h e  shear 
wave f i e l d s  produced i n s i d e  a ceraml'c by  mode convers ion  o f  t h e  p r i m a r y  
l o n g i t u d i n a l  wave a t  t h e  ceramic  su r face .  To o u r  knowledge, t h i s  f i e l d  
has. n o t  been p r e v i o u s l y  s t u d i e d ,  n o r  have focused shear waves been used i n  
ceramic  e v a l u a t i o n .  Indeed, t h e  shear wave component produced b y  
commercial t r a n s d u c e r  des igns  i s  u s u a l l y  i g n o r e d  d u r i n g  ceramic  t e s t i n g  
( b e i n g  cons ide red  t o  be  an unavo idab le  l o s s  mechanism). 
r e s u l t s  i n d i c a t e  t h a t  t h e  d e p t h  o f  f ocus  o f  the  shear wave f i e l d  i s  
a s t o u n d i n g l y  g r e a t  f o r  some t ransducer -ce ramic  combina t ions ,  a l t h o u g h  t h e  
f i e l d  amp l i t udes  a r e  l e s s  than  those  o f  t h e  p r i m a r y  l o n g i t u d i n a l  f i e l d s .  
I n  a d d i t i o n  t o  t h e  i n c r e a s e d  d e p t h  o f  focus, t h e  dep th  t o  wh ich  e f f e c t i v e  
focus can be m a i n t a i n e d  i s  a l s o  g r e a t e r  f o r  shear waves than  f o r  

t h e  ceramlc  e n t r y  s u r f a c e .  F i n a l l y ,  f o r  a g i v e n  f requency ,  the  wave length  
o f  a shear wave i s  about  o n e - h a l f  t h a t  o f  a l o n g i t u d i n a l  wave, t h u s  making 
a 50-MHr shear wave about  as e f f e c t i v e  as a TOO-MHz l o n g i t u d i n a l  wave, i f  
no o t h e r  c o n s i d e r a t i o n s  a r e  e x t a n t .  

A s  mentioned above, t h e  p r i m a r y  d i sadvan tage  o f  t h e  shear wave f i e l d  
i s  t h a t  t h e  a m p l i t u d e s  a r e  g e n e r a l l y  l ower  than  those  o f  t h e  l o n g i t u d i n a l  
wave f i e l d s  f o r  commercial t r a n s d u c e r s  because o f  t h e  r e l a t i v e l y  poor  
e f f i c - i e n c y  o f  mode convers ion  a t  t h e  water -ceramic  i n t e r f a c e .  I n  
a d d i t i o n ,  commercial t r a n s d u c e r s  a r e  des igned t o  produce a g i v e n  f o c a l  
l e n g t h  f o r  l o n g i t u d i n a l  wave energy,  n o t  f o r  shear wave energy.  We have 
i n v e s t i g a t e d  a shear wave des ign  by "back-propagat ing ' '  an a b e r r a t i o n - f r e e  
shear wave t h r o u g h  t h e  ceramic-water  i n t e r f a c e  'I'n o r d e r  t o  de termine t h e  
shape o f  t h e  t r a n s d u c e r  element necessary t o  produce such a beam. 
appears t h a t  t h e  e f f i c i e n c y  can a t  l e a s t  be improved by j u d i c i o u s  shap ing  
o f  t h e  t r a n s d u c e r  l e n s  e?ement, b u t  i t  i s  u n l i k e l y  t h a t  t h e  e f f i c i e n c y  
w i l l  approach t h a t  o f  t h e  l o n g i t u d i n a l  wave c o n f i g u r a t i o n  f o r  immersion 

We c o n t i n u e d  o u r  s t u d i e s  o f  t h e  beam p r o f i l e  produced i n s i d e  t y p i c a l  
I n  a d d i t i o n  t o  t h e  des ign  o f  

Our p r e l i m i n a r y  

g i t u d i n a l  waves, s i n c e  t h e  fo rmer  wave i s  l e s s  s e v e r e l y  r e f r a c t e d  a t  

I t  
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t e s t i n g .  Never the less ,  there  nay be some advantages f o r  t h i s  t y p e  o f  
t r a n s d u c e r .  

f i tpid produced i n  i r o n  by a 5-MHz c s n w n t ~ i o n a l  s p h e r i c a l  l y  focused 
t r a n s d u c e r .  The g r i d  lines a r e  sepai-ateb hy one-quarkcr o f  a wave leng th  
i n  i r o n ,  and t h e  f i g u r e  i s  c e n t e r e d  on the " foca!"  p o i n t  f o r  unaberrated 
shear waves i n  t h e  s o l i d .  The conclus ions  a re  t h a t  the ctepth o f  focus  i s  
much longer  than t h a t  obtain9.r"; previclugly f e r  l o n g i t u d i n a l  waves, and t h e  
marimurn amplitude o f  the  f i e l d  i s  about 6 dB lower t h a n  t h a t  a t  the  
1 ong i titdi na 1 I' f o c u s  I' 

i n s i d e  a lumina by a 5O-MHz, f / 2  s p h e r i c a l  t r a n s d u c e r .  Here the? g r i d  
spacing i s  one-half  the ~ k a r  wavelength i n  alumina. 
i s  roughly comparable to t h a t  of t h e  l o n g i t u d i n a l  f i e l d ,  h u t  t h e  f i e l d  
maximum occurs  a t  a depth of almost 2 . 5  mm \ ra ther  t h a n  t h e  1 , l  mm 
previous ly  repor ted  f o r  t h e  l o n y i t u d i n a l  f i e l d  06 t h i s  t r a n s d u c e r .  The 
sheat- waye f i e l d  can t h u s  probe dpeper i n t o  t he  ceramic and has  a wave- 
length  o f  about 125 prn a s  compared t o  a wavelength o f  ahout  210 
l o n g i t u d i n a l  w v c .  S u r p r i s i n g l y ,  t he  peak amplitude o f  t h e  d i s t r i b u t i o n  
i s  n e a r l y  a s  l a r g e  a s  f o r  t h e  l o n g i t u d i n a l  f i e l d .  

F i g u r e  1 S ~ O W S  t h e  Ca?ctAlat,iona: i e Z s u l t s  o b t a i n 4  o ~ i  t h e  shear W I V ~  

F i g u r e  2 shows t h e  d i s t r i b u t i o n  o f  t he  sheav (vave f i e l d  produced 

The depth 06 focus 

f o r  t h e  

F i g .  1. Shear wave dist t - :but ion p~oduced  i n  i r o n  by a 5-blMn, f / 3  
u l t r a s o n i c  t ransduces .  
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F i g .  2.  Shear  wave d i s t r i b u t i o n  produced i n  alumina by a 
z ,  f / 2  u l t r a s o n i c  t r a n s d u c e r .  

Figure 3 shows t h e  shear  wave r e s u l t s  ob ta ined  on an a x i a l l y  focused 
50-MHa, f / 2  t r a n s d u c e r .  T h e  behavior  o f  t h e  p a t t e r n  sugges ts  t h a t  a g r i d  
spac ing  o f  one-quarter  wavelength would d e f i n e  t he  d i s t r i b u t i o n  b e t t e r ,  
b u t  t h e  extreme depth o f  focus ,  combined w i t h  a peak amplitude a s  l a r g e  a s  
t h e  l o n g i t u d i n a l  f i e l d  f o r  the s p h e r i c a l l y  focused t r a n s d u c e r ,  i n d i c a t e s  
t h a t  thr's lens des ign  should g i v e  e x c e l l e n t  resul ts ,  Addit ional  l ens  
d e s i g n s  a r e  being e v a l u a t e d .  

duce a r a d i a l  s u r f a c e  wave has been purchased f o r  ceramic i n s p e c t i o n .  
T h i s  un i t ,  has a r e l a t i v e l y  high numerical a p e r t u r e ,  wh-ich means t h a t  i t  i s  
an efficient g e n e r a t o r  o f  s u r f a c e  a c o u s t i c  waves even when t h e  beam a x i s  
i s  perpendicular  t o  the s u r f a c e  o f  t h e  specimen. Previously, we have had 
La perform s u r f a c e  wave i n s p e c t i o n s  by in t roducing  t h e  beam onto  t h e  
sample s u r f a c e  a t  t h e  Rayleigh c r i t i c a l  a n g l e .  T h i s  approach i s  an e f f i -  
c ient  method o f  g e n e r a t i n g  a s u r f a c e  wave, b u t  i t  has t w o  major dis-  
advantages:  (1) i t  j s  s e n s i t i v e  o n l y  t o  c r a c k s  whose o r i e n t a t i o n s  a r e  
perpendicular  %s t h e  be3.m a x i s ,  and ( 2 )  t h e  l a c k  o f  a f m n t - s u r f a c e  signal 
makes i t  d i f f i c u l t  t o  g a t e  re l l ' ab ly  t h e  s u r f a c e  wave u n l e s s  the t ransducer -  
to-sample d i s t a n c e  i s  maintained very a c c u r a t e l y .  W i t h  the  h j g h  numerical 
a p e r t u r e  t r a n s d u c e r ,  however ,  a r a d i a l  s u r f a c e  wave i s  generat.ed, w h i c h  

A s p e c i a l  SO--MWz, f / 0 . 8 ,  high-frequency t r a n s d u c e r  designed t o  p m -  
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F i g .  3 .  Shear  wave d i s t r i b u t i o n  p r o d u c e d  i n  a1:arnina by a 50-MHr 
a x i c o n  u l t r a s o n i c  t r a n s d u c e r .  

means t h a t  c r a c k s  h a v i n g  any o r i e n t a t i o n  w i l l  be d e t e c t e d  e q u a l l y  w e l l .  
I n  a d d i t i o n ,  a f r o n t - s u r f a c e  s i g n a l  comparab le  i n  a m p l i t u d e  t o  t h e  s u r f a c e  
wave i s  a l s o  g e n e r a t e d ,  and t h i s  f o r m e r  wave may be used t o  g a t e  t h e  sur- 
f a c e  wave i n  t h e  p r e s e n c e  o f  v a r i a t i o n s  i n  t h e  t r a n s d u c ~ ~ - t o - s p e r i m c n  
d i s t a n c e .  

e x a m i n a t i o n  o f  s ~ v e r a l  a l u m i n a  coupons w h i c h  we e a r l i e r  r e p o r t e d  t,o be 
c r a c k e d .  I n  a d d i t i o n  t o  i m a g i n g  t h e  known c r a c k s ,  we a l s o  found t w o  
s m a l l e r  c r a c k s ,  whose o r i e n t a t i o n s  were such t h a t  t h e y  were m i s s e d  i n  t h e  
p r e v i o u s  i n v e s t i g a t i o n  a s  we1 1 a s  numerous s u b s u r f a c e  v o i d s .  A ?  1 c r a c k s  
were imaged w i t h  v e r y  h i g h  con t ra s t  t h r o u g h o u t  t h e i r  f u l l  e x t e n t .  With 
t h e  new t r a n s d u c e r ,  i t  i s  now p o s s i b l e  t o  p e r f o r m  s u r f a c e  wave i n s p e c t i o n s  
a s  e a s i l y  a s  v o l u m e t r i c  i n s p e c t i o n s .  

e have c o m p l e t e d  t h e  h i g h - f r e q u e n c y  u l t r a s o n i c  e v a l u a t i o n  o f  numev- 
ous n e t  shape c e r a m i c  specimens.  For p l a n a r  samples, we have p r e v i o u s l y  
d e v e l o p e d  t e c h n i q u e s  w h i c h  can r e l i a b l y  d e t e c t .  v o i d s  a s  s m a l l  as  25 pro at. 
depths o f  3 mm i n  h i g h - v e l o c i t y  c e r a m i c s  such a s  a l u m i n a ,  s i l i c o n  n i t r i d e ,  
and s i l i c o n  c a r b i d c  and a t  depth5 of almost  5 nm in s l o w e r  v e l o c i t y  ceran- 
i c s  such a s  z i r c o n i a .  A s  e x p e c t e d ,  however ,  t h o s e  net. shape samples 
h a v i n g  s e v e r e  r u r f a c e  c u r v a t u r e  g r e a t l y  i n c r e a s e d  t h e  d i f f i c u l t y  i n  

