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The Ceramic Technology For  Advanced Heat Engines P r o j e c t  was deve l -  
oped by t h e  Department o f  Energy '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  Conservat ion and Renewable Energy. 
Advanced M a t e r i a l s  Development Program, was developed t o  meet t h e  ceramic 
techno logy  requi rements o f  t h e  OTS's automot ive technology programs. 

S i g n i f i c a n t  accomplishments i n  f a b r i c a t i n g  ceramic components f o r  t h e  
Department o f  Energy (DOE), N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  
(NASA),  and Department o f  Defense (DOD) advanced h e a t  engine psograms have 
p r o v i d e d  evidence t h a t  t h e  o p e r a t i o n  o f  ceramic p a r t s  i n  h igh- temperature 
engine environments i s  f e a s i b l e .  However, these 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  research  i s  needed i n  m a t e r i a l s  and p rocess jng  
development, des ign  methodology, 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  technology base from which t o  produce 
r e l i a b l e  c o s t - e f f e c t i v e  ceramic engine components commerc ia l ly .  

An assessment o f  needs was completed, and a f i v e - y e a r  p r o j e c t  p l a n  
was developed w i t h  e x t e n s i v e  i n p u t  f rom p r i v a t e  i n d u s t r y ,  The o b j e c t i v e  
o f  t h e  p r o j e c t  i s  t o  develop t h e  i n d u s t r i a l  technology base r e q u i r e d  f o r  
r e l i a b K e  ceramics f o r  a p p l i c a t i o n  i n  advanced automot ive h e a t  engines. 
The p r o 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 ,  improv ing  processes f o r  f a b r i c a t i n g  e x i s t i n g  ceramics,  de- 
v e l o p i n g  new m a t e r i a l s  w i t h  i nc reased  r e l i a b i l i t y ,  and t e s t i n g  these  mate- 
r i a l s  i n  s i m u l a t e d  engine environments t o  c o n f i r m  r e l i a b i l i t y ,  A l though  
".,his 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  focus i s  on s t r u c t u r a l  ceramics 
f o r  advanced gas t u r b i n e  and d i e s e l  engines, ceramic b e a r i n g s  and a t t a c h -  
ments, and ceramic c o a t i n g s  f o r  thermal  b a r r i e r  and wear a p p l i c a t i o n s  i n  
these engines. T h i s  advance m a t e r i a l s  technology i s  b e i n g  developed i n  

ongoing DOE and i n d u s t r y  p r o o f -  

T h i s  p r o j e c t ,  p a r t  o f  t h e  OTS 's  

t h e  r a p i d  t r a n s f e r  
f t h e  work i s  

suppor t  f rom 
and u n i v e r s i t i e s .  

T r a n s p o r t a t i o n  
y c o o r d i n a t e d  w i t h  

and 
w i t h  
i &a- 
1 i- 

p a r a ? l e l - a n d  c l o s e  c o o r d i n a t i o n  w i t h  t h e  
of -concept  engine development programs. 
o f  t h i s  techno logy  t o  U.S. I n d u s t r y ,  t h e  
b e i n g  done i n  t h e  ceramic i n d u s t r y ,  w i t h  

e n t  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  
P h i s  p r o j e c t  i s  managed by ORNL f o r  

Systems, Heat Engine P r o p u l s i o n  D i v i s i o n  
complementary ceramics t a s k s  funded by o 

T o - f a c i  1 i t a t e  
major  p o r t i o n  
t e c h n o l o g i c a l  

1 abo ra to  r i e s 
t h e  O f f i c e  o f  

and i s  c l o s e  
h e r  DOE o f f i c  s, NASA, DOE, 

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 ,  
DOE f ocus  on automot ive a p p l i c a t i o n s  and NASA f ocus  on aerospace app 
t i o n s ,  A common work breakdown s t r u c t u r e  (WBS) was developed t o  f a c  
t a t e  c o o r d i n a t i o n .  The work d e s c r i b e d  i n  t h i s  r e p o r t  i s  o rgan ized  
acco rd ing  t o  t h e  f o l l o w i n g  WBS p r o j e c t  e lements:  
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0.0 Management and Coordination 

1.0 Materials and Processing 

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

2,0 Materials Design Methodology 

2.1 Modeling 
2.2 Contact Interfaces 
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This report includes contributions from a l l  currently a c t i v e  project 
participants. The contributions are arranged according t o  the WRS outline. 



0.0 PROJECT MANAGEMENT AND COORDINATION 

D. R .  Johnson 
Oak Ridge N a t i o n a l  Labora to ry  

Ob,iective/scope 

T h i s  t a s k  i n c l u d e s  t h e  t e c h n i c a l  management o f  t h e  p r o j e c t  i n  accor-  
dance w i t h  t h e  p r o j e c t  p l a n s  and management p l a n  approved by t h e  Department 
o f  Energy ( D O E )  Oak Ridge Opera t i ons  O f f i c e  (ORO) and t h e  O f f i c e  o f  Trans- 
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  annual f i e l d  t a s k  
p roposa ls ,  i n i t i a t i o n  and management o f  subcon t rac ts  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 s k s .  Month ly  management 
r e p o r t s  and b i m o n t h l y  r e p o r t s  a r e  p r o v i d e d  t o  DOE; h i g h l i g h t s  and semi- 
annual 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  t o  DOE and program p a r t i c i p a n t s .  I n  
a d d i t i o n ,  t h e  program i s  c o o r d i n a t e d  w i th  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 federal agencies,  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 t h e  Department o f  Defense (DOD). 
T h i s  c o o r d i n a t i o n  i s  accompl ished 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  DOE and 
NASA j o i n t  management meet ings,  annual i n t e r a g e n c y  hea t  engine ceramics 
c o o r d i n a t i o n  meet ings,  DOE c o n t r a c t o r  c o o r d i n a t i o n  meet ings,  and DOE Energy 
M a t e r i a l s  C o o r d i n a t i n g  Committee (EMaCC) meetings, as w e l l  a s  s p e c i a l  
c o o r d i n a t i o n  meet ings.  

Techn ica l  p roq ress  

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  t e n  research  c o n t r a c t s  were s igned. I n  
a d d i t i o n ,  f o rma l  c o o r d i n a t i o n  and/or r e v i e w  meet ings were h e l d  as l i s t e d  
i n  Table 1. 
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Table 1. Formal c o o r d i n a t i o n  o r  rev iew  meet ings i n v o l v i n g  t h e  
Ceramic Technology P r o j e c t  

l_l-... ..-..._... 

Agency Dates o f  meet ings 

Department o f  Energy (sponsor)  10/21 t o  10/25; 10/31; 1/15; 2/20 
Department o f  Energy ( o t h e r  lO/ll; 3/13 t o  3/14 

N a t i o n a l  Ae ronau t i cs  and Space 12/3; 12/10; 3/6 

Defense Advanced Research 10/7 t o  10/9 

Department o f  Commerce 3/ 19 

programs) 

Admi n i s t r a t i  on 

P r o j e c t s  Agency 

N a t i o n a l  Academy o f  Science/ 11/12 
N a t i o n a l  M a t e r i a l  s Adv iso ry  
Board 

I n t e r n a t i o n a l  groups 
IEA work ing  groupa 1/19 

~ _I- -__.-I- 

aWarking group f o r  t h e  I n t e r n a t i o n a l  Energy Agency's Annex I 1  - 
Cooperat ive Programme On Ceramics For  Advanced Engines and Othe r  
Conservat ion A p p l i c a t i o n s .  