U s i n g  t h e  new s u r f a c e  wave t r a p s d u c e s ,  we have r e p e a t e d  t h e  
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detectn’ng volumetr ic  f l a w s  i n  t h e  25- t o  113Q-pm s j z e  range bpcause o f  
s e v e r e  a b e r r a t i o n  o f  the u l t r a s o n i c  beam. C y l i n d r i c a l l y  shaped specimens 
with a d iameter  of 25 mm o r  l e s s  were p a r t i c u l a r l y  d i f f i c u l t . ,  s i n c e  th-n’s 
c o n f i g u r a t i o n  intrrsduces ast igrnat i  sm i n  a d d i t i o n  t o  t h e  s p h e r i c a l  a b e r r a -  
t i o n  p r e s e n t  ydith p l a n a r  s u r f a c e s .  However, s u r f a c e  a c o u s t i c  wave t e c h  
njqiies, such a s  those  used t o  d e t e c t  s u r f a c e  and n e a r - s u r f a c e  flaws. were 
much l e s s  s e v e r e l y  a f f e c t e d  by t h e  s u r f a c e  c u r v a t u r e  o f  the sample and 
performed n e a r l y  a s  well a s  f o r  plrlriar samples. For  example. a silicon 
n i t r i d e  engine wrist. p j n  h a v i n g  a d3ameter  o f  22 .9  mm was e x a i n i ~ ~ e d  u s i n g  
t h e  new s u r f a c e  wave t r a n s d u c e r  d e s c r i b e d  above. The r e s u l t s  were  s i m i l a r  
t o  those  obta ined  on planar  samples o f  silicon n i t r i d e  severa l  sur -  
f a c e  and subsur face  v o i d s  having d iameters  o f  -56 
Because t h e  i n c i d e n t  beam i n t e r r o g a t e s  such a small region o f  the samp7e 
s u r f a c e ,  t h e s e  r e s u l t s  wo~r ld  probably Rave been v a l i d  f a r  sample d iameters  
cons iderably  smallet-. I t  i s  o n l y  necessary  t o  enst i re  t h a t  t h e  beam a x i s  
remains  normal t o  t h e  sample surf-ace a t  each p o i n t  o f  the i n s p e c t i o n  
( i . e . ,  t h e  t r a n s d u c e r  a x i s  m u s t  a c c u r a t e l y  “foi1ow” t h e  curva ture  OF t he  
p d r t ) .  The s e n s i t i v i t y ,  however, seems t o  be iittle a f f e c t e d  by changes 
i n  the  s u r f a c e  c u r v a t u r e  o f  the  sample,  

t h e  e f f e c t  o f  sample s u r f a c e  c u r v a t u r e  d e s c r i b e d  above, s i n c e  t h e  
a b e r r a t  i o n  in t roduced  by propagat ion o f  t h e  (11 t r a s o n i c  beam through t h e  
curved s u r f a c e  o f  t h e  sample can be a t  l e a s t  partially compensated by 
a p p r o p r i a t e  shaping s f  t h e  lens su r face .  Far examplc, the  aberration 
caused by a c y l i n d r i c a l  specimen c a n  be minimized w i t h  a compound acoust; ic 
l ens  c o n s i s t i n g  o f  a s p h e r i c a l  surface w i t h  an impa:tmA cy8 i isdr ical  
correction ~ 

were d e t e c t e d ) .  

T h e  beam d i  s t r i b u t i o n  model should  be p a r t i c u l a r l y  useful i n  redcrclng 

We have exams’ned, by v e q u e ~ t ,  72 silicon n i t r i d e  modmlus o f  rupture 
O R )  b a r s  For d e t e c t a b l e  v o i d s  o r  o t h e r  defec2.s. Bo th  75-MHz volumetric 

and 50-MHz s u r f a c e  wave e v a l u a t i o n s  wer lrformed on the  b a r s .  Since 
t h e s e  b a r s  were s i n t e r e d ,  we a n t i c i p a t e  a t  some 2%- trs 50-tam i n d i e a -  
t i o n s  would be found. In f a c t ,  t h e  r e s  d i c a t e  t h a t  this mater ia l  i s  
probably poorer  than any t h a t  we have examined.  
numerous i n d i c a t i o n s ,  some of which suggest  v o i d s  l a r g e r  than  t h e  SO-pm 
voids  t.ygical o f  s i n t e r e d  m a t e r i a l .  ‘The s u r f a c e  wave r e s u l t s  a l s o  
d e t e c t e d  numerous near -sur facc  v o i d s ,  and several bars  were fouad to be 
cracked .  

We hdve performed nondes t ruc t ive  e l a s t i c  modulus measurements on a 
arumher o f  ceramic sa s for- t h e  Ceramic Technology and S t ruc tura l  
Ceramics g r o u p s  o f  t h  e t a l s  and Ceramics D i v i s i o n ,  Oak Ridge National 
Labnrabory (ORNL). 
samplp o f  p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  which had a l a r g e l y  t e t r a g o n a l  
phase microstructur t? .  A f t e r  measurement o f  t h e  Young’s modul us9 t h e  
sample was r e t u r n e d  t o  i t s  owner, where i t  was queuched i n  liquid n i t r o -  
gen,  thus causing a phase change t o  monoclinic. s t r u c t u r e .  
then  remeasured n o n d e s t r u c t i v ~ l y  and found t.0 he abotit 7% l o w e r  ( W j t b  
changes i n  many o f  t h e  other  p r o p e r t i e s  a s  wc l l ) .  
ai lnealed,  f o r c i n g  a r e t u r n  t o  t h e  t e t r a g a n a l  phase,  a f t e r  which the modla- 
1 1 ~ s  re turned to nearly the  o r i g i n a l  v a l u e ,  Si.nce a l l  these resu l t s  
o b t a i n e d  on a s i n g l e  sample, i t  admirably dernoqstrates t h e  a d v a n t a g e  o f  
nondes t ruc t ive  approaches.  

A l l  7 2  bar s  co>itdined 

One p a r t i c u l a r l y  i n t e r e s t i n g  r e s u l t  was obta ined  on a 

The modulus was 

T h e  sample W ~ S  t hen  
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R a d i o g r a p h y  - 8. E.  F o s t e r  

The p u r c h a s e  o r d e r  f o r  the c o m p u t e r i z e d  X - r a y  tomography  systeni  h a  
been p l a c e d  w i t h  S c i e n t i f i c  Measurement S y s f m r s ,  Ine.  (SFIS),  i n  Austin, 
I e x a s  and f a b r  i c a t i  on i s p r o c r e d i  n g  on s c h e d u l  e .  The p u r c h a  sc a g r m i i e n t  
i n c l u d e s  s e v e r a l  p r o g r e s s - p a y m e n t - t y p e  m i les tone ; .  I he f i r s t  m i l e s t o n e  
\vas A u g u s t  15 ,  w i t h  a r e q u i r e m e n t  f o r  c o n i p l e t i o n  o f  c o n c e p t u a l  d r a w i n g s  
f o r  r e v i e w  and a c c e p t a n c e  and  p l a c e m e n t  o f  t h e  o r d e r s  f o r  t h e  m a j o r  l o n g -  
l e a d  t i m e  i t e m s .  The second m i l e s t o n e  was c o m p l e t e d  September 22 w i t h  a 
r e v i e w  m e e t i n g  a t  SMS. €3 E .  F o s t e r  i s  p r e s e n t l y  scheduled f o r  hands-on 
t r a i n i n g  w i t h  t h e  e q u i p m e n t  O c t o b r  23-23 ( t h e  t h i r d  i i i j l e s t o n e  s h o u l d  be 
co rnp le ted  a t  t h a t  t ime) .  
s t a g e  o f  o u r  systeni  t o  p e r m i t  m o d i f i c a t i o n s  ( a t  no e x t r a  c o s t )  t h a t  might  
be d e s i r e d  f o r  c u 5 t o r n i z i n g .  'The o t h e r  m i l e s t o n e s  a r e  e s s e n t i a l l y  on a 
m o n t h l y  b a s i r  w i t h  t h e  i n s t a l l a t i o n  ( b y  SFIS p e r s o n n e l )  d a t e  f o r  f i n a l  
a c c e p t a n c e  a t  ORN1. s e t  f o r  F e b r u a r y  15 ,  1989. 

t h e  Ceramic  T e c h n o l o g y  Group f o r  r a d i o g r a p h i c  i n s p e c t i o n .  I n  t h e  f i r s t  
g r o u p  o f  s i x  samples, t h e  s i z e s  v a r i e d  f r o m  2-3 cm i n  d i a m e t e r  by 
2-3 cm l o n g .  One sample ( i d e n t i f i e d  a s  No. 49) showed a v e r y  h i g h - d e n s i t y  
s t r i p  (-1 mm wide) a t  one end. -The o t h e r  T i v e  samples (Nos. 43-47) s o n -  
t a i n e d  a f e w  h i g h - d e n s i t y  i n c l u s i o n s  and  s e v e r a l  v o i d s .  The a p p r o x i m a t e  
d i d m e t e r s  o f  t h e  v o i d s  r a n g e d  from 0.25 t,o o v e r  2 mm. 

In t h e  second g r o u p  o f  Len specin lens,  t h e  samp le  s i z e  v a r i e d  Proni 
50 rnm t o  3.8 cm i n  d i a m e t e r  by 3 mm t o  4 . 5  cm l o n g .  The samples were 
i d e n t i f i e d  a s  NDT Nos.  1, 2: 3 ,  4 ,  and  Nos. 40, 70, 117, 119, 120, and  
177. The samples c o n t a i n e d  5 e v e r a l  v o i d s  r a n g i n g  i n  s i I e  f r o m  a f r a c t i o n  
o f  a m i  11 i m e t e r  t o  o v e r  2 mm. 

3 x 4 x 50 mm. The s e t  labeled 2.1548: was r e p o r t e d  t o  have been p r e p a r e d  
t o  i m p r o v e  h o m o g e n e i t y  o f  t h e  microst~-ucture  and  t o  r e d u c e  c r i t i c a l  f l a w  
s i z e  o v e r  t h e  s e t  7x014. R a d i o g r a p h i c a l l y ,  w? n o t e d  a s i g n i f i c a n t  
d i f f e r e n c e  be tween  t h e  t w o  s e t s .  The t e n  samples i n  s e t  2154C contained a 
l a r g e  number o f  tiny v o i d s  o r  l o w - d e n s ? t y  stringers ( a p p e a r i n g  a s  
i n h o m o y e n e i t y  o r  f i n e  s t r u c t u r e  rnot t l  i ng) . The sarnpl P S  i n  s e t  7XB14 d i d  
n o t  show any s i g n i f i c a n t  i n d i c a t i o n s  

- 
- 

T h i s  t r a i n i n g  i s  e a r l y  cnough i n  t h e  f a b r i c a t i o n  

We r e c e i v e d  a t o t a l  o f  16 samples o f  d l u m i n a  (g reenware  s t a t e )  f rom 

We r e c e i v e d  20 bend specimens ( t w o  s e t s  o f  t e n )  d i m e n s i o n e d  a s  

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

M i l e s t o n e  351102 was c o m p l e t e d  on schedule.  

............... Pub1 i c a t i o n s  .......... ~.~ _ _ _ _ _  

W .  A .  Simpson,  J r . ,  and R .  W .  N c C l u n g ,  "Ail  U l t r a s o n i c  E v a l u a t i o n  o f  
S i l i c o n  Carbide W h i s k e r - R e s i n f o r c e d  Ceramic  Composi tes, "  Mater. Evnl. 
( s u b m i t t e d  f o r  pub1 i c a t i o n ) .  
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Nuclear Mu.qnet& Resonance T m m ~ i m  
W. A .  E:llingsori, P .  S.  Wong, J. P .  Pollinger, and B. C .  Yeb 
( Argonne Nat i ona P Laboratory) 

WI i ec tive/scrape 

The  ob jec t ives  of  t h i s  program are (1) e s t a b l i s h  the f e a s i b i l i t y  
of us ing  NMZE imaging systems t o  map organic bLnder /p las t ic izer  d i s t r i  - 
but ions  ( s h o r t  T2 mate r i a l s )  i n  irijection-molded green cernmics (wJitla 
emphasis on S i 3 N L , ) ;  
spectroscopy t o  determine i f  t he re  are chemical v a r i a t i o n s  within and/or 
between ba tches  of  organic  binder  t h a t  a f f e c t  p r ~ ~ i l s s  r e ' l i a b i l i  t-y; and 
( 7 )  determine the  sensitivity of  NMR imaging methods t o  i n j e c t i o n  rnoldine 
process v a r i a b l e s  as manifested i n  d i s t r i b u t i o n  of  t he  organic binder. 

( 2 )  examine the  potential of  applying Nm 

Tcclzn i.<:al progress 

Prepara t ion  of t e s t  phantoms 

During t h i s  reporting; per iod ,  t-wo types of t e s t  phantoms ( spec ia l  
imaging tes t  specirnens) approximately 28  mm ( l .1  i n . )  i n  diameter and 
13  mm ( 0 . 5  i n . )  i n  he igh t  were prepared by Gar re t t  Ceramic Components 
Division of Al l ied-Signal  Aerospace Company. Figure 1 i s  a schematic 
r ep resen ta t ion  showing the  d e t a i l s  of  the  phantoms. I n  both types o f  
phantoms, the  base cy1inder is the  s tandard ,  as-molded GN-10 S13N4. 
conta in ing  1 5 . 5  nt.% binder .  
base cy l inde r s  were prepared a5 scheduled. 
c o n s i s t s  o f  t w o  Type I phantoms (A and B vers ions)  and one Type I1 
phantom. X-ray images (raw f i lms)  and visrial  inspec t ion  of the. phant oins 
i nd ica t ed  no d e f e c t s .  Figure 2 is a micrograph showing a 25b-pm hole and 

A set of three phantoms p lus  two unseedcd 
The s e t  oE th ree  phantoms 

Type s 
FIE. 1 

Test Phantom 
I and 11 

PHANTOM% 

NMR IbAGlMG T?ST PHANTOMS 
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F ig .  7 

Micrograph Showiiig a 2 5 4  -,um 
H o l s  and a 25G-pm !dire (fol 
Phantom 11). 