1.0 MATERIALS AND PROCESSING 

INTRODUCTION 

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  e lement 1.0 
w i t h i n  t h e  work breakdown s t r u c t u r e  ( W B S ) .  
(1) M o n o l i t h i c s ,  (2 )  Ceramic Composites, (3)  Thermal and Wear Coat ings,  
and ( 4 )  J o i n i n g .  Ceramic research  conducted w i t h i n  t h e  M o n o l i t h i c s  sub- 
element c u r r e n t l y  i n c l u d e s  work a c t i v i t i e s  on green s t a t e  ceramic f a b r i c a -  
t i o n ,  c h a r a c t e r i z a t i o n ,  and d e n s i f i c a t i o n  and on s t r u c t u r a l ,  mechanical ,  
and p h y s i c a l  p r o p e r t i e s  o f  these ceramics.  Research conducted w i t h i n  t h e  
Ceramic Composites subelement c u r r e n t l y  i n c l u d e s  s i l i c o n  c a r b i d e  and ox ide-  
based composi tes,  which,  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  
M o n o l i t h i c s ,  i n c l u d e  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- 
duc ted  i n  t h e  Thermal and Wear Coat ings subelement i s  c u r r e n t l y  l i m i t e d  t o  
oxide-base c o a t i n g s  and i n v o l v e s  c o a t i n g  syn thes i s ,  c h a r a c t e r i z a t i o n ,  and 
d e t e r m i n a t i o n  o f  t h e  mechanical and p h y s i c a l  p r o p e r t i e s  o f  t h e  c o a t i n g s .  
Research conducted i n  t h e  J o i n i n g  subelement c u r r e n t l y  i n c l u d e s  s t u d i e s  o f  
processes t o  produce s t r o n g  s t a b l e  j o i n t s  between z i r c o n i a  ceramics and 
i ron-base a1 1 oys. 

p r o j e c t  e lement i s  t o  s y s t e m a t i c a l l y  advance t h e  understanding o f  t h e  
r e l a t i o n s h i p s  between ceramic raw m a t e r i a l s  such as powders and r e a c t a n t  
gases, t h e  p rocess ing  v a r i a b l e s  i n v o l v e d  i n  p roduc ing  the  ceramic m a t e r i a l s ,  
and t h e  r e s u l t a n t  m i c r o s t r u c t u r e s  and p h y s i c a l  and mechanical  p r o p e r t i e s  
o f  t h e  ceramic m a t e r i a l s .  Success i n  meet ing t h i s  o b j e c t i v e  w i l l  p r o v i d e  
U . S .  companies w i t h  new o r  improved ways f o r  p roduc ing  economical h i g h l y  
r e l i a b l e  ceramic components fo r  advanced h e a t  engines.  

I t  c o n t a i n s  f o u r  subelements: 

A majo r  o b j e c t i v e  o f  t h e  research  i n  t h e  M a t e r i a l s  and Process ing 
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1.1 MONOLITHICS 

,SSgthesm's of High--Purity--Si& erable_.Jilicon Carbide Powdet-2 
J .  M. Halstead, V .  Venkateswaran [SOH10 Engineered Materials Company 
(Carborundum)] and B. L. Mehosky (SOH10 Research and Development) 

Objecti  ve/Scope 

The objective of this program i s  to develop a volume scaleable 
process to produce high purity, high surface area sinterable silicon 
carbide powder. 

The program i s  organized in two phases. Phase I includes the 
following elements: 

. Verify the technical feasibility of the gas phase synthesis route. 

. Identify the best s i l i c o n  feedstock on the basis o f  performance 
and cost. . Optimize the production process at the bench scale. 

. Fully characterize the powders produced and compare with 
commerci a1 ly avai 1 ab1 e a1 ternatives, 

. Develop a theoretical model t o  assist i n  understanding the 
synthesis process, optimization o f  operating conditions 
and scale-up. 

Phase 11, when authorized, will scale the  process to 5 - 10 times 
the bench scale quanti ties i n  order to perform confirmatory experiments, 
produce process flowsheets and t o  perform economic analysis. 

-- Technical Highl ights 

Given the o b j e c t i v e  o f  producing a submicron silicon c a r b i d e  powder 
puoer  and w i t h  more controllable properties than c o u l d  be produced v i a  
t h e  Acheson process, Standard Oil-Carborundum evaluated three candidate 
process routes: 

1) SQl-Gel 
2) Polymer Pyrolysis 
3 )  Gas Phase Reactions 

A gas phase route u t i 1  izing plasma heating was chosen as having the 
most proven technology, the highest product yield and good scaleabi 1 i ty 
p o t e n t l i a l  

Further, Carborundum had previously sponsored proprietary research 
in gas phase synthesis and had demonstrated the feasibility of the 
approach. 

7 
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A breakdown o f  major t s 5 k s  and milestones i s  shown i n  F i g u r P  1. 
Subtasks have bpe;-i deve loped  f a r  Task 4 - Screefling txporiments and w i l l  
bs d e v ~ l o p e d  f o r  \ a s k  5 Extended Parametric S t u d i e s .  

! .  

3 .  

1. 

5 .  

6 

7 .  

- 

Kepor t i  ng Requi r e w n t s  
Phase I 

a Bimont,hly 

a Semi-Annual 

f i n a l  * 

Quality Assurance 
Phase I 
~ .. - ~~ ~ 

J 
v 
F -  

Only required i f  decision i s  m3de not t o  qo on to  Phace I I  

Revised 3/15/85 

F i g u r e  1. Milestone Char t  

**ORNL has gran ted  a no-cost  e x t e n s i o n  of Phase I t h r u  May 31, 1986. 
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Task 1. Design, Construct and Test Laboratory Scale Equipment 

The Standard O i l  Research and Development Center at Warrensville, 
Ohio was chosen as the s i t e  for the laboratory scale gas phase synthesis 
system due t o  t h e  ready availability o f  applicable engineering and 
technical resources I The proximity to other re1 ated research whi ch i s  
b e i n g  performed by Standard O i  1 on behalf o f  Standard O i  1 -Carborundurn's 
structural ceramics effort was also a factor. 

The design phase involved a complete review o f  the preliminary 
conceptual design and specifying appropriate subsystems in order t o  
evaluate and control critical process parameters. 

The conceptual design i s  shown i n  figure 1, a photographic overview 
i s  shown i n  figure 2. 

Collection T a i !  Gas Scrubber  4 R e a L t o r  2 
Aftercooler 8 Vapor i  rer 

Figure 2. Conceptual Design and Simplified Process F l o w  Chart 



I 

10 

F i g u r e  3.  Photographic  Overview o f  Labora to ry  Scale Sys 

Plasma Torch Subsystem 

The h e a r t  o f  t h e  system i s  t h e  plasma t o r c h .  T h i s  was ob ta ined  f rom 
P1 asma M a t e r i  a1 s ,  I nc .  w i t h  whom Standard O i  1 -Carborundum has p r e v i o u s l y  
worked. T h i s  i s  s i g n i f i c a n t l y  h ighe r  
than  r e q u i r e d  f o r  t h i s  a p p l i c a t i o n ,  b u t  t h e  u n i t  has e x c e l l e n t  turn-down 
c a p a b i l i t y  and w i l l  be s u f f i c i e n t  f o r  f u t u r e  scale-up. It i s  i n s t a l l e d  
a top  t h e  r e a c t o r  vessel  which i s  c o n s t r u c t e d  o f  copper and wrapped w i t h  
copper t u b i n g  th rough which t h e  coo l  i ng water  f l o w s .  Thermocoupl es a re  
i n s t a l l e d  a long  t h e  e n t i r e  l e n g t h  of  t h e  r e a c t o r .  The plasma t o r c h  
subsystem i s  shown i n  f i g u r e s  3 and 4. 

The DC power supp ly  has a 75KW e f f e c t i v e  r a t i n g .  A s imp le  t h i m b l e  
t ype  c o l l e c t o r  w i t h  an i s o l a t i o n  v a l v e  i s  a f f i x e d  t o  t h e  lower end o f  t h e  
r e a c t o r .  A1 t e r n a t i  ve powder c o l  1 e c t i  on t e c h n i  ques w i  1 1 be eva l  ua tea  i n 
p r e p a r a t i o n  f o r  Phase I 1  scale-up. 

The t o r c h  system i s  r a t e d  a t  50KW. 

Task 2. Development o f  a Theoretical Model 

The development of a t h e o r e t i c a l  model was in tended  t o  c o r r e l a t e  
p a r t i c l e  s u r f a c e  area w i t h  major  o p e r a t i o n a l  parameters.  An expansion o f  
p rev ious  Carborundum sponsored work, t h i s  developed a fundamental under- 
s tand ing  o f  process r e a c t i o n s  and w i l l  a s s i s t  i n  t h e  extended pa ramet r i c  
s t u d i e s  and scale-up tasks .  
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F i g u r e  4. Plasma Torch Atop 
Water Cooled Reactor 

' t  

- -  

E x i t  End o f  Reactor 
w i t h  Simple Thimble 
Col 1 e c t o r  and 
I s o l a t i o n  Valve 
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After consultation with the ORNL Technical Monitor, the model i ng 
work was subcontracted to International Thermal Plasma Engineering, Inc. 
(Professor Boulous - University of Sherbrooke, Quebec, Canada, et al). 

model was devel oped in stages: 
Development of a model to describe the flow and temperature 
field in the reactor. 
The calculation o f  thermodynamic equilibrium for the 
H,-Ar-CH,-SiCl, system and the study of the chemical 
kinetics of possible homogenous reactions occuring in 
the plasma process. 
A literature review of nucleation and growth in an aerosol 
svstem which could be of relevance to this work. 

A1 thobgh a turbul ent model was ini ti a1 ly devel oped to describe the 
flow in the reactor, the actual flow experienced at the present operating 
conditions was found to be laminar. This necessitated the development of 
a laminar flow based model. The turbulent model is used to describe the 
flow and temperature fields in the entrance region o f  the reactor (first 
150mm) and thereafter the laminar code is used. Since a mixture of 
hydrogen and argon is used in the present reactor, the transport 
properties have been calculated using the rule of mixtures. The model is 
being calibrated using measured temperatures and then used in a predictive 
mode to describe temperature and flow fields obtained under a wide range 
of operating conditions. 

A final report is now being prepared by the subcontractor. 

Task 3. Baseline Characterization and Analytical Method Development 

The objectives for this task included: 
.. Firmly establish the methodologies to be used for powder 

characterization. .. Define basic powder characteristics which may be utilized 
to assess property control and improvements as the program 
progresses. 

Initially, two commercially produced Sic powders were to be charac- 

As both o f  the above powders were alpha phase, it was decided to 

The parameters characterized and the methodologies used include the 

terized: H.C. Starck, Inc. (West Germany), A10 Grade; and Standard Oil- 
Carborundum submicron alpha Sic. 

characterize one beta phase powder in addition, Starck 6-10 Grade. 

fol 1 owi ng: 

Characteristic Methodology 
..Pressureless sinterability --Percentage of theoretical density 

..Surface area --B.E.T. surface analysis. 

..Degree of agglomeration --Tap density. 

. . Parti cl e size di stri buti on 

. .Bulk composition --Wet chemistry 

..Phase distribution --X-ray diffraction. 

achieved with and without 
sinter i ng ai ds . 

--Horiba particle size analyzer. 
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The results o f  t he  base l ine  cha rac t e r i za t ion  o f  the  th ree  powders i s  
as fCl1lQWS: 

Starck Standard Qi 1 - Starck 
Carbo run d urn .___ A10 B10 

___..__-_ Pressinrel e s ~ j  S i  nterabi  1 i t y  
(percentage of  t heo re t i ca l  

densi t y )  
- w i t h o u t  s i n t e r i n g  a ids  63.6% 
- w i t h  s i n t e r i n g  a i d s  96.2% 

N/A 
94.3% 

51.01% 
99.88% 

14. 3rn2/g 15. 35m2/g 9 .  4?rn2/g s u r f a c e  Area 

Degree o f  Aggl omerati on 
- t a p  d e n s i t y  0.847 g/cm3 0.926 g/cm3 0.962 g/cm3 

P a r t i c l e  Size Di s t r ibu t ion  
Cumulative Percentage g rea t e r  than 

the  i ndi ca ted  p a r t i  cl e size 
Size Standard O i l -  

Pm Starck A18 Starck €310 Carborundum 

>7 
7 -6 
6-5 
5-4 
4-3 
3-2 
2.1.8 

1.8-1.6 
1.6-1.1 
1.4-1.2 
1.2-1.0 
1.0-0.8 
0 -8-0.6 
0.6-0.4 
0 " 4 - 0 . 2  
0 .2 -0  

0 
2.4 

11.4 
23.4 
29.8 
38.2 
41.4 
45.7 
50.9 
55.0 
66.4 
68.2 
76.7 
85.7 
97.2 

100 * 0 

4.2  
4.7 
5.8 
8.7 

11.8 
21.0 
24.6 
29.0 
36.1 
4 3 . 2  
49.2 
61.5 
69.9 
84.0 
97.4 

100 * 3 

0 
0.4 
3 - 8  
7.0 
9.8 

24.3 
2 7 , 3  
32.2 
39.1 
49.9 
65.4 
6 7 . 1  
76.2 
87.9 
97.7 
100 0 

-Mean P a r t i c l e  S i z e  (d5 , , )  1 . 4\1m 1. 0pm 1.2pm 
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Bul  k Csmposi ti on 
Standard  O i l -  

Starck  A10 Starck B1Q Carborundurn 

Chemical A n a l y s i s  ( w t  %)  
T o t a l  Carbon 30.3 30.49 29.95 
Free Carbon ( c o r r e c t e d  

f o r  o x i d a t i o n )  1 .54  1.83 0.36 
T o t a l  Oxygen 0.76 0.90 0.27 
Free  S i l i c o n  0.29 0.40 0.09 
S i  I. S i Q ,  1 .73  1 , 7 1  0.60 
Si0, ( c a l c u l a t e d  from 0,) 1.44 1 .31  0 . 5 1  
S i  C ( c a l  cu1 a t e d )  96. l e  9 5 "  70 98.80 

Emissian Spect roscopy  ( w t  76) 
Aliiminum .01 Aluminum -07 Aluminum<.Ol 

Calciurn<.Ol Calcium<.Ol Calc ium<.Ol 
I r o n  0.03 I r o n  .04 I r o n < .  01 