Prepara t ion  o f  sampl cs containing d i f f c re i i t  concsnt ra t ions  o f  organic 
binder  

Elevein GN- 10  S i  N i n j e c t i o n  molding ii~ix pomkr samples,  containing 
3 4  d i f f e r e n t  concentrat ions 2 , 5 , 1 0 , 1 3 , 5 , 1 4 . 5 ,  I 5 . 5 , 1 6 , 1 7 , 1 8 , 1 9 , 2 0  wt:. 8 o f  

organic  b inde r ,  w e r e  prepared These samc p0wck1-s weze used f o r  
f ah r i ca t  i o i i  o f  t e s t  p I ~ a ~ t o m s  TCA) and I C B )  and f o r  s p e c '  roscopic s t u d i e s  
(see b e l o w ) .  

Elevated- izempera Lure spectroscopic  5 i udies 

i n  o r d e r  LO i-mves t: S.gatc the car re la t i  an between the temperature 
e f f e c t  and the NIW s igna l  intensity of  oiir semi-solid organic b inder ,  one 
30" -pulse  l i n e  widrlh experiment ( x i t h  a 7 .l'Y Bruker 300AM Spectrometer) 
w a s  conduct-:-:: i n  1 0 ° C  increments betwee:r 2 2 ° C  (roorli temperature) and 100°C 
on the  binder  alorre and on the SijNq sample conta in ing  1 5 . 5  wt,5 hinder. 
Before each exper i .mnt ,  saiiiples w e r e  mxT.ntained a t  the indi.cated teiil- 
pe rab . iue  (monitorec! by a thermocouple) f o r  -0.5-1. Oh to ensure thcrmal 
equi l ibr i -an .  Reiat-ive NMK specLra f o r  binder/plasCic i z e r  (R/P)  a lone  at 
20, 4 0 ,  6 0 ,  8 0 ,  and 100°C a r e  shown i n  F i g .  3 .  9, dccreasz i n  I lncwidth,  
observed as the  temperature i nc reases ,  s h o d d  i.mprovr: the  s p a t i a l  reso-  
l u t i o n  by seve ra l  orders  o f  magnitude i.i.1 the  fr-equency-encoded dimension. 
Figure 1s chows the r e l a t i v e  free ii7dLiCti~OTi decay (FID) s i g n a l  i n t e n s i t y  of 



4-5 5 

F i g .  3 .  Rela t ive  MPE Spectra o r  B J P  at Various Tcrnpcratures. 
Scale CEIP the r i g h t  i s  used f o r  da ta  obta ined  at 22 '2nd 40°C.  

1 
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w h e r e  Ah = the f u l l  width h a l f  maximum (EWHM) o f  the s inp l i tude  vs. 
frequency trace, vas used t o  correlate  T2*. 
determiried for each w t .  % o f  organic binder  and these  are S'~OWII i n  F i g .  7 .  

The  E T d l  and T2* results were 

TEMPERATURE h"C1 

Fi.gII 4 .  R c J n t - i w  FID Signal I n t e n s i t i e s  o f  B/Y Aloiir. (Solid L i n e )  and 
S i p 4  f 1 5  5 '$2 % B/P (Dashed Line) as a Function of  'Teqc:raiurp. 

TEMP E R ATU RE i"C 1 

F i g .  5 .  Est i rmated T2* o f  b/P Alone  ( S o l i d  Line) and Si3NI, + 15.5 wt.% 
B/P (Dashed Line) as a Function of Temperature. 
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T2 measurements (Carr - F u r c e l l  -f?p.ihooiil-Gil1 pill se srquence)  

During t h i s  r c p 3 ~  i i n g  p e r i o d ,  WF corducted  T2 oieasurements on t h c x  

!+re iiscd a Carr-Purcell Si3N,b t 1 5  5 w t . %  B/P mixture a t  2 2  and 100°C. 
ffeiboom-Gi 1 1  ( C P K G )  pul $e  sequence,  which i s  r e p r e s e n t e d  by 

Dl - ~ ( 9 0 " ) ~ [ ~  - t ( 1 8 0 ° ) y  - T ] ~ ,  - FID,  

where D2L i s  t h e  t Lme r e q u i r e d  LO relax t o  eqiiil ibriurn, T is  t h e  v a r i a b l e  
decay t i m e  (minimum u f  0 . 6  in< i s  required t o  a l low e l i n i i n z t i o n  of di  r -  
f u s i o n ) ,  t (90") ,  a d  t (180")  a r e  pu lse  d u r a t i o n s ,  and n (bracke ted  
s e c t i o n )  i s  t h e  nu~nlwr o f  186' p u l s e  eiains, which m i l s t  be an even numb-r 
t o  provide  f o r  c a n c c l l a t i o n  o f  180" p u l s e  e ~ r o r s .  The c h a r a c t e r i s t i c s  o f  
a CPMG p u l s e  sequencc (vs.  our  p r e v i o u s l y  used Hahn sp in-echo  sequence) 
help t o  e l i r r i r a t e  (1) 180" pulse  imprr.fc:ctions and ( 2 )  d i f f u q i o n  e f f c c t s  
which LnLght e x i s t  an OUK p , u l y m e r i c  b i n d e r s .  T h e  T 2  coriipdr i sons  a r e  
shown i n  Table 1. TJe are still i n  t h e  process  of a n a l y z i n e  illuse p r e -  
l i m i n a r y  d a t a  

T a b l e  1. T2 Comparisons BetweFn Nahil and CPMG 
Pulse  Sequence 

Pul Sa Temperai-ure 

Sequence ("C) 
T? 

(msec) 

Hahn 
Hahn 
C PEE 
c PMG 

22 
100 

2 2  
100 

0 .5 fL  
1.8l5 
2 . o  
3 . 0  

Ef fec%s o f  wcightii ig f u n c t i o n s  on itie amplitude o f  t h e  f r e e  i n d u c t i o n  
decay.  

A f t e r  acqiuiring t:iie: raw NMR d a t a ,  but. befcr-e t h e s e  d a t a  are Four ie r  
^crmsforrned, i t  i s  o f t  I u s e f u l  t o  m u l t i p l y  t h e  raw FID d a t a  by a 
weipihti i lg f u n c t i o n  to o p t i r n i ~ e ( ~ ' ~ ' - ~ )  e i t h e r  ( a )  the S / N  r a t i o .  
r e s o l u t i o n ,  o r  ( c )  t h e  lineshape, depending on the d e s i r e d  r e s u l t s  I 
Duri-gn t h i s  p e r i o d ,  we have i n v s s t i g a t e d  t h e  fol. lowi ng weight ing 
Cutictioi-ks: (1) exponen%ial  m u l t i p l i c a t i o n  (EM) , ( 2 )  Gaussian m u l . t i . p l i - -  
cackon, ( 3 )  douhl. e e x p o n e n t i a l  m u l t i p l i c a t i o n ,  and ( 4 )  t r a p e z o i d a l  
mul . t ipl . icat ion (TM) . The r e s u l t s  h e l p  us  s e l e c t  i.hc s u i t a b l e  weight ing 
f u n c t i o n  w i t h  opt-imal para1net:e.i-s when we process  our raw NMK imaging 
da t a .  Insofar as our  imaging ( s h o r t  T2* s o l i d - s t a t e )  i s  concerned,  TM 
wei.ghtirig f u n c t i o n  seems t o  p l a y  an irnportant r o l e .  
are uiul.[:ipl.ied by a l i n e a r  f u n c t i o n  whose  v a l u e  a t  +he f i r s t  p o i n t  i s  0 
and whose v a l u e  at p o i n t  N1 i s  1. The l a s t  N2 p o i n t s  a r c  m u l t i p l i e d  by a 
l i n e a r  fiinci;lon whose v a l u e  decreases  from l a t  p o i n t  ( N  - N2) t o  0 a t  N ,  
where N i s  tl1.e 1.ast p o i n t  i n  the FID. 

(b)  t h e  

The f i r s t  N,. p o i n t s  
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The N1 porti.on o f  the  window is  someti.mes used to 1.essen the e f f e c t s  
of pu lse  breakthrough, b u t  it can produce undes i rab le  baseline d i s t o r t  i.on 
near each peak i.n the  spectrum. Since EM with a l inebroadening (LE) val.ue 
gre.ater than zero reduces noise  a t  the  end o f  a FID, the main use n f  t:he 
N 2  p o r t i o n  of TH is t o  reduce the  enhanced noise  produced by an EM with a r i  
I,H v a l u e  less than ze ro .  The preliniinary da t a  i n d i c a t e  t h a t  the  S / N  r a t i o  
o f  F'ID decreases as N1 increases  owing t o  the irherent:. c h a r a c t e r i s t i c s  o f  
our sample. 

Imaging experiments 

In e a r l i e r  work,6-8 d i r e c t  NMR imaging o f  the  B/P d i s t r i b u t i o n  was 
shown t o  be possible i f  g rad ien t  p u l s e s  and RF p u l s e  sequence a r e  fast 
enough t o  compensate f o r  extremely s h o r t  T2s. 
imaging experiments were conducted on a 2-Tesla  GE chemical s h i f t  imager 
( C S I )  which has a maximum gradien t  s t r e n g t h  o f  3 G / c m .  The general  two- 
dimensional spin-echo pulse  sequence used i s  shown i n  F ig .  8 ,  

A l l  o f  the prel iminary 

Owing t o  t h e  Limitation of  t;he ramp-up arid ramp-down times of  the 
grad ien t  (most >2 msec) and phase encoding time (-3 msec), a mi.nimum of 5- 
7 msec i s  recommended by the  manufacturing company; t h i s  l i r n i  t a t i o n  w i l l  
reduce the  S/N r a t i o  o f  OUT sample (T2 < 1 msec) dramat ica l l~y .  Alt:liotrgh 
at tempts  had been made to reduce TE t o  a more desirable l.eve1. ( 3  msec) by 
reducing ramp -up/ramp-down and phase encoding time , the same attempt:; al.so 
inc rease  eddy c.iirrerit (g rad ien t  switch or i joff  too f a s t )  and problerris n s s o -  
c i a t e d  with r econs t ruc t ion  of the image (phase encoding time t o o  short) . 
Figure 9 shows the  tomographic image o f  the  S I P  phantom wi.th f ive  voi.ds 
ranging  from 1 t o  5 mm i n  diameter .  The freq'*ency-encoding d i r e c t i o n  (y 
a x i s )  i n d i c a t e s  poor r e s o l u t i o n  due t o  the 1i .mitat ion o f  the readout-- 
grad ien t  s t r e n g t h  (3 G/cm maximum) and the inherent  c h a r a c t e r i s t i c  o f  the  
sample (broad l inewidth  o f  -1000 Hz). 

fE ; I 
........... ___r 

T I  r.- ~ . - ~ ~ - - - - - - - - - . - - . -  
I ,  

A DC E ......... 
ACQUISITION 

Fig. 8. Two-Dimensional Spin-Echo Pulse Sequence. 



F i g .  9 

Tomographic Image o f  B/P 
Phantom with f i v e  Voids (lower 
right:; 1 ritiu; Isbier l e f t ,  2 mm;  
upper l e f e ,  3 m n ;  upper r i g h t ,  
4 mm; cen'i:er, 5 mm). 
R e s o l u t i o n  = 256 x 256; echo 
tine = 3 m s e c ;  numbe-r of 
a c q u i s i t i o n s  = h ;  sl.i.cc 
~h ick i i e s s  = 10 nm. 

Ide are in t h e  process of desi-gning a p p r o p r i a t e  K F  c o i l s  (capable  o f  
t;rarismLtti.ng sho r t  puls2s t o  uniformly exci tn ,  tzhe broad s p e c t r a l  l i n e  of 3 

solid mater ia l )  w i t h  more s a t i s f a c t o r y  gradieni: coi.1.s (capable  o f  gefi- 
e ra t i .ng  mure i-ntense an3 r a p i d l y  switched gradients) t o  overcoiil~ File 
l i m i t a t i o n s  arid problems s t a t e d  above. 
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Pswd cr ...Chw;ac ter.izgfi 
M. A .  Janney,  A .  C .  Young, and 0. 0. Ornatete (Oak Ridge N a t i o n a l  
La bo t’ a t o  ry ) 

The o b j e c t i v e s  o f  t h S s  r a s e a r c h  element a r e  t h r e e f o l d :  (1) to iden-  
t i f y  and c h a t - a c t e r i z o  t h o s e  a s p e c t s  o f  t h e  c h e m i s t r y  afid p h y s i c s  o f  a 
c ~ ~ c i r n f c  powder ( o r  whi s k e r l - s o l v e n t  i F t e t - f a c e  t h a t  c o n t r o l  p r o c e s s i n g ,  
( 2 )  t o  develop s tandard  methods a f  a n a l y s i s  f o r  i t e i n  1, and ( 3 )  t o  
d e v e l o p  p r o c e d u r e s  f o r  w r i t i n g  s p e c i f i c a t i o n s  f o r  ceramic powde’s t o  
i n c l u d e  any methods o f  a n a l y s i s  d e v e l o p e d  i n  t h i s  p r o j e c t .  