Magnesiurn<.Ol Magnesium<.Bl Magnesium<.Ol 
T i t a n i  urn .til T i  t a n i  um<.Ol T i  t a n i  um<.Q1 

Vanadium<.Ot Vanadium<.Ol 
Boron .O2 

Standard  O i l -  
S t a r c k  A10 Starck BlO Carborundum 

Elements l e s s  t h a n  .005% 

Phase D i s t r i b u t i o n  

Ma jo r  
Law Trace 

- 
Boron 
Chrorni um 
Copper 
Manganese 
N i c k e l  
Z i  r c o n i  urn 
C o b a l t  
Molybdenum 
Vanadi urn 

~ I -  

Boron 

Copper 

N i c k e l  

Chromi urn Chromi urn 

Manganese Manganese 

Z i r c o n i u m  Z i r c o n i u m  

Molybdenum 

6H 3C 6H 
15R/4H 6H 15R 



15 

Task 4 was divided i n t o  subtasks Tor management and reporting 
purposes. 

4.1 Ctaarac1eriz.e Torch 
Operation under Ar/W, 
Blend 

4.2 Define Individual 

4.3 Initial Synthesis 

4.4 Matrix Variable 

V,? ci  a bl e§ 

Riuns - Feedsf~c;l< 1 

Screening Experiment: 
4.4 1 Feedstock 1 
4.4.2 Feedstock 2 
4.4.3 Feedstock 3 

4.5 Characterize Powders 

4.6 Salect Feedstock for 
Extended Parametric 
Stud i es 

..................... v 

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

I-- 3 

__ -_ ............ 
.- _II__$J 

.......... 

_ - -  
5 /  1 6/ 1 7 /  1 8/ 1 9/1 

Figure 6. Subtask Schedule for  Screening Experiments 

The f i r s t  subtask was t o  cha rac t e r i ze  t h e  o p e r a t i o n  o f  the  plasma 
t o rch  us ing  a hydro enlargoti b l e n d .  I t  s h o u l d  be no ted  t h a t  t h e  original 
wsrkscupe i ncl uded a shor t  ser-ies of experiments t o  i n v e s t i g a t e  t he  
feasibility o f  u s i n g  a hydrogen plasma i n  l i e u  o f  argon.  Th-is cou ld  be 
advantageous as hydrogen i s  a reac tan t  ( t o  scaven e chlor ine  f r o m  the 
siliian source)  and the 3 r g o n  (necessary o n l y  as c a r f i e r  o f  a n e ~ g y )  
cni i ld  potentially be reduced or  eliminated, 
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As both Standard Oi 1 -Carborundum and t h e  torch vendor, Pl asma 
Materials, I n c .  were confident t h a t  the torch would operate with a very 
rich hydrogen t s  argon blend, it was decided t o  accomplish this subtask 
first. 

Concurrent with that subtask, careful consideration was given t.0 the 
choice of the individual variables for t he  screening experiments. The 
candidate feedstocks were described in the statement of work, but the 
values (or range o f  values) for temperature, carbon/silicon ratio and 
reactant concentration had t o  be established, 

A matrix o f  screening experiments was developed to incorporate two 
levels o f  each o f  the variables for each feedstock. The candidate feed- 
stocks are as follows: 

Reactant 1: silicon tetrachloride (Sic1 4 )  

Reactant 2: dimethyl dichlarosilane [(CW,),SiCl,] 
Reactant 3 :  methyl trichlorosilane (CH,SiCl 3 )  

Propased Test 

.___ _ _ -  

Reactant 2 

Figure 7 .  Screening Experiment T e s t  Matrix 
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Once the plasma torch had been s tab i l ized  on a very rich H,/Ar 
blend, s i l i c o n  feedstock (SiCl,) and methane were added t o  the system. 
Several s h o r t  runs were made and powder was produced. Analysis l a t e r  
proved the powder t o  be beta s i l i c o n  carbide. 

Several debugging problems occurred which aborted many of the 
i n i t i a l  runs. Some o f  these problems included the s i l i c o n  feed pump,  the 
t a i l  gas scrubber level transducer and a cooling water leak i n t o  the 
plasma torch. All items were s a t i s f a c t o r i l y  resolved. 

The torch and reactor system a lso  experienced plugging problems which 
l imited run times; some as short  as  5 minutes. Minor anode configuration 
changes were made which has s ince allowed runs u p  t o  3 hours i n  duration. 
Although t h i s  problem has n o t  been completely solved, the present configu- 
ra t ion i s  capable o f  r u n n i n g  l o n g  enough t o  accomplish the tasks  planned 
f o r  Phase I .  R u n s  o f  approximately one hour duration have generated 
representative material in s u f f i c i e n t  quant i t ies  f o r  analysis .  

A t  t h i s  p o i n t ,  the workplan cal led for  the i n i t i a t i o n  o f  screening 
experiments; a matrix o f  24 var ia t ions  o f  temperature, carbon t o  s i l i c o n  
ratSa and reactant  concentration (defined as  hydrogen t o  chlorine r a t i o ) .  
tia;i\iever, a pr ior i  t y  was p l  aced u p o n  establ i s h  i ng the consistency and 
reproducibi l i ty  o f  the  process. The workplan was modified t o  f i r s t  run 
f o u r  pre-screening experiments t o  es tab l i sh  a carisistent baseline; then 
t o  p r i o r i t i z e  the screening experiments (focusing primarily on feedstock 
o n e ) .  Eight experiments ( s i x  of Feedstock 1 and two o f  Feedstack 2 )  were 
i n i t i a l l y  run and the r e s u l t s  analyzed. Upon completion o f  the 
analytical  r e s u l t s  o f  those powders, the  remainder of the matrix was 
compl eted I 

Table 1 summarizes the  r e s u l t s  o f  the screening experiments. The 
prime determinants o f  the qua l i ty  o f  the powders produced were: Percent 
S i c ,  Percent Free Carbon,  and Percent Free Si l icon.  

Conclusions - Screening Experiments 

Based on the  r e s u l t s  o f  the  screening experiments, methyl t r ich loro-  
s i lane  was chosen as the best  feedstock t o  be  carr ied forward t o  the 
parametric s tud ies .  

T h o u g h  the s ther  feedstocks may a l so  be s u i t a b l e ,  methyl t r ich la ro-  
s i lane  provided the widest operating window. 

Task 5.  Extended Parametric Studies 

T h i s  task i s  intended t o  fur ther  evaluate the process parameters o f  
the feedstock selected a t  the conclusion of the screening experiments: 
Methyl t r i c h l o r o s i l a n e ,  Among other parameters, s i l i con  feedstock f l o w  
r a t e  will  be varied i n  order  t o  evaluate the e f f e c t  of residence time and 
the b e s t  conditions f o r  scal ing u p  the selected process. 

Sixteen parametric s tud ies  have been planned and about three-fourths 
have been r u n ,  Once these are  completed, a l imited number o f  experiments 
with dopant additions will  be run. 
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WY OF THE CHEMISTRY OF 

S i  1 icon Matrix 
Feedstock N o .  