____...... T e c h n i c a l  ptyoqress 

Some o f  t h e  c r i t i c a l  q u e s t i o n s  t h a t  we e x p e c t  t o  answer d u r i n g  t h e  
c o u r s e  o f  t h i s  i n v e s t i g a t i o n  a r e :  

(1) Can a c r i t i c a l  s e t  of  p a r a m e t e r s  be s p e c i f i e d  f o r  a g i v e n  powd~r t h a t  

( 2 )  Can s t a n d a r d  e l e c t r o p h o r e s i s  tes t .  p r o c e d u r e s  be tr ieveloped t h a t  w i l l  
w i l l  t r u l y  q u a l i f y  t h a t  powder f o r  a p a r t i c u l a r  process? 

a l l o w  two o r  more i n d e p e n d e n t  l a b o r a t o r i e s  t o  o b t a i n  t h e  same s e t  o f  
v a l u e s  on t h e  same powder f o r  a gSver; s e t  o f  c o n d i t i o n s ?  

( 3 )  Can we d e t e r m i n e  t h e  s c i e n t i f i c  b a s i s  t o  d e s c r i b e  t h e  c h e m i c a l  and 
p h y s i c a l  n a t u r e  o f  t h e  ceramic: p o w d e r - s o l v e n t  interfar?? 

( 4 )  Can tha t .  s c i e n L i f i c  b a s i s  be  t r a n s l a t e d  i n t o  a s e t  a f  q u a l i t y -  
a s s u r a n c e  (Q4) t e s t s  t h a t  a w  meaningful  t o  t h e  g r a c t i c i n g  c e r a m i c  
e n g i  tieer? 

The p r o j e c t  i s  c o m p r i s e d  o f  t h r e e  d i s t i n c t  e l e m e n t s :  
_I roble c h a r a c t e r i z a t i o n  o f  e l e c t r o p h o r e t i c  m o b i l i t y  and m o b i l i t y  
d i s t r i b u t i o n ,  a c i d - b a s e  c h a r a c t e r ,  and perhaps o t h e r  aspec ts  o f  t he  powdet- 
t o  be c o n d u c t e d  by Oak R i d g e  N a t i o n a l  L a b o r a t o r y  (ORNL) and t h r e e  u n i v e r -  
s i t y  p a r t n e r s  ( i n d u s t r i a l  p a r t i c i p a t i o n  i n  t h e  r o u n d  r o b i n ,  by both T Q T ~ -  
i c s  f i r m 5  and i n s t r u m e n t  m a n u f a c t u r e r s ,  will be s o u g h t  on a v o l u n t a r y  
b a s i s ) ;  ( 2 )  y c i a l  p r o j e c 3  a t  each l a b o r a t o r y  t o  i n c l u d e  such i n v e s t i g a -  
t i o n s  a s  d e t e r m i n i n g  t h e  n a t u r e  o f  t h e  p o w d e r - s o l v e n t  i n t e r f a c e  i n  both 
aqueous and nonaqueous s o l  v e n t s ,  a d s o r p t i o n  o n t o  powder sur fac i?s,  
a c i d / b a s e  c h a r a c t e r i s t i c s  o f  powders i n  nonaqueous s o l v e n t s ,  and can- 
t r o l l e d  chemical d o p i n g  o f  powder s u r f a c e s ;  and (3) a d a p t a t i o n  and v e r i - -  
f i c a t i o n  o f  a n a l y t i c a l  p r o c e d u r e s  d e v e l o p e d  d u r i n g  t h e  coui-se o f  t h e s e  
i n v e s t i g a t i o n s  t o  d e t e r m i n e  t h e i r  u s e f u l n e s s  i n  t h e  yesearch l a b o r a t o r y  o r  
i n d u s t r i a l  p r a c t i c e .  S i l i c o n  n i t r i d e  has been s e l e c t e d  a s  t h e  powder f o r  
i n v e s t i g a t i o n .  The p r i n c i p a l  i n v e s t i g a t o r s  f a r  t h i s  p r o j e c t  a t  ORNL have 
r e s p o n s i b i  1 i t y  f o r  both t h e  a d m i n i s t r a t i o n  o f  t h e  s u b c o n t r a c t  work and f o r  
in-hous:, i n v e s t i g a t i o n s .  l h e s e  t w o  r e s p o n s i b i l i t i e s  a r e  r e p o r t e d  sepa- 
r a t e l y  b e l  ow. 

(1) a round-  

- 

S u bcon t r a c t s  

T h r e e  u n i v e r s i t y  s u b c o n t r a c t s  have bee2 awarded based on a c o m p e t i -  
The work  t o  be p e r f o r m e d  u n d e r  t h e  s u b c o n t r a c t s  t i v e  b i d  p r o c e d u r e .  
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includes (1) participation i n  a round-robin characterization o f  electro-  
phoretlc mob’lity by the microelectrophoresis method and (2) special pro- 
j ec t *s  at each university. The university special projects are: 
(1) characterization o f  the silicon nitride-aqueous solution interface 
(University o f  Wisconsln, Madfson); ( 2 )  characterization o f  the silicon 
~ j t r i d e . . ~ o n a ~ u ~ o ~ ~  solution interface (Pennsylvania State University); 
and, ( 3 )  surface modification of  silicon nitride by controlled doping with 
sintering aids in the 0.1- to 5.Q-wt-% range (Rutgers University). 
kick-off meeting i s  planned for February 1989. 

A 

The in-house work i s  split into two parts:, 
chromatography as a powder surface characterization tool and (2) develop- 
ment o f  electrophoretic mobility (zeta potential) measurement as a QA 
t o o l  * 

Our jnitial chromatography work. involves looking at the adsorption 
characteristics of chemic:al compounds such as alcohols, alkanes, and 
various other organic solvents on an alumina powder (RCHP powder), 
have demonstrated that the technique of using a packed column geometry 
gives us reasonable dnd repeatable results, Further, we have demonstrated 
that the interactions o f  alcohols and phenols with the alumina surface are 
so strong that these probe molecules do not e‘lute f r o m  the co?eamn even at 
250°C. 

Distinguished Scientist) and coworkers in the Division of Analytical 
Chemistry are working on a similar study. Currently, Dr. Guiochon i s  
employing a surface-coated open tubular (SCOT) column instead o f  a capil- 
lary o r  packed column. The advantage o f  t h e  SCOT column i s  a relatively 
l ow back pressure needed f o r  operation. 
longer column and, therefore, more theoretical plates, which gives better 
resolution. More quantjtative results can be obtained through this type 
o f  column. It I s ,  however, more tedious to prepare such a column. A good 
solvent is needed to suspend the test powder i n  order t o  produce a uniform 
and homogeneous column coating. In cooperation with Os. Guinchon’s 
group, a series o f  chemical solvents have been used in a sedimentation 
experiment (0 .1  g o f  powder i n  10 m L  o f  solvent) in search f o r  an adequate 
suspension medium. Tables 1, 2, and 3 g i v e  the results for alumina, sili- 
con n,itride, and silicon carbide, respectively. The rating o f  the 
solvents is either good, fair, or poor, depending on the visual judgment 
o f  these solutions after a certain period o f  time. Dimethyl sulfoxide 
produced good suspensisns f o r  a l l  three o f  the powders. Dichloroethane 
gave the best result for alumina powder. Both dimethyl heptanone and i s o -  
propyl  alcohol also perform well for silicon nitride. A s  for silicon 
carbide, ~ i ~ r o m o m e t ~ a n e  and butyl acetate were better than dimethyl 
sulfoxide, U s i n g  the data obtained From the previous powder dispersion 
studies, silica was suspended in a 5 wt % diethylene glycol  in dibromo- 
methane solution and used to produce a SCOT column. 

In addition, a computer code is being written to relate elution peak 
to the adsorption Isotherm. Once completed, the computer program will be 
able to construct an adsorption isotherm simply Prom either s ing le -  or 
multiple-pulse elution peaks, providing that the pressure drop across the 
column is negligible. 

(1) an examination of gas 

I n  addjtion t o  our own work, Dr. Georges Guiochon (an  ORNL 

Lower pressure drop means a 
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' Iahle 1, S e d i m n t a t i o n  of Reynolds RCH? alumina 

Sol vent  Rat i t i  g Comm.. a! t 
- 

P Fa! 1 o u t  immediately 

Ueptane P F P ~  1 o u t  immediately 

Di bromomethane 
very f l u f f y  sed iment  

P S u p e r n a t a n t  ye l low,  c l e a r  5vithin 1 d ,  a 

D j  cR1 oroethrane G B e s t  af te l -  16 d ,  mi'lky, sediment  0.6-mL- 
h i g h  superna tan t  began t o  sepayate  w i th i 'n  
7 h ,  bu t  f i n a l  superna tan t  more cloudy 
than 6 (dimethyl si11 foxide)  

Butyl a c e t a t e  P 

Dimethyl s u l f o x i d e  G 

Clear w i t h f n  6 h 

Close second, - t h i n  &rise sediment 
<O.l-rnL-high, W J S  2 d b e f o r e  s u p e r n a t a n t  
began tcl s q ~ a r a t . e ,  s t i l l  a d i f f e r e n c e  i n  
d e n s i t y  o f  supernatant a f t e r  15 d 

Fo rniani i de P F a i r l y  clear w i t h i n  2 h 

Cyclohexanons F S1 i g h t l y  yc l  1 ow, ha1 f o f  s u p e r n a t a n t  
f a i r l y  c l e a r  w i t h i n  4 d ,  most  f a i r l y  
c l c a r  w i t h i n  7 d ,  appears  t o  be f u l l  of  
" f i rses"  a f t e r  IS c; 

x1 

D i  brornoethanc P Clt33r wj thSn  1 d 

Ethylhexyl a c e t a t e  P Clear  w i t h i n  2 h 

1.1 i me thy 1 he p t d  1-1 on e P Clcal;. w i t h i n  4 d 

Carbon c i i  sul f j d e  P Fell  o u t  imrilediately 

Isopropyl alcohol P Clear  ~ 7 ' t ; h i n  8 d 
......... ........... . .... ..... - -. __ - ___ __ 

a A c o l o r l e s s  solvent".  
% ye1 low s o l v e n t .  
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Table  2 .  Sedi  e n t a t i o n  o f  s i l i c o n  n i t r i d e  

c CI tnrne n t 

Heptane 

D.i bromomethane M 

5ichl oroethane 

Butyl a c e t a t e  

Dimet.hy1 S U I  Foxl'de 

D i  bromoethane 

Ethylhexyl a c e t a t e  

Cl i me t h y 1 h e p t a n o n e 

Carbon d i s u l f i d e  

I s o p r o p y l  a1 cshol 

P 

P 

F 

P 

Fell o u t  immediately 

Fell  o u t  immediately 

Superna tan t  yel low and cloudy, extremely 
f l u f f y  sedinienl; 2 rnL h i g h  

Clear w i t h i n  4 d 

Clear  w i t h i n  4 d 

T h i n ,  dense sediment; 4 . 1  mL h i g h ,  milky 
a f t e r  27 d ,  b e s t  

C l e a r  w i t h i n  1 d 

Yellowish s u p e r n a t a n t ,  c l e a r  o f  p a r t i c l e s  
w i t h i n  1 et 

Very lightly cloudy,  sed iment  f l u f f y ,  
1.8 rnl h igh  

A lot ,  of "" f i l les 'b i n  s u p e r n a t a n t  a f t e r  
27 d ,  dense sediment 0 . 9  rnL h i g h  

Supernatan t  cloudy,  sed iment  0.5 mL h i g h  

Fell  o u t  immediately 

Supe rna tan t  c loudy,  sediment 0 . 4  mc h igh  

A color l2ss  s o l v e n t  Q 

"A yel low s o l v e n t .  
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Tab le  3 .  S e d i m e n t a t i o n  o f  s i l i c o n  c a r b i d e  