Si 1 icon 
'Tetrachloride 1 

(Sic1 k )  2 
3 
4 

0 i methyl 
Dichlorosilane 3 
{(CH,),SiC12} 10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Methyl 
Trichlorosilane 21 
(CH3Cl ,Si ) 22 

23 
24 
25 
26 
27 
28 

Power 
kw 
_..I 

20 
20 
20 
20 
17 
17 
17 
1 7  

20 
20 
20 
20 
20 
20 

N/A 
17 

N/A  
N/A 
N/A 
N/A 

20 
20 
20 
20 
17 
17 
17 
1 '7 

. .  

Si/C 
R a t j  o 

1.2 
1 .2  
1 . 0  
1.0 
1 . 2  
1 . 2  

1 .0  
1 . a  

1 . 2  
1 . 2  
1 .0  
1 . 0  
0 . 5  
0 . 5  
N/A 
1.2  
N / A  
N/A 
N/A 
N/A 

1.2 
1.2 
1 .0  
1.0 
1.2 
1 . 2  
1.0 
1 . 0  

H / C 1  % % Free 
R a t i o  Sic* Carbon _- -..- 

20 8 1 . 4  
15 75.0 
20 43.9 
15 70.4 
20 70.4 
15 77 .1  
20 66.6 
15 54.4 

20 46.8 
15 76.7 
20 90.9 

28 91.2 
15 82 .1  
N/A N/A 

N/A N/A 
N/A N/A 
N/A N/A 
N/A N/A 

15 83.9 

1 5  85.9 

20 89.4 
15 92.9 
20 97.9 
15 81.3 
20 8 4 . 1  
15 83.9 
20 76.1. 
15 8 7 . 6  

2.89 
3.61 
3 . 5 1  
6.33 
6.03 
3.03 
3.00 
9.32 

3.52 
2.03 
0.60 
1.60 
3 - 2 0  
4.46 

N/A 
3.10  

N /A 
N/A 
N/A 
N/A 

1.46 
1 . 2 1  
1.09 
3.23 
1.85 
1 . 9 8  
2.80 
1.99 

*computed from total carbon and free carbon analysis 

% Free 
Silicon --- 

1 .33 
1.21 
3.63 
2.1'7 
2.46 
1.04 
1.30  
1.88 

8.38 
1.45 
0.24 
0.29 
0.16  
0.59 

N/A 
0.24 

N/A 
N/A 
N/A 
N /A  

0 .32 
0.28 
0.03 
0.49 
1.04 
0 . 7 5  
0.88 
0 .54  

N/A - five experiments originally planned were n o t  run, or did not 
produce sufficient powder f o r  analysis. 



19 

One o f  t he  f i r s t  a c t i v i t i e s  f o r  t h i s  task  was t o  produce a 
subs tan t i a l  amount of powder by runn ing  methyl t r i c h l o r o s i l a n e  a t  t he  
bes t  known cond i t i ons  i n  order  t o  per form some i n i t i a l  s i n t e r a b i l i t y  
s tud ies  . 

Approximately 30 grams of powder were produced, analyzed, and 
s i n t e r i n g  t r i a l s  were performed. 

Ana lys is  o f  t he  powder revealed very  good chemistry:  
Percent S i c  93.5 
Percent Free Carbon 0.15 
Percent Free S i l i c o n  0.13 

S i n t e r i n g  t o  89% and 92% o f  t h e o r e t i c a l  dens i t y  was achieved w i t h  
normal s i n t e r i n g  add i t i ves .  Though s i n t e r i n g  cond i t i ons  f o r  beta S i c  

' powders have n o t  been opt imized; these i n i t i a l  r e s u l t s  are considered t o  
have es tab l i shed  the  a b i l i t y  t o  s i n t e r  the powder produced by t h i s  
process. Photomicrographs o f  t he  s i n t e r e d  specimens are shown i n  
F igure  8. 

Subsequent t o  t he  chemical ana lys i s  o f  a l l  the  powders produced 
du r ing  the parametr ic  s tud ies ;  a l a r g e  q u a n t i t y  o f  powder w i l l  be 
produced f o r  a f u r t h e r  s i n t e r a b i l i t y  t e s t s  and t o  p rov ide  a 200-500g 
sample t o  ORNL. 

Th is  w i l l  conclude Phase I on the  con t rac t .  

Status o f  Milestones 

Task 1. 

Task 2. 

Task 3. 

Task 4. 

Task 5. 

Task 6. 

Task 7. 

Design, Construct  and Tes t  
Laboratory  Scale Equipment 

Develop Theore t i ca l  Model 

Basel ine Charac te r i za t i on  and 
A n a l y t i c a l  Model Development 

Screening Experiments 

.. Se lec t i on  o f  Feedstock 

Extended Parametr ic Studies 

.. Prov ide 200-5OOg Sample 
t o  ORNL 

Repor t ing Requirements 

Q u a l i t y  Assurance 

- Complete 

- Complete 

- Complete 

- Complete 

- Complete 

- To be completed 
approximately A p r i l  30 

- Scheduled f o r  - 
May 31, 1986 

- On schedule 

- Ongoing 
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89% Theore t ica l  
Dens i ty  

92% Theore t ica l  
Dens i ty  

F igure  8. Photomicrographs o f  s i n t e r e d  specirnents (2OOx) 
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1.1.2 S i l i c o n  N i t r i d e  

Sinterinn of Silicon Nitr ide  
G .  E. Gazza (Army M a t e r i a l s  Technology Labora tory )  

Object ive/Scope: 

The program i s  c o n c e n t r a t i n g  on s i n t e r i n g  composi t ions i n  t h e  
Si3N4-YZ03-Si02 system u s i n g  a two-step s i n t e r i n g  method where t h e  N2 gas 
pressure i s  r a i s e d  t o  7-8MPa d u r i n g  t h e  second s tep  o f  t h e  process. 
Dur ing  s i n t e r i n g ,  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 o f  
h i g h  N2 pressure  and cover  powder o f  s u i t a b l e  composi t ion over  t h e  
specimens. Var iab les  i n  t h e  program i n c l u d e  t h e  s i n t e r i n g  process 
parameters , source o f  s t a r t i n g  powders , m i  1 1 i n g  media and t ime,  and 
specimen composi t ion.  
temperature modulus o f  r u p t u r e ,  h i g h  temperature s t r e s s - r u p t u r e ,  
o x i d a t i o n  res is tance,  and f r a c t u r e  toughness. Successful d e n s i f i c a t i o n  o f  
s e l e c t e d  composi t ions 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  components f o r  engine t e s t i n g .  

R e s u l t a n t  p r o p e r t i e s  determined are  room 

Technica l  Progress : 

S i n t e r i n g  s t i i d i e s  a r e  c o n t i n u i n g  t o  concent ra te  on composi t ions near 
t h e  Si3N4-Y2Si207 j o i n .  Since t h e  s t a r t i n g  Si3N4 powders have oxygen 
conten ts  i n  t h e  range o f  1.0-1,5%,the Si02 conten t  o f  t h e  powder m i x t u r e  
must be increased t o  o b t a i n  t h e  d e s i r e d  composi t ions.  
accomplished by adding Si02, such as Cabosi l ,  and/or by o x i d i z i n g  t h e  
powder a t  temperatures n2ar lOO0C and de termin ing  t h e  inc rease i n  Si02 
from weight ga in  measurements. The s t a r t i n g  Si344 powders p r i n c i p a l l y  
be ing  used i n  t h i s  s tudy a r e  Toyo-Soda (TS-7), UBE(SN-E-lo), and KemaNord 
S icon ide  (P95). The sur face area of  t h e  Toyo-Soda and UBE powders a r e  
approx imate ly  12-13m2/g w h i l e  t h e  S icon ide  povrder i s  8m2/g.A h i g h e r  
s u r f a c e  area ( lZm2/9) S icon ide  powder, M-1246, w i l l  a l s o  be evaluated.  
PovJders a r e  m i l l e d  i n  p o l y e t h y l e n e  o r  po lyprogy lene j a r s  u s i n g  e i t h e r  
Si3N4 o r  WC b a l l s .  The Si3N4 b a l l s ,  ob ta ined from ASEA, were f a b r i c a t e d  
by h o t  i s o s t a t i c  p ress ing .  M i l l i n g  t imes up t o  100 hours a r e  b e i n g  
s tud ied .  M i l l i n g  c r i t e r i a  of  p r imary  concern are;  u s i n g  s u f f i c i e n t  
m i l l i n g  t i m e  t o  produce homogeneous m i x i n g  o f  the  powders and c o n t r o l l i n g  
i m p u r i t y  p ickup from t h e  m i l l i n g  media. One source o f  con taminat ion  i s  
t h e  abrading o f  m a t e r i a l  f rom t h e  m i l l i n g  j a r  by t h e  m i l l i n g  b a l l s  i n t o  
t h e  powder. I m p u r i t y ,  such as po lye thy lene,  should be removed from the  
powder b e f o r e  s i n t e r i n g .  
600-700C i n  a i r  a f t e r  m i l l i n g  t o  e l i m i n a t e  t h e  p o l y e t h y l e n e  and r e s u l t a n t  
carbon w h i l e  n o t  o x i d i z i n g  t h e  powder, i.e., n o t  i n c r e a s i n g  t h e  Si02 
content .  I m 2 u r i t y  f rom t h e  m i l l i n g  b a l l s  themselves i s  more d i f f i c u l t  t o  
c o n t r o l .  The use o f  h i g h  p u r i t y ,  HIPPED, Si3N4 b a l l s  w i t h  Y203 a d d i t i v e  
e l i m i n a t e s  t h i s  problem f o r  t h e  cornposi t ions of  i n t e r e s t  i n  t h i s  
study. Other m i l l i n g  media, such as WC, Zr02, Y203, and A1203 have a l s o  
been used t o  a c e r t a i n  e x t e n t .  
i n d i c a t e d  t h a t  a non-uni form d i s t r i b u t i o n  o f  Y203 r e s u l t e d  i n  t h e  powder 
b e i n g  m i l l e d  apparent ly  due t o  t h e  low abras ion  r e s i s t a n c e  o f  t h e  Y203 
b a l l s .  

T h i s  can be 

One method i s  t o  heat  t r e a t  t h e  powder a t  

A l i m i t e d  eva lua ton  o f  Y203 m i l l i n g  media 
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41203 would appear t o  be s a t i s f a c t o r y  i f  41203 c o n t a i n i n g  composi t ions 
were be ing  prepared. I n c o m l u s i v e  r e s u l t s  were ob ta ined  w i t h  Zr02. The 
use o f  WC media i s  be ing  pursued f u r t h e r  as i t s  use appears t o  enhance 
d e n s i f i c a t i o n  o f  t h e  powder compacts .The complete mechanism by which t h i s  
occurs appears n o t  t o  be f u l l y  de f i ned .  
l i m i t  on t h e  amount o f  WC which can be i n c o r p o r a t e d  i n t o  t h e  powder 
w i t h o u t  adve rse l y  a f f e c t i n g  s i n t e r i n g  o r  t h e  r e s u l t a n t  p r o p e r t i e s  of t h e  
d e n s i f i e d  m a t e r i a l .  

Also,  t h e r e  may he an upper 

S i n t e r i n g  o f  t h e  c o l d  pressed powder compacts i s  be ing  performed i n  a 
covered RBSN c r u c i b l e  w i t h  t h e  specimens embedded i n  cover  powder. 
cover  powder i s  used t o  p r o t e c t  t h e  specimens f rom t h e  carbmaceous 
atmosphere ( g r a p h i t e  h e a t i n g  elements a r e  used i n  t h e  furnace) and t o  
suppress t h e  f o r m a t i o n  o f  S i O ,  formed by t h e  Si3N4+Si02 r e a c t i o n ,  a t  t h e  
specimen/cover powder i n t e r f a c e .  The cover  powder t y p i c a l l y  c o n s i s t s  o f  
'5i3N4 powder ( u s u a l l y  f rom t h e  same source a s  t h a t  b e i n g  used i n  t h e  
compact t o  be s i n t e r e d ) ,  Y203 and Si02 powders w i t h  a Y203/Si02 r a t i o  
near t h a t  o f  t h e  compact composi t ion,  and BN ( i n  the  range o f  25-401). 
The specimen composi t ions b e i n g  p r i m a r i l y  s t u d i e d  a r e  85.5-86.5m/o Si3N4, 
4.5-5.5m/o Y203, and 8.5-9.5m/o Si02. The t o t a l  amount t j f  combined 
a d d i t i v e  ranges f rom 8-13v/o. S i n t e r i n g  o f  Si3N4 w i t h  o n l y  Y203 and S i 0 2  
as a d d i t i v e s  appears t o  r e q u i r e  h i g h e r  p rocess ing  temperatures than  when 
another  a d d i t i v e ,  such as A1203, i s  a l s o  present .  A problem assoc ia ted  
w i t h  t h i s  i s  m i c r o s t r u c t u r a l  c o n t r o l .  F i g u r e  1 shows a m i c r o s t r u c t u r e  o f  
a s i n t e r e d  specimen c o n t a i n i n g  85.8m/o Si3N4-4.7m/o Y203-9.5m/o Si02. 
The t o t a l  volume pe rcen t  addi  t i  ve i s  app rox ima te l y  10-11%. 
was m i l l e d  w i t h  Si3N4 b a l l s  and t h e  compact was s i n t e r e d  u s i n g  t h e  
f o l l o w i n g  schedule: 1960C f o r  75 min. under 2MPa N2 pressure,  1960C f o r  
45 min. under 8MPa N2 pressure,  1200C f o r  60 min. under 7-8MPa N2 
pressure.  A t  5000x m d g n i f i c a t i o n ,  b o t h  a-Si3N4 g r a i n s  and second phase, 
p r i n c i p a l l y  Y2Si207, can be observed. The i n i c r o s t r u c t u r e  appears duplex 
w i t h  g r a i n s  2 -3 f  d iameter  (many rep resen t  a c r o s s - s e c t i o n  o f  l o n g e r  
g r a i n s )  and e longa ted  grains,up t o  25f l ong .  
s i z e ,  i .e.,  h i g h e r  s u r f d c e  area, powders vJith a narrower s i z e  
d i s t r i b u t i o n  should h e l p  produce more u n i f o r m  m i c r o s t r u c t u r e s .  
2, an SEM photomicrograph ( 5 0 0 0 ~ )  shows t h e  m i c r o s t r u c t u r e  produced by 
u s i n g  WC m i l l i n g  media (app rox ima te l y  1.3% WC i n c o r p o r a t e d  i n t o  t h e  
s t a r t i n g  powder es t ima ted  by weight  l o s s  o f  t h e  m i l l i n g  b a l l s )  and u s i n g  
a s i n t e r i n g  schedule o f  196OC-75 rnin.-2MPa f o l l o w e d  by 2OOOC-15 
min.-SMPa. Some decomposi t ion o f  t h e  Si3N4 i n t o  S i  has occurred.  The 
dark b l a c k  c o l o r  assoc ia ted  w i t h  h o t  pressed o r  s i n t e r e d  Si3N4 i s  
assoc ia ted  w i t h  t h e  f o r m a t i o n  o f  f r e e  S i  i n  t h e  specimen. 