S o l v e n t  R a t i n g  Cornil~en t 

To1 uene 

Heptane 

Dibromornethane a 

D i c h l o r o e t h a n e  

B u t y l  a c e t a t e  

D i m e t h y l  s u l f o x i d e  

Formamide 

Cyclohexanone 

Dibromoethane 

b 

E t h y l  h e x y l  a c e t a t e  

0 i me t h y  1 he p t a none 

Carbon d i s i ~ l f i d e  

I s o p r o p y l  a1 coho1 

P 

P 

G 

P 

G 

F t o  G 

P 

P 

P 

P 

F 

P 

P 

F e l l  o u t  immediately 

Fell  o u t  i m m e d i a t e l y  

B e s t ,  s t i l l  v e r y  dark a f t e r  13 d ,  very 
t h i n  sediment < 0 . 1  m L  h i g h  

Fe:l o u t  c o m p l e t e l y  w i t h i n  4 d 

Second b e s t ,  still cloudy a f t e r  13 d ,  
dense sed iment  0 .4 mL h i g h  

Second b e s t ,  s t i l l  c l o u d y  a f t e r  13 d ,  
t h i n ,  dense sed iment  CO.2 inL h i g h  

C l e a r  w i t h i n  7 h 

C 1  ear  w i  t h i  n 7 h ,  s u p e r n a t a n t  y e 1  1 owi sh 

C l e a r  w i t h i n  3 d ;  l o o s e  sed iment ,  0.8 mL 
h i g h  

Most f p l l  o u t  w i t h i n  1 h 

S u p e r n a t a n t  very l i g h t l y  cloudy w i t h i n  
6 d ,  dens? sed iment  0 .5  nb h i g h  

Fcl1 o r i t  i m m e d i a t e l y  

Clear  w i t h i n  3 d 
a A c o l o r l e s s  s o l v e n t  

bA y e l l o w  s o l v e n t .  
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4 . 0  TECHNClLOGY TRANSFER 

4 . 1  TECHNOLOGY TRANSFER 

4 .1 .1  19chnoloqy Tracsfer 

......I_ TeefLn ...... o E o ~ T w l & e r  
D. R. Johnson (Oak Rl”dge Na t iona l  Laboratory) 

Technology transfer in t h e  Ceramic Technology Project i s  accomplished 
by a number o f  mechanisms including the following: 

Trade shows. 
built and used at several trade shows and technical meetings, most 
recently at the Annual 
1987, in Cincinnati, Ohio. 

Newsletter. A Ceramic Technology Newsletter i s  published wgularly 
and sent t o  a l a r g e  distribution. 

Reports.  Semiannual technical reports, which inc leide c o n t r i b u t i o n s  
by a l l  participants i n  t h e  program, are published and sent t o  a l a r g e  
distribution. Informal bimonthly management and technical reports are 
distributed t o  the participants i n  the program. Open-literature reports 
a r e  required o f  a l l  research and development participants. 

D i w c t ,  Assistance. Direct assistance i s  provided t o  subcontractors 
i n  the program via a c c e s s  to unique characterization and t e s t i n g  facili- 
t i e s  at the Oak Ridge National Laboratory. 

Workshops. Topical workshops are held an serb.ject.r o f  vital eontern 
t o  o u r  community. 

International Cooperation. O u r  program i s  actively i n v o l v e  
supportive a f  the cooperative work  being done by researchers i n  
Germany, Sweden, and the United States under an agreement ws”‘ih t he  
International Energy Agency. That work, u1timat.el.y afrned at development  
o f  international standards, includes physical morphological and micro- 
st,r-uctural characterization o f  ceramic powders and dense ceramic bodies,  
and mechanical characterization o f  dense ceramjes. D e t a i l e d  p l a n n l n g  and 
procurement o f  ceramic powders and f l e x u r a l  tesk; bar s  have heen accom- 
p l i s h e d .  
tion results has been s t a r t e d  by t h o s e  laboratories participating. 

A portable d i sp lay  desc r ib ing  the program h a s  been 

eeting of  the American Ceramic S o c i e t y ,  April 26---30, 

Exchange o f  preliminary d a t a  on ceramic and powder characteriza- 



The I F A  Annex I 1  agt-senicrrt be tween  t h e  I l n i t s c !  C;tatrc,,  t h e  l a d e r a 1  
R e p u b l i c  o f  Germany ( F R G ) ,  and Swcden on s t r i i c t u r a l  c e r a m i c s  i s  d i r e c t e d  
t o  c o o p e r a t i v e  r e s p a r c h  and dFvelopmentr  o r i e ; l t d  t o  t h e  j d e n t i f i c a t i o n  and  
a d o p t i o n  o f  s t a n d a r d i i c d  me thods  f o r  c h a r a c L P r i L i n 9  thc.;t. l i idterial5.  T h i s  
ag reemen t  i n c l c l d ? s  f o u r  s u b t a s k s :  (1) i n f o r m a t i o n  c x c h a n g ~ ~  ( 2 )  c e r a m i c  
powder c h a r a c t e r i  ; l a l i o n ,  ( 3 )  c e r a m i c  c h e m i s t r y  and str-uc%ut-a? c h a r a c t e r i -  
z a t i o n ,  and  ( 4 )  c e r a m i c  m e c h a n i c a l  p r - o p e r t y  charzctez-1’  LaL ion .  Each rocin- 
t r y  i s  p r o v i d i n g  selected cc:.amic p o 4 e r s  and s i n t e r e d  s t r e t c t u r a l  c e r a m i c s  
f o r  use  i n  t h e  r e s e a r c h  work i n  S u b t a s k s  2, 3 ,  and 4 i n  a l l  t h r e e  p a r t i c i -  
p a t i n g  c o u n t r i e s .  P a r t i c i p a t i n g  l s h o r a t o r i t s  i n  a l l  t h r e e  countu ie ;  have  
a g r w d  t o  s h a r e  a11 r e s u l t i n g  data  w i t h  t h e  p t ~ r p o s e  o f  u s i n g  t h e  knowledge 
g a i n e d  from t h e  work  f o r  developirrg r t s i i d a r - d  m e a s ~ t c n e n t  methods f o r  char-  
a c t e r i z i n g  c e r a m i c  powd=rs and s i n t e r e d  s t r u c t u r a l  c e r a m i c s .  

t o  t h e  e v o l u t i o n  and  d c v e l o p i w n t  o f  s t r t r c t u r a l  c e r m j c s ,  bo th  f r o m  t h e  
p o i n t  o f  v i w  o f  t h e  m a n u f a c t u r e r  a d  t h e  u s e r .  l h i s  Annex 11 acJ re@mnt  
was c o n c e i v e d  t o  a c c P l e r 3 t e  t h e  d e v e l o p m e n t  of  s t a n d a r d  methods f u r  i b t e r  - 
r o i i i i n g  i m p o r t a n t  p r o p e r t i e s  o f  t h e s e  e v o l v i n g  m a t e r i a l s .  

I r r  t h e  U n i t P d  S t a t e s ,  niai.iy companies and the i ’ r  r e s e a r c h  s t a f f s  have 
c o n t c i b u t e d  s i g n i  f r ’cant  r e s o u r c p s  i n  p e r f o r m i n g  t h e  r e q u i  c ~ d  s c z s u r c m c n t s .  
I n  t,h? U n i t e d  S t x t e s ,  f o r  exanip l? ,  i n  Subtask 2, twelve l a b o r a t o r i e s  a r e  
p a r t i c i p a t i n g ;  i n  Subtask 3 ,  spven laSOi-ato:*ies a w  p a r l i z i p a t i n g ;  arid i n  
S u b t a s k  4 ,  e i g h t  l a b o r a t o r i e s  a r e  p a r - t i c i p a t i n g .  

b c i n g  s t u d i e d  i n  t h i s  subtask.  For  Suht.aask.s 3 a n i  4 ,  th ree  s i n t e r e d  
ceramics a r e  b e i n g  s t u d i c d ,  i n c l u d i n g  one f r o m  each  o f  t h e  t h r e e  
c o u n t r i e s .  The c e r a m i c  f r o m  t h e  U n i t e d  S t a t e s  i s  a s i l i c o n  n i t r i d e ,  
SNW-1000 f r o m  GTE Wesgo, tha t .  from Germany i s  a h i p p ~ d  S i c  f r o m  ESK 
Kempton, and  t h a t  f r o m  Si:mlen i s  a s i l i c o n  n i l r i d e  f rom ASFA Cerama. 

d i s c u s s i o n  has been he?d  i n  t.hP U i l f t e d  S t a t e s  r e l a t i v e  t o  p o s s i h l e  c o n t e n t  
o f  con t inued  cooperative i n t e r n a t i o n a l  i-psearch s i m i l a r  t o  t h a t  I c o n d u c t d  
unde:l t h e  Annex [I agreerrwnt .  Due t o  t h e  d i f f e r e n t  r a t e s  a t  w h i c h  t h e  
r e s e a r c h  i n  S u b t z r k s  2, 3 ,  and 4 has p r o g r e s s e d ,  the s t a t u s  o f  t hcse  d is -  
c u s s i o n s  d i f f e r s  f o r  each  s i i b t a s k .  A t  t h e  p r p s e n t  tirnc, m e c h a n i c a l  p r o p -  
e r t i e s  r e s c a r c h  i n  Subtask 4 i s  n e a r e s t  t o  c o m p l e t i o n  and, t h e r e f o r e ,  i n  
t h P  U n i t e d  S t a t e s ,  c o n s i d e r a t i o n  o f  f u r t h e r  r e s e a r r h  i n  t h i s  a r e a  i s  m o s t  
m a t u r e .  I t  i s  a n t i c i p a t e d  t h a t  r p c e a r c h  p l a n s  i n  t h ?  a r e a  of  m e c h a n i c a l  
p r o p e r t i e s  w ?  11 b~ r e v i w e d  a t  th:. P x e c u t i v r  Comimittee m e t i r r q  s c h e d u l e d  
f o r  November- 1988 i n  t h e  U n i t e d  S t a t e s  arid a propasa:  t o  add  a S u b t z s k  5 
f o r m u l a t e d .  Rpsul  t s  f ro i i i  t h e  c e r a m i c  powder  c h a r a c t e r i L a t i o n  r e s e a r c h  i n  
Subtask 2 w i l l  b e  c o m p l e t e d  sc-cond, and i t  i s  p la i lnec l  t o  have T u t u r E  
r e s e a r c h  p l a n s  f i n 5 1  i z c d  f o r  c o o p p r a t i v p  r e i a m i c  powier c h a r a c t e r i z a t i o n  
r e s e a r c h  by t h e  middle o f  C Y  1989. R e s u l t s  f r o m  s i n t e r &  c e r a m i c  charac-  
t e r i z a t i o n  i n  Subtask 3 w i l l  be a v a s l a b l e  ] a r t  i n  time, 316 i t  i s  n o t  
c l e a r  a t  t h i s  t i m e  i f  f u r t h e r  r e s e a r c h  i n  t h i s  a r r a  G 1 1  be s u p p o r t e d  a s  
p a r t  o f  a f u t u r e  i n t e r n a t i o n a l  ag reemef i t .  ) h e  s t a i i s  o f  t h e  research i n  

- 
I he l a c k  o f  such  s t a n d a r d  measurement nlet.hocis has b~e1-s afi impedin l r ln t  

- 

The r e s e a r c h  i n  S u b t a s k  2 i i i c l l i d e s  f i v e  r e r a a i c  powd~*:-s w h i c h  a r e  

With t h e  a p p r o a c h i n g  c o n c l u s i o n  o f  Ailnex I1  r e z e a r r h ,  c o n s i d e r a b l e  



the nreas o f  powder characterization, s i n t e r e d  cermnle  characterization, 
and mechanical properties withjn “ L e  U n i t e d  Stakes r e l a t l v e  to a poss ib le  
a d d i t i o n  o f  a Subtask 5 i s  d iscussed  later i n  t h i s  report .  

The major techniea.1 status changes since the  l a s t  sam-ialannua? report. 
w i l l  he aneviewed b r i e f l y .  

Subtask 2, Ceramic powder characterization 

The U.S.  powder ~ ~ r ~ i n ~  group he1 t h r e e  meetjngs dsiiri ng th-i s 
prr.iod: on A p r i l  5 i n  P4tts u r g h ,  ~ ~ n ~ s ~ ~ w ~ ~ ~ ~ ~  on May 17 i n  
assachuse t t s ;  and on September 1 5  and 16 i n  Gal tkersburg ,  

These meetings i nc luded detailed presentations of d a t a  o 
by t h e  U.S.-psrticipating l a b o r a t o r i e s  The earlier e e t i  ngs i ncl kl 
& t a i l e d  discussions regarding p r o b 1 m s  b e i n g  encountered k i t t i  powder 
d i  c,lrs”but,ion b~ the N a t i o n a l  I n s t i t u t e  of  Standards and T ~ ? c h ~ ~ l i i g y  ( N I S T )  
and measurement problems e n c ~ u n k r e d  by t h e  participating Paboratnries, 
The meeting :’n September conc luded t h e  dd ta  submiss ions  t o  NEST, which has 
responsibility for compiljng all o f  t he  d a t a  from t h e  25 participating 
laboratories i n  three countries befor  t h e  lnternatisnal meeting scheduled 
for ea r ly  October i n  Berchtesgaden, F 

on some o f  t h e  ceramic powdet-5 repor ted  in the  p ~ e v I o u s  semiannual r.egert. 
were abandoned due to lack o f  time and agreement among c a d i d a t e  p a i - t i c i - .  