The 

The powder 

The use o f  f i n e r  p a r t i c l e  

I n  F i g u r e  

Powder compacts have been scaled-up t o  2" diame-ter x 0.385-0.5'' t h i c k  
f o r  s i n t e r i n g  i n  o r d e r  t o  machine ba rs  f rom them f o r  d e t e r m i n a t i o n  o f  
mechanical p r o p e r t i e s  and o x i d a t i o n  r e s i s t a n c e .  Under p roper  s i n t e r i n g  
c o n d i t i o n s ,  t h e  d e n s i t y  and weight  change measured f o r  t h e  scaled-up 
compacts a r e  s i m i l a r  t o  those va lues o b t a i n e d  f o r  t h e  s m a l l e r  specimens. 
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Sta tus  o f  Mi les tones :  

( a )  Op t im ize  process and c o m p o s i t i o n - - - - S i n t e r i n g  parameters and 

Cine problem i n v o l v e s  t h e  use o f  S i3N4 powder w i t h  low 

c o n d i t i o n s  have Seen e s t a b l i s h e d  t o  t he  p o i n t  where near  f u l l  d e n s i t y  can 
he achieved w i t h  v a r i o u s  composi t ions i n  the area o f  i n t e r e s t  i n  t h e  
phase diagram. 
oxygen c o n t e n t  where w r e  S i 0 2  must be added t o  achieve t h e  d e s i r e d  
composi t ions.  
when a h i g h  volume of Si02  powdt?r 3 d d i t i o n  must be used. 
o f  powder compacts before s i n t e r i n g  can a l l e v i a t e  t h i s  problem, 

I t  i s  f e l t  t h a t  a non-uni form d i s t r i b u t i o n  o f  S i02 occurs 
P r e - a x i d a t i o n  

(b )  
accomplished u s i n g  powder conipos i t ions m i l l e d  w i t h  Si3N4 b a l l s  o r  WC 
b a l l s ,  
processed powders. 
Toyo-Soda and UBE a re  be ing  p r i m a r i l y  used as  s t a r t i n g  m a t e r i a l s .  Bars 
a r e  b e i n g  machined f r om t h e  dens i  f i e t l  compacts f o r  p r o p e r t y  e v a l u a t i o n ,  
i.e., RT MOR and h i g h  temperature s t r e s s - r u p t u r e .  
eval uate l l  f o r  o x i d a t i o o  r e s i s t a n c e  d t  te inperdtures between 700C and 
1250c. 

Scale-up o f  compacts----Scale-up o f  specimens i s  be ing  

Also, t h e  use of r e c e n t l y  obta i r ied Si3N4 powder f rom 
H igh  specimen d e n s i t i e s  have  been ob ta ined  w i t h  b o t h  t ypes  o f  

Some bars  a r e  b e i n g  

( c )  Mechanical p r o p e r t y  eval  u a t i o n - - - - S m e  p r o p e r t i e s  a t  room 
tair iperature ( M O R )  and h i g h  temperature (120QC) s t r e s s - r u p t u r e  have been 
generated and previously repo r ted .  MOR values rnnyerl from 430 t o  
650WPa. V a r i a b i l i t y  was caused b y  r e s i d u a l  pores o r  pore c l d s t e r s  
produced by b i n d e r  removal i n  t h e  "green" compact. Compacts a r e  
c u r r e n t l y  b e i n g  f:,rrned w i t h o u t  b i n d e r .  The a b i l  i t y  t o  w i t h s t a n d  
s t r e s s - r u p t u r e  was i n f l u e n c e d  by c r y s t a l  1 i z a t  ion t rea tmen ts  on t h e  
specimens. O x i d a t i o n  r a t e s  a t  1 2 O O C  were found t o  be i n  the range o f  
10-12 t o  10-13. 

Pub1 i c a t i o n s  
--I___ 

" E f f e c t  o f  O x i d a t i o n  on t h e  D e n s i f i c a t i o n  o f  S i n t e r a b l e  RBSN", MTL 
TKSG-1. 
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Figure  1 - S in te red  Si3N4-7.8%Y203-1.3%Si02 composi t ion showing 
two-phase, duplex m i  o s t r u c t u r e  ( 5 0 0 0 ~ )  . Powder m i l l e d  w i t h  S i3n4 
h a l l s .  

u r e  T-Microst ruct  o f  specimen of  s i m i l a r  composi t ion t o  t h a t  
shown i n  F igure  1 except powder m i l l e d  w i t h  WC b a l l s  and s in te red  a t  
h igher  temperature ( 5 0 0 0 ~ ) .  
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S v n t h e s i s  of High P u r i t v  S i n t e r a b l e  S i , N ,  Powders 
G .  M. Crosbie (Ford Motor Company) 

Object i ve/scoDe 

quantitative understanding of how to produce sinterable Si3N4 powders 
having highly controlled particle size, shape, surface area, impurity 
content and phase content. 
new ceramic materials are expected to be developed to provide reliable 
and cost-effective structural ceramics for application in advanced 
heat engines. 

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

The process study is directed towards a modification of the low 
temperature reaction of Sic14 with liquid NH3 which is characterized 
1) by absence of organics (a source of carbon contamination) and 2) 
by pressurization (for improved by-product extraction efficiency). 

The goal of this task is to achieve major improvements in the 

Through the availability of improved powders, 

Technical proqress 

Si3N4 powder was produced with phase content, particle size and 
shape which are close to those characteristics considered desirable 
for pressureless sinterability. Specifically, the powder derived 
by thermal decomposition of an intermediate imide product (from reaction 
of Sic14 with liquid NH3 at O°C and 75 psig) was principally alpha 
silicon nitride with particle size less than 1 micron and mostly equi-axed 
particle shape. A micrograph i s  shown as Figure 1. 

reaction to control the silicon tetrachloride-ammonia reaction heat 
evolution. Instead, a non-reactive carrier gas was used to bring 
the Sic14 into contact with liquid ammonia. Consequently, contamination 
from organics contacting the amorphous imide is minimized. 

scalability) has been supported by observations while running the 
reaction with the carrier gas diluent. 
used in making the above alpha Si3N4, we have observed an overall 
endothermic reactor heat for the imide intermediate synthesis. In 
operation, in an ice bath, layers of ice built up on the reactor zone. 
An overall endotherm is predicted by an approximate thermodynamic 
model for these conditions. In this model, the (exothermic) heat 

By design, no organic diluent was present during the imide-forming 

An expected process feature (which is important for heat transfer 

For the operating conditions 
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Figure 1. Scanning electron micrograph of powder produced. By x-ray 
d i f f rac t ion ,  the major phase i s  alpha-Si3N4 with SiZN20 detected. 

o f  the chloride-ammonia reaction i s  more t h a n  offset  ( a t  OOC) by the 
l a t en t  heat o f  vaporization of N H  into the residual ca r r i e r  gas. 

be minjmized. 

tes ted,  and used w i t h  l iquid ammonia alone. Various apparatus design 
modifications were carried o u t .  Operating sequence checklists were 
prepared and computer programs were implemented for  multiple-access 
logging of temperatures, flows, and operator actions. 

was prepared from photographs o f  the pressurized SiC14-NH3 reactor 
apparatus. The diagram has also been adapted for  an operator’s console 
display with an overlay of continually updated readouts o f  temperatures 
and flows a t  various locations. 