‘The p l a n s  for incorpordting a s e r i e s  o f  zeta potential measurements 

1 absratories 
IST completed d i s t r i b u t i o n  OF t h e  remaining three powde‘cs t o  a l l  
ipatinq S a b r a t ~ r i e s .  Analyses f o r  a l l  f ive powders were complete 

by all laboratories, and t he  d a t a  was s ~ b r n l t ~ t e d  to NIST by the end of‘ 
A u q u s t  1988. 

of helping to organize and perform the  a n a l y s i s  a f  
and for identification and fur ther  d i s c u s s i o n  o f  problem a reas  i n  t h e  paw-- 
der  measurements. 

Task leaders  were 3’dentified a t  t h e  Or lando  me f o r  &he purpose 
f o r  the powders 

These task  l eaders  and t h e i r  responsibilitjes a r e .  

(1) chemical c h a r a c t e r i s t i c s  - Dr. A ,  Dragaa, United S t a t e s ;  
( 2 )  p a r t i c l e  s i z e  distribution, d e n s i t y ,  and a ~ ~ ~ ~ ~ ~ ~ a ~ ~ ~ ~  - 
( 3 )  surface a r e a ,  permearnetry, aspect. ratio, isoelectric p o i n t ,  

Or. H. Wausner, E R G ;  

scanning e lec t ron  microscope, and ~~~~~~~~~~~~ - Dr. R .  P o m p ,  Sweden 

These t a s k  l e a d e r s  a r e  organizing activities n e c e s s a ~ y  to meet, their 
r e s p o n s i b l l  i t i e s  and wi 11 prov ide  formal reports a t  a rg~btask wark.a”ng 
g r o u p  meeeiny scheduled f o r  October 18--11, 19 8, a t  Berchtesyaden, F R G ,  
j u s t  p r i o r  t o  the second international meetin on powder s c i e n r e ”  

IST, the followang schedule applies t o  t h i s  svtstask. 
Based Ltpon the most recent agree ent.5 f o l l o w i n g  r eee ip t  o f  t h e  powder 

August  15,  198% A1 1 powder a n a l y s e s  completed and 
results submitted t o  N l S T  

Oetaber 10---13., 1988 Data repopted and reviewe 
grolJp meetlng i n  FWG 



December 15: 1988 ,417 &La c o r r e c t i o t l s  due t o  NIST 
A p r i l  30 ,  1989 P a r t  I ( d a t x  on:y) goes i o  p r i n t e r  
A u g u s t  31, 1983 NICT f i n a l  r e p o r t  P a r t  I 1  ( d a t a  a n a l y s i s )  d r a f t  

c o m p l e t e d  arid d i s t r i b u t d  t o  a l l  p a r t i c i p a E t s  
lor-  r s v i z w  arid t o r f i i i i ~ n t  

Decrmb~r 2 h 9  1989 P a r t  I 1  o f  r c p n r t  p u b l i s f i d  and  d i s t r i b u t e d  by 
NISI. Tn15 f o r m a l l y  cOn7p:Ptes Svbta5k 7,  

c 

5 ~ n t a s . k  3, Chemica l  c h a r a c i c r i z a t i o n  o f  s i n t e r e d  r e r a n l i e s  
- I  I he U . S .  v!:!c:-kiny 9r.p.’ L u p  f o r  S u b t a s k  3 mct i n  C i n c i n n a t i ,  O h i o ,  on 

Hay 1 t o  i -eviel+J t h e  s L a t u 5  o f  r ~ ~ ~ ~ l t s .  D r .  H a t c h e l  ;1f KemaNord i n  Sweden, 
wks i s  i - e s p o i l s i b l e  for- d r a f t i n g  t h e  S u b t a s k  3 f i n a l  r e p o r t ,  r e v i e w e d  the 
s t a t u s  o f  h i s  w o r k  and s t a t e d  t h a t  he w i l l  g i v e  a p r e l i m i n a r y  r e p o r t  o f  
k h e  w s u l t s  a t  t h e  E x e c u t i v e  Commit tee r w e t i n q  i n  Amsterdam i n  J i ine .  A t  
t h e  h s t e r d a m  m e e t i n g ,  Hatcher repoi-ied t h a t  f i n a l  c a m p i l a t i o n  o f  l a t e  
d a t a  f o r  t h e  s u b t a s k  w a s  e s s e n t i a l l y  c o m p l e t e d  and  t h a t  he i n t e n d s  t o  have 
a f i n a l  d r a f t  o f  t h e  r e p o r t  f o r  t h e  s u b t a s k  raady F o r  E x c x u t i v e  Commi t tee  
a c t i o n  at t h e  i i ~ ~ e t i n g  s c h e d ~ l d d  f o r  b!oVembei+ i n  L ~ s  V ~ C J ~ S .  

S u b t a s k  4 ,  M e c h a n i c a l  p r o p P r t j e s  o f  cera i i i ics  

Rcscai-ch r e s u l t s  f r o m  t h i ~  suhtask  a r e  b e i n g  p r g p a r e d  i n  two repcr t s ,  
one w i t t e n  a t  ORNB i n  t h e  U n i t e d  S t a t e s  on f r d c t o g r a p h y  a n a l y s i s ,  and  the 
second k i n g  prepai -ed a t  t h e  K e r n f o r s c h u n g s 7 e ~ t r u m - K a r l  sruhe (KFK) i n  
Kai.1 st-uhe i n Germafiy i n c l  ud i  ng ana l y s i  s o f  t h e  f T . d C t x f P  da La.  I n  e a r l y  
? + r i l ,  t h e  d r a f t  r e p n r t  f r o m  G~rrnafiiy was r e c e i v e d  and d i s t r i b z r t e d  t o  t h e  
U n i t e d  S t a t e s  2nd S w d i s h  p a ; t i r i p a n t s  f o r  i -ev icw and c o m m ~ n t .  The f i r s t  
d r - a f t  o f  t h e  f r a c t o g r a p h y  r e p o r t  was d i s t r i b ~ t c d  f o r  comment on Apr i l  26 
M a j o r  d i f f i c u l t y  w a s  b e i n g  e n c a u n t e r c G  a’n r e c e i v i n g  p r o p e r  f o r m a t t e d  da ta  

Y w d i s h  and t h e  U . S .  s i l i c o i i  n i t r i d e  c r r a n r i c s .  The f i r s t  round o f  corn- 
i i ier ; ts f r w ~ ~ i  U.S. w v i r w r s  were r e t u r n e d  i o  Gei-many i f i  e a r l y  May. A 
r e v i s e d  d r a f t  o f  t h c  f c a c t o g r a p h y  r e p ~ ; - t  Y ? S  s e n t  t o  members of  t h e  
Cxc??ru i i v r  COII t t e c  i n  a l l  tl-ireP c o u n t r i p s  on 1 % ~  35. D e t a i l s  o f  t h e  
r e 5 e a r c h  r c s n r l t s  were  p r e s e n t e d  a t  t h e  E x e c u t i v e  Commi t tee  m e e t i n g  h e l d  i n  
Anlstsr-ddm on J i i ne  8. Ihe r e v i s e d  Gerifian repor t  d 3 s  r e c e i v e d  a t  ORNL and 
!’r”s s e n t  t o  a l l  U . S .  p a r t i c i p a n t s  i n  thc.  subtdsk on J u n e  30,  I n c l u d e d  was 
a q u e s t i o n n a i r e  f r o m  Germany reqa i -d ing  t h e  f l x t \ l w  & s i g n s  used by U . S .  
p a r t i c i p a n t s .  Based z ~ p o n  p r e v i o u s  r e v i e w  c o n m e r ~ t s ,  a r e v i s e d  v e r s i o n  o f  
t h e  f r a c t o g i - a p h y  r e p o r t  W ~ S  sent  t o  I J  S, p a r t i c i p a n t s  f o r  i *ev iew Review 
r e s u l t s  ‘w* re  r e c e i v e d  f rom Sicden i n  J u l y  on t h ~  S r a c t o g r a p h y  r e p o r t  and 
f u r t h e r  i o m u n f c a t i o n  was h e l d  w j t h  Ge*:-man w5rker-s v i a  l e t te t -  ~ r i  3 ~ 1 ~  13 
concer f i i f i i g  e r r o r s  i n  ~ h c  e a r ?  i e r  G ~ r n a n  d r a f t  for- Ko lmogorov -Smi rnov  t e s t  
r e s u l t s ,  i n c l u d i n g  t h e  c o n f i d e n c e  l p v o l s  used  i n  t h e  d r a f t  r epor t .  
P r e l  i m i n a r y  r e v j e v  conlnieiits on the  f r a c t u r e  a n a l y s i s  repor t  d r a f t  and  the  
r e s u l t s  o f  U . S .  q u e s t i o n n a i r e s  \t!ei-e i-rturned io G e r m n y  on A u g t ~ s t  12. 
F i n a l  U . S .  r e v i e w  comments on t h e  Gerinari r e p o r t  iqpre s e n t  t o  Germany i n  
in i&Septemb?r.  F u r - t h s r  con inL ln i ca t i on  o c c u r r e d  w j  t h  t h o  German w r k e s s  a t  
K a r l  s r u h e  r e g a r d i n g  t h e  u n s a t i s f a c t o r y  s t a t u s  o f  t h e  German d a t a  F i l e s  f o r  
S u b t a s k  3 .  The f i i - i a l  vi.:sion o f  t h i s  Germrdn re.;crt w i l l  be r e v i e w e d  a t  
t h e  E x e c u t i v e  Commit tee m r e t i n g  schrdlrled f o r  Noveiliber 30 i n  Las Vegas. 

A?: I I 1 I C S  froin Germany, t h i c h  i n r l u d e d  Lhe specimen d e s i g z a t a r s  for- b o t h  t h e  
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Status o f  Subtask 5 r@seascD.l plar1s 

A s  s t a t e d  e a r l i e r  I n  this r e p o r t ,  the degree o f  c o n p l s t i o n  o f  ~ a c h  
subtask has a d i r e c t  bearing on the lwei o f  d i s c u s s i o n s  on tb p u r p o ~ e  
and need Par cont inuat ion o f  a t  l e a s t  some o f  . t h e  research urder a new 
subtask. Further, there i 5 ev jdence  that .  o t h e r  counta-jes :re i rltere.sed 
i n  p a r t i c i p a t i n g  i n  f u t u r e  research,  i f  one i s  approved .  T h i s  p o t e n i r ’ a l  
f u t u r e  vesearch l ”s d i s c u s s e  i n  t e ras  o r  a ne\v swbta5k. As rotgcl i n  
earlier r e p o r t s  o f  t h i  s a c t i v i t y ,  Germcnny provided an informal gr*opasi:l 

ca l  property research 3t t h e  iiuork‘ifig g roua  nneetine, he ld  i n  
ichigan, i n  October 1987. DSsicsass~sn o f  t h i s  p r n p i l s a l  among 

potentlally i n t e r e s t e d  U . S .  l a h o r a t o s - i e r  r.esblte.9 i n  an a l t e r r a t i v c  pro -  
posa l  containing a rn7xtui-e o f  flexh,-al  arid t e i i s i  l e  s t r eng th  m ~ a s u r ~ w e n t  
research” For  e x a m p l e $  r e s u l t s  f r o m  the  1 a r g e  f1 e x u w  s t rength  d a t a  s e t s  
generated i n  Scabtask 4 i n d i c a t e d  u n c x p e c - t d  v ~ r i a t i o n s  wh ich  coLi‘1t? not, he 
c l e a r l y  a t t r i b u t e d  t o  “eeqriipment v a p i a t i o n s ”  o r  t o  ‘r i iatP;”i,?il v a ~ i a + , j o n s ”  
In a d d i t i o n ,  t h e  s t r o n g  interest i n  dpveloping wethodr; F; r  m c w ~ r j ~ l i g  t h e  
t rue  t e n s i l e  s t rength  o f  s t ~ u c t u a a l  ceram.l;cs was f e l t  to be an a p p r o p u i a t e  
s u b j e c t .  A p ~ s p o s a l  based inpon these i d e a s  was fo rmula t ed  by t h e  aza:.ho;r 
and presented t o  t h e  U . S .  workinq $roup  it t h e  naeet,jng i n  C i n c i i ~ n a k i  on 
Flay 4, following rece ip t  o f  respoaisej f r o ~ i  t h e  Cocoa Beach m e e t i n g  h z l d  i n  
January.  

proposal was prepared arid presented f o p  cons idera t ion  I I ~  the E x e c ~ ~ t i v ~  
Cornmi ttee mezti ny i ri Amsterdam i n  June + At.  t k 4 i  s m c e t i  ng i: r ep re ren ta t  i v c  

sry o f  I n t e r n a t i o n a l  Trade and I n d u s t y  ( M I T I )  i n  Jap.%n st-ated 
e f i n i t e l v  w a r i t s  t o  be a par t , i c ipant  i n  any f u t u r e  TEA 8.niner 

research on s t r u c t u r a l  ceramics. D u r i n g  t h e  summer, f i n a l  camnnenls were  
received from t h e  U.S .  i n d u s t r i a l  ceramic community, and a mcrc 031;” l e s s  
Fina?  v e r s i o n  o f  t he  p r o p o s a l  was prep red and d i s t r i b u t e d  f o r  cnnsidet-a- 
t i o n  and comment t o  a l a rge  nhaniber o f  . S a  l a b o r a t a r i e ~  ~ i x 1  5 ~ p t ~ r n b ~ r  22. 
A w o r k i n g  g r o ~ p  meetding t e  finalize the U 2. p o s i t t a n  on m e c l - a n i r a l  p r o p -  
e r t y  r e s e a r c h  In a new slnbtask i s  scheduled f a r  October 25 i n  Dearborn,  
M ich igan .  Based upon t h i s  m e e t i n g ,  the U . S ,  position w i l l  t hen  Re p w - -  
sented t o  the  Executr ’ve c o  rnittee a t  t h e  [.as Veqas rnwt-lirag a t  the  end o f  
November” 

extensive use o f  strain-gauged specimens a s  a means f o r  i d e n t i f y i n  
and s t ress  asymmetries i n  v a r l o u s  test“ machines used i n  ~ e t ~ ~ m ~ ~ ~ ~ ~  h c ~ t h  
f l e x u r a ?  and t e n s i l e  s t rength o f  one 1.I.S. s t r u c t u r a l  c2rarnic material. 
P l a n s  for future U.S.  cooperat ive i n t e r n a t i o n d l  research on cerarnl’c 
powders will be completed by e a r l y  s p r i n g .  

Based upon responses r e c e i v e d  a f t e r  t h e  May mncctinq,, a revised 

The research which the  U.S.  community i s  w i l l i n g  t o  s u p p o r t  .includes 
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Si-iinciard __._____ Refereiice .... ~ P h  Ceria _I._g__ Ls 
A .  I,. Dragoo, S .  C;. Malghan, L . - S .  Lux ,  D .  5 .  Minor, J .  E'. K e l l y ,  and 
J . C .  C l i n e  (Nati.onal I n s t i t u t e  o f  Standards and Technology) 

Obj e c t ive/ S c o9.g 

Ceramics have been s u c c e s s f u l l y  employed i n  engines  on a 
demonst-ration bas i s .  T h e  s u c c e s s f u l  mdnclfacture and use of  ceramics  i n  
advanced engiaPs depccdr, on  the developinent of r e l i a b l e  mater i a l s  t h a i  
w i l l  w i t h s t a n d  h igh ,  r a p i d l y  v a i y i n g  Lherrna1 sizre-ss l o a d s .  Improvem~nt  
i n  t h e  c h a r a c t P r 2 z a t i o n  of ccrairiic s t n r t i n g  powders is  a c r i t i c a l  
factor i n  a c h i e v i n g  reLiablc r e a m i c  m a t e r i a L s  f o r  eneine a p p l i c a t i o n s .  
The product ion  and u t i l i z a t i o n  of such powders r e q u i r e  c h a r a c i e r i z a t i o n  
methods and p r o p e r t y  standard5 For q u a l i t y  aqsuraoce . 

The object 'cves o f  the NBS program are (1) i o  assisL ~ ~ i t h  rhe 
d i v i s i o n  and di  st-ribut ion of f i ve  ceramic s t d ~  Ling powd%-us f o r  an  
i n t e r n a t i o n a l  round-robin  on povder c h a r a c t e r i  , , a t ion ;  ( 7 )  t o  provide  
r e l i a b l e  d a t a  on phjrqical (dirnenaional) che a l  and phase 
c h a r a c i x r i s t i c s  of two s i l i . ron  n i t r i d e  p o v d ~  . a reference aid a 1 C ~ : > C  
powde.r; and ( 3 )  t o  conduc; s t a t i , t i e a l  assessment and modeling of 
r o m d - r o b i n  da t a  i h i s  program i s  C r e c t e d  toward a c r i t i c a l  

ment o f  p o r ~ d o , ~  charac ieLi  z a t i o n  nit-thodnl o ~ y  and i ward 
e s t a b l i s h m e n t  o f  a b a s i s  f o r  the  e v a l u a t i o n  o f  f i n e  powder piecursors 
for reramIc p r o c e s s i n g .  This  work ~ , r i l . l  examlnc and compare by a 
v a r i c c y  o f  sea t  istical. inezns ~1-w varlous measurement m e t  hodologies  
employed Ln the round-robin and ihe c o r r e l a t i o n s  among [ h e  v a r i o u s  
yaraneters and c h a r a c t e r i s t i c s  e v a l u a t e d .  The rpwits o f  t h e  r o ~ n d -  
r o b i n  arc expected t o  provide  t h c  b a s i s  f u r  i d e n t i  Py3 ng nr3~3suremcnTs 
Tor xlhtch S f  andard I<eference M a t e r i a l s  a r c  ne.~ded and t o  provide  
propertsy and s t a t i s i - i c a l  c h i d  wbich nil1 SCIVCI the development o f  
i n t e r m t i o n a l l y  accepi tad s t a n d a r d s .  

-_ Technica l  ......... ____ Y r o s c s s  _. 

The t e c h n i c a l  p r n e r r s s  covered i n  r l k i s  repott inc ludes  d e s c r i p t i o n s  o f  
work on t h e  prepara1:ion of  powder samples f o r  the IF,A/ANNEX i I Subt ask 
2,  p o ~ d e r  c h a r a c t e r i z d r i o n  round-rsbiri- and o r  the compi' lation and 
analysis of  L ound- robirp daid .  

Divi s iopi,- D i s tr Ibu t i o  n 3 ~ 3  Cr: r t i f-ic a t  i on....gf C.-ram.i.g.- S t a r t  ieg 
'i'swders. . . - T h i s  phase o f  t h e  work was  completed d u r i n g  t h e  prev ious  
r e p o r t i n g  p e r i o d .  

Powder C h a i a c t e r i s a t i o n .  X-ray sed igraph  and BET aiialyse-, o f  a l l  
IEA powdars werc com~?ls t t?d .  Eight  samples of ~ a c h  of r e f e r e n c e  s i l i c o n  
n i t r i d e  ( S N R ) ,  t e s t  s i l i c o l i  i l i t r i d e  (SNT) , s i l i c o n  ( S i )  and s i l i c o n  
c a r b i d e  (Sic) powdn c samp 1 e s  w p y o  analyzed w i t h  t h e  sed igraph .  A t  
l e a s t  twn i -ep l ica i  tls of  each sample we:-n- analyzed .  ( B E T )  

I n  co l laboi -a t ion  w i t h  N. E .  Whitby and D Y .  13. Bui,  o r  t h e  
P a r t i c l e  Tecnnoloey Laboratoiy of  tile University o f  Minnpsota, a 
cornparisnn s t u d y  was c a r r i e d  mt f o r  p a r t i c l e  s i z e  masureinents  by 
a i r b o r n e  p a r t i c l e  :nethods and x - r a y  sed igraph .  ALso a s  a p a r t  or t h i s  



Meetings of  the U . S .  Working Group f o r  the IEA/Anriex II P o ~ d e r  
Characterization w e r e  he ld  at GTE Research Labs, Waitham, MA, i n  Ma.y and 
a t  K I S T ?  i t n  Gaithersburg, MD, i n  September-. These meetings: have 
provided an. a p p o x t ~ ~ m l t y  to examine powder c h a r a c t e r i z a t i o n  problems,  t o  
€0 s t e I- imp r ovs d work i rig re 1. a- t i o nsh i p s be tween part i c i p ant s and t o  
discuss  fu tu re  co l labora t ions ,  The September meeting was devoted 
largely to examining the  eompiLed da t a  f rom the par t . i c ipa t ing  U . S 1  
l abora tor ies  in Annex 7.1 and to rnaki-ng recorxiinenda!;ions f o s  tihe coriibined 
BI. S ,  -West Geman-Swedish cornpilaticon which was d i s t r i b u t e d  at 
Rerchtesgaden i n  October .  

1. A 1 1  correct . ions t o  the compiled d.3t.a are t o  be repor ted  to 
N I S T  by the  par tLcipat ing labora tor ies  by Dec.embet: 1.5 ~ 1988 I 

2 ,  NiST w i l l  prepare the cot-rectetf compi.lai: ion,  inc.I.utliug 
tabula t ions  o f  d a t a ,  sununary statistics, data pl.0 t i s ,  

sumartes sf ana ly t i ca l  methods and se lec ted  micrographs , and 
submi.t the compilation ECJK p r i n t i n g  by Nay 1 ,  1989 

3 .  P r i n t e d  copies w i l l  be d i s t r i t u t x d  t u  the p a r t i c i p a t i n g  
l a b o r a t o r i e s  by September 2 ~ 1989 Certrral pub1 i c  



d i s t r i b u t i o n  o f  the  da t a  wi l l  occur once the d a t a  is re leased  
by the IEA/t?nnex I1 Executive Committee. 

The tcr.hnica1 ana lys i s  arid f i n a l  r epor t  w i l l  be prepared by the  three  
na t iona l  subchairman warkine i n  col.l.aboration. They w i l l  meet on the 
occasions of the American Ceramic Society Coco Beach fleeting and the 
American Ceramic Society Annual. Meeting t o  prepare a f i n a l  draEii 
r e p o r t .  They w i l l .  a l s o  prepare a s e t  o f  reconmeidations for -  i;iw 
Chairman o f  Subtask 7. t o  present: t o  the IEA/Annex Ii Execi1t:ive 
Cornmitliee. P r in t ed  copies  o f  the technLilal ana1.ysf.s and final.  r epor t  
w i l l  be d i s t r i b u t e d  [Io the pa r i i c ipac ing  laboratories b y  December 1 5 ,  
1989 .  A n  i .n-depth s t a t i s t i c a l  ana lys i s  o f  the roun9-robin  da t a  w l 1 . l  be 
prepared by N I S T  as a separa te  document .  

S t a tus  o f  .~ -  Milestoo= 

Task 1. 01i schedule.  Subtask A complatxd i n  February. 
Subtask B completed in October wi.i:h prepara t ion  and d i s t r i b u t i o n  of 
da t a  CoinpIlation :Eur IEA/Annex :I.i." Subtask C i n  progress  ; see schedule 
and procedures f o r  r epor t ing  I E A  da t a  and technica l  ana lys i s  i n  t h e  
preceding sec t ion  o f  t h i s  r e p o r t .  

___ Publ ica t ions  ............._... 

Nancy L.  WTitby, David il. H .  Pu i ,  Li.n-~Sien Lum and Alan L. Dragco, 
"Powder Size Anal-ysis Using Aerosol Measurement Techniques, 'I t o  be 
submitted f o r  p u h l i c a ~ i o n  i n  Ypwder Te.c._bnoloa. 

Cover 

Table o f  Contents 

Agenda 

P a r  ti i- c i pat  i ng Labor a to r i e s 

Cherni~cal Compositi-on Code 

Part.i.cl.e S i z e  Code 

Physj~cal  Properties Code 

Chemi~cal Properi: i e s  

Nethods o f  Chemical Ana1ysi.s 

Piethods o f  Chemical Ana1.ysi.s o f  S i l i con  Ni t r ide  

Po ten t i a l  Sources o f  Errors  i n  Chemical Data 

S i ~ l i c o n  NitLide Reference Powder: 

Surnrnary S t a t i s t i c s  ( 1 7 )  
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Var iab i l i t y  i n  Chemical. Ana1.ysi.s Data (6) 

Pl .o ts  of Data ( 9 )  

Original Data (11) 

S i l i con  Ni t r ide  Test Powder:  

Summary S ta t i s t . i c s  ( 1 2 )  

P l o t s  (8)  

Original. Data (11) 

Silicon Carbide Powder: 

Sumnary S t a t i s t i c s  (15 )  

PLoes ( 8 )  

O r i g i n a l  Data ( 6 )  

Si.lic:on Powder: 

Summary S ta t i . s i : i c s  (14) 

P l o t s  (8 )  

Original Data (8)  

%:irc.oni.a: 

Seunn?.ary S ta t i s t . i c s  (14) 

P l o t s  (8)  

Or ig ina l  Data ( 5 )  

I_._..___. Partic1.e S iz_g  

S i l i c o n  Ni t r ide  Reference Powder : 

S u m m a r y  Stat:Lstics ( 4 )  

Procedure Effects ( 3 )  

P l o t s  (10) 

Original  Data (6) 

Silicon N i t r i d e  Test  Powder:  

Summary S t a t i s t i c s  ( 4 )  

Procedure Effects ( 3 )  

P l o t s  ( 8 )  

Original  Data ( 5 )  

Si- l icon Carbide Powder: 

Summary S t a t i s t i c s  (&) 

Procedure Effec::s ( 3  j 

PLots ( 8 )  

Original. Data ([+) 
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S i  1 i con  Powd-r 

Summary Stat  :si i c . 5  ( 5 )  

Procrchrz  Eff;.c+-, ( 2 )  

Plots (8) 

OrigLnal Data ( / I )  

Z i r c o n i i  Powder .  

Su~lunazj S t a t  L s t 

P l o i s  (5) 

Origii ial  Da:s ( 3 )  

Phvsical ~ r o ~ ~ r ~ i ~ ~  

S i l i c o l i  Nitride ?.efeiei~ce Powdn i  

Surainar~ S t 2 t ; - b c i < * s  1 7 )  

?Lo i s  ( 6 )  

Gi ig ina l  D a i d  (5) 

Silicon N i i i i d e ,  Test P o w  

Surrunai j  S L n L i 5 i i c  s ( 5 )  

P lo t - s  ( 4 )  

Original D a i  4 ( 5 )  

S i  1 icon Carbida uovdcr '  

Sulrmary S t a t i s t i c s  ( 6 )  

P l o r s  ( 4 )  

O r i g i n a l  Daia ( 5 )  

S i 1 icoLi  Powder : 

Surmarg Statistics (5) 

L'lors ( 4 )  

O r i g i n a l  D a F d  ( 5 )  

Zirconia Powder: 

Sminarj S t a t i s t i c s  ( 9 )  

P l o t s  (h) 

O r i g i n a l  Data ( L >  



CHEM TCAL PROPERTIES 

F'MG 5 9 8 L& 5 

SWEDEN 0 i 1 1 1 

PART I C L E  s I 2. E : 

U . S .  9 12 1: 10 9 

T;'KG 2 9 6 4 6 

SW E [>EN b 2 2 2 2 

OTlQER PI-1YSICP5TA PRC3PERTXES : 

U.S. 9 1 2  9 10 1 2  

FRG 5 9 '7 .!+ 6 

sw EDEN 2 2 2 2 2 

X-RAY DZ F'E;'KACTION : 

u.  s 1 4 7 0 4 1 

E'KG 5 7 2 1 

SWEDEN 0 2 z 1 1 
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M .  D .  Vaudin, E ,  K. F u l l e r ,  J r . ,  J .  P .  Cline and A .  L.  Dragos 
(National I n s t i t u t e  o f  Standards and Technology) 

Oble II___.I c t ive / ......... S c op-g 

Ceramics have been success fu l ly  empl.oyed i n  engines on a 
demonstration b a s i s .  The successful.  manufacture and use o f  c e r a  
advanced engines depends on the  development of re1labl.e riiaterials t h a t  
w i l l  wi thstand h igh ,  rap id ly  varying thermal  stress loads. PhysicaL 
arid chemical p r o p e r t i e s ,  phase c h a r a c t e r l s t i c s  and micros t ruc tura l  
p rope r t i e s  o f  ceramic mater ia l s  detereriiaied i:o a Large extent t h e i r  
mechanical and s t r u c t u r a l  p r o p e r t i e s  n ~ i d  h m c e  ~ t h i . r  high temperature 
s t . ruc tura l  performance and rel iabi .  1.i.ty. 
p rec i s ion  with which these p rope r t i e s  and micros t ruc tura l  
c h a r a c t e r i s t i c s  can be ~neasura:! has no t  been assessed i n  a systematic  
manner for  advanced ceramic ma te r i a l s .  An i n i t i a l  s t e p  i n  such a n  
assessment i s  the establ ishment  o f  a da ta  base f o r  these ::ernmic 
p rope r t i e s  and microstructi.ira1 c h z r a c t e r i s t i c s  f o r  a s e t  of 
s tandardized specimens. 

'l%c rep roduc ib i l i t y  and 

The object:ivc of t h i s  t a sk  i s  t o  measurn and charac txr ize  the 
ceramic properties (c rys taLl ine  phase coiiipositi o n ,  grain-boundary 
p r o p e r t ? - e s  and poss ib le  r e s idua l  s t r e s s e s )  o f  a s e r i e s  o f  standard 
ceramic specimens t o  a s s i s t  i n  the d e - v e l ~ p ~ t i t  o f  i n t e m a t i o n a l l y  
accepted s tandards f o r  ceramic c h a r a c t e r i z a t i o n .  ' rh is  work cont r ibu tes  
t o  an i n t e r n a t i o n a l  i n t e r l abora to ry  comparison, IEA/ANNEX T I ,  Subtask 3 
on Ceramic Charac te r iza t ion ,  under the auspices  o f  the  In%ernat iona l  
Energy Agency. 

T e  chni. ca 1 P r o ~ r e s g  

Three matierials were charac te r ized  i r x  Subtask 3 of IEA/ANNEX I1 on 
ceramic cha rac t e r i za t ion :  ASEA Cerarna s i l i c o n  r t i t r i de  ~ GTE SNW- 1000 
s i l . i con  n i t r i d e  and ESK s i l i c o n  carb ide* .  The work on the two s i l i c o n  
n i t r i d e  ma te r i a l s  w a s  descr ibed i n  the semiannual r epor t  t ransmi t ted  i n  
A p r i l  1988. The fol.l.owing r epor t  descr ibes  e l e c t r o n  microscopy 
observat ions of  the microst-ructure and g ra in  boundary c h a r a c t e r i s t i c s  
of the ESK si.l.icon carb ide .  Supporting X - r a y  d i f f r a c t i o n  data f o r  the 
bu1.k phase composition i s  included.. 

._ .......- II ........ 

* Certain cornrnercial Fquipment, instruments and ma te r i a l s  may be 
i d e n t i f i e d  i n  t h i s  r e p o r t  i n  ordeb- t o  adequately spec i fy  the 
experiment aL procedure.  Such i d e n t i f i c a t i o n  does n o t  imply 
rerorrirucndati OF o r  endorsement by the National I n s t i t u t e  o f  
St-andards and Technology, n o r  does it  imply t h a t  the 
ma te r i a l s  o r  equipment i d e n t i f i e s  a r e  necessa r i ly  the  b e t s  
ava i l ab le  f o r  the purpose. 
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Elec t ron  Microscopy Observations:  ESK S i l i c o n  Carbide. The FiSK 
s i l i c o n  carb ide  w a s  shown by X-ray d i f f r a c t i o n  t o  be predoininantly oE 
t h e  6H polytype wi th  a e - a x i s  spacing o f  I. - 5  run. file second phase were 
4H Si(; ( 5 % )  and g raph i t e  ( 2 % ) .  

The micros t ruc ture  of t h i s  mater ia l  c o n s i s t s  of g ra ins  e longated 
p a r a l l e l  t o  the  (0001) planes (aspect  r a t i o  3 : 2 )  and about 2 - 3  pm i n  
t h e  long dimension. Figure 1 i s  a .‘,1120> s e l e c t e d  area d i f f r a c t i o n  
p a t t e r n  from a Sic gra in  i n  which every s i x t h  member of  t he  0001, row of 
spots  i s  i n t e n s e ,  thus confirming the X-ray f ind ing  t h a t  the major 
phase is the  6 H  polytype.  There are s t r e a k s  between the  OOOL spo t s  
which i n d i c a t e s  a high dens i ty  o f  s tack ing  f a u l t s .  This i s  ev ident  i n  
the l a t t i c e  f r i n g e  micrograph i n  Figure 2 i n  which the  r egu la r  
p e r i o d i c i t y  of t he  6 H  S i c  (0001) l a t t i c e  f r i n g e s  i s  in t e r rup ted  a t  
i r r e g u l a r  intervals  by fau l t s  which cause a change i n  the  c o n t r a s t  and 
spacing of t h e  f r i n g e s .  A s tacking  f a u l t  i n  t he  6 H  s t r u c t u r e  produces 
a s m a l l  r eg ion  of a d i f f e r e n t  polytype, depending on the nature  of the  
s t ack ing  f a u l t .  
es t imated as about 50/pm. If w e  assume that each f a u l t  produces a lnm 
reg ien  of  another  polytype,  the  f r a c t i o n  of minori ty  polytypes i n  t h e  
material by t h i s  crude estimate is  about 5%.  The X-ray d i f f r a c t i o n  
d a t a  i n d i c a t e s  t he  ma te r i a l  eonta ins  about 5% o f  4M S i c  arid s o  i t .  can 
be concluded t h a t  majorrty o f  the  s tacking  f a u l t s  i n  this micrograph 
a r e  o f  t he  type t h a t  l o c a l l y  produce the 4tl s t r u c t u r e .  

I n  t h i s  micrograph, the dens i ty  of  s tacking  f a u l t s  was 

The other major phase i n  t h i s  ma te r i a l  was carbon i n  the f o r m  of 
f9brsus  graph i t e  p r e c i p i t a t e s ,  which was de tec t ed  a t  the level of  1 %  t o  
2% wi th  X-ray d i f f r a c t i o n ,  Using TEM it  w a s  determined t h a t  1;he 
graphi-te w a s  i n  the form of  p r e c i p i t a t e s  up to 0 . 5  pm t h i c k .  Figure 3 
1:; a micrograph oE a f ib rous  graphi te  p r e c i p i t a t e  (as i d e n t i f i e d  by 
s e l e c t e d  a r e a  e l e c t r o n  d i f f r a c t i o n )  coa t ing  a gra in  boundary and two 
t r i p l e  j unc t ions .  Stacking f a u l t s  are v i s i b l e  i n  the  s i l i c o n  carb ide  
g ra ins .  

Figure 4 shows a th i cke r  graphi te  yree. ipj ta te  a t  a four gra in  
j u n c t i o n ,  wi th  a very high dens i ty  of s t ack ing  f a u l t s  i n  all the  
g r a i n s .  The morphology of these  p r e c i p i t a t e s  is extremely va r i ed .  
They a r e  usually associaLed with t r i p l e  j unc t ions  o r  mu l t i -g ra in  
junc t ions .  Figure 5 shows a complex example 

In general  the  g ra ins  were d i s l o c a t i o n  f r e e ,  b u t  a f e w  gra ins  
cioritislned r e s idua l  s i n t e r i n g  damage. Figure 6 shows a s m a l l  angle  
g ra in  boundary t h a t  w a s  forming i n  a g r a i n ;  t he  BisEocations seen i n  
the  f i g u r e  w e r e  moving i n t o  the  lower elastic, energy conf igura t ion  o f  
t he  small angel  boundary when the  ma te r i a l  w a s  cooled,  “ f r eez ing  intt  
the  d i s l o c a t i o n  conf igura t ion .  



Eigu r r  I I <1120> se l ec t ed  area diffraccioi-1 p3 t t s r i l  



48 I 



487 

Figure 5 .  Graphite precipitate at junction of Sic grains. 
C O ~ P L C X  morphology o f  LIE graphitic phese.  

Noie  the 

Figure 6 .  Small angle g r a i n  boundary and associated dislocation array 
qupnched into a C i C  grain. 
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-.- X-R~J Di. ffrnction 

Qua1.it:ative ~ r a y  d i f f r a c t i o n  analysis o f  a Sic specimen gave the 
d i f f r ac t l i on  p a t t e r n  shown i n  F igu re  7 .  The material was found to 
cons i s t  mainly of a - S i C  which was estimated LO c o n s i s t  of  aboout 95 
percents 61-I pol.ytype [JCPDS-lcDD Powder Di f f rac t ton  F i l e  [$a. 29-.1131] 
and 5 percent 4 W  [PDF No. 2.9-7,1.27]. A small amount of a t h i r d  phase 
p o l y t y p e  may be present as suggested by the peaks at ahout 45.5O, S 4 - .  S "  
and 71"  2 - t h e t a .  The weak, broad peak at 2 6 " ,  as web1 cas the peak near 
2 9 " ,  may be associated with a graphitic form of carbon si.nce none o f  
the SLC polytypes have d i f f r a c t i o n  peaks in t h i s  range. Other weak, 
bx-aad diffraction 1.i.nes i n  t h e  diagram may a l s o  be due t o  this phase. 
The broaden graphite diffraction Lines a re  cons1.stent with a t.hin 
h ighly  d i s r u p t e d  (and s t ~ a i n e d )  m a t e r i a l  such as tha t  exhib i ted  by the 
graphi te  gra in  boundary phase shown in Figures  3 to  5 .  

Measurement: of surface residual str~ssses was attempf ed on the 
s i l i c o n  carbide sample bu t  s t r e s s e s  werc not observed due t o  overlap o f  
difEr-act.ion peaks and, p o s s i b l y ,  to s m a l l  magnitude oT the e f f ec t .  
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