A design was implemented (and  subsequently upgraded) for  t ransfer  
of the a i r - sens i t ive  imide sol ids .  The imide-containing s lurry was 
produced by the reaction of  Sic14 with l iquid ammonia. In the present 
equipment, the s lurry i s  stored in a pressure vessel a f t e r  low-temperature 
synthesis. The imide-ammonia s lurry i s  transferred t o  a controlled 
atmosphere furnace. 
pressure d i f fe ren t ia l  and a volume expansion on boiling of NH3. 
workable degree of pressure control has been achieved by valving t o  
l imit  the maximum NHg volume on each unit transferred.  

Potential sca lab i l i ty  problems re  7 ated t o  heat t ransfer  can therefore 

Earlier in t h i s  period, the imide reactor was assembled, pressure 

As part  of the process flowsheeting task requirements, a diagram 

The anaerobic t ransfer  i s  accomplished with a 
A 
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The following table summarizes considerations for operation of 
a process with silicon imide synthesis under pressure: 

Advantages: 
.Benefits of operating temperature closer to ambient (greater by-product 

.Pressurization keeps impurities out in spite o f  any trace leaks 

.NH3 engineering pressure data are available (material compatibilities, 

solubility, lower thermal gradients and lower unit cooling costs) 

safety stds, from refrigeration eng'g) 

Disadvantages: 
.System complexity increased 

.Reduced visibility as glass apparatus cannot be used 

.Hazards of handling corrosive liquids heightened under pressure 

(for air-sensitive reactants and 
products, special transfer methods are needed) 

Status of milestones 

The milestone "complete construction and commission synthesis 
equipment" for December 1985 has been met on time in this semi-annual 
report period. 
program: 

The following milestones are on schedule for this 

Complete process flow sheet analysis April 1986 

Demonstration of sinterability of 
synthesized Si3N4 powder 

July 1986 

Demonstration of proof of scal abi 1 i ty November 1986 

Compl ete draft technical report 
describing the process 

March 1987 

Pub1 ications 

G. M. Crosbie, "Synthesis of High Purity Sinterable Powder Si3N4," 
manuscript submitted for Post-Conference Proceedings o f  the 1985 
Automotive Technology Development Contractors' Coordination Meeting. 

G. M. Crosbie, "Preparation of Silicon Nitride Powders," presented 
at the 13th Automotive Materials Conference ("Processing of Automotive 
Ceramics"), November 6-7, 1985, Ann Arbor, Michigan. (Conference 
sponsored by the Michigan Section of the American Ceramic Society 
and the University of Michigan.) 
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G .  M. Crosbie, "Silicon Nitride Synthesis - -  A Progress Report," abstract 
submitted for presentation at the American Ceramic Society Annual 
Meeting, April 27 - May 1, 1986, Chicago, Illinois. 

G. M. Crosbie, "Preparation of Silicon Nitride Powders," manuscript 
submitted for publication in the conference proceedings o f  the 13th 
Automotive Materials Conference (Processing of Automotive Ceramics), 
November 6-7, 1985, Ann Arbor, Michigan. 
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1 . 2  CERAMIC COMPOSITES 

1.2.2 S i l i c o n  N i t r ide  M a t r i x  

-. Trensf  ormat ion-Toughened Si1  i c o n  Nit ride 
H. W. Ca rpen te r  (Rocketdyne D iv i s ion ,  Rockwell I n t e r n a t i o n a l )  and 
F. F. Lange (Rockwell Science Center) 

Objective/scope 

The o b j e c t i v e  o f  t h i s  program i s  t o  develop h igh  toughness, h igh  
s t reng th  r e f r a c t o r y  ceramic m a t r i x  composites t h a t  can be made a t  low 
c o s t  and t o  near n e t  shape f o r  heat  engine app l ica t ions .  
system se lec ted  f o r  development i s  based on a s i l i c o n  n i t r i d e  m a t r i x  
toughened by d ispers ions  o f  Z r Q  , Hf02, o r  (Hf ,Zr)02 mod i f ied  
w i t h  s u i t a b l e  a d d i t i o n s  o f  o the r  r e f r a c t o r y  ceramics t o  con t ro l  the  
phys ica l  behavior. The des i red m ic ros t ruc tu re  and optimum mechanical 
p roper t i es  w i l l  be developed by exped i t ious  l abo ra to ry  methods 
i n c l u d i n g  c o l l o i d a l  suspension, press forming, s in te r i ng ,  and h o t  
pressing. Once t h e  b e s t  composition and mic ros t ruc ture  have been 
demonstrated, parameters w i l l  be opt imized f o r  producing samples by t h e  
i n j e c t i o n  molding process. 

The composite 

Technical progress 

YpOq-Stabilized Zr09 Disperso ids - She i n t e n t  o f  t h i s  i n i t i a l  
study i s  t o  r e t a i n  a transformable fo of  te t ragonal  Zr02 i n  the  
Si3N4 m a t r i x  t h a t  w i l l  s i g n i f i c a n t l y  ughen the  composite mater ia l  
by a m a r t e n s i t i c  t ransformat ion mechanism w i thou t  decreasing strength. 
The problem experienced i n  t h e  past  w i t h  us ing  p a r t i a l l y  s t a b i l i z e d  
ZrO2 i s  t h a t  Si3N4 and Zr02 r e a c t  t o  form Zr-oxyn i t r ide ,  an 
undesi r a b l  e compound because i t depletes t h e  ZrOZ content  w i  thou t  
i nc reas ing  toughness and i t  ox id izes  a t  in te rmed ia te  temperatures t o  
monocl in ic  Zr%. The monocl in ic  Zr02, i n  tu rn ,  r e s u l t s  i n  ser ious 
surface cracking. F. F. Lange (Ref. 1 )  ha5 shown evidence t h a t  the 
format ion of  Z r -oxyn i t r i de  can be prevented o r  re ta rded and  t h a t  a 
transformable te t ragona l  Zr02 phase can be obta ined by us ing  ZrQz 
a l l o y e d  w i t h  YzO3. A range of Y 0 -Z rO a l l o y s  has been 
inves t iga ted ,  i n c l u d i n g  13.7%, lK.aSb, 16.3%, 8.0% and 4.5% (by wt.) 
YzO3. 
30% by vol. ZrO2 a l l o y  p lus  70% Si3N4. Two o r  4% (by  w t .  ) 
A1203 was a lso  added as a s i n t e r i n g  aid, Submnicron powders free o f  
hard  agglomerates were o b t a i  d by mu1 ti p l  e sedimentation processes and 
the  se lected components were i xed  wi th  u l t r a s o n i c  energy w h i l e  s t i l l  
suspended i n  water. 
f i l t r a t i o n ,  d r i e d  (green dens i ty  o f  these samples was 40% o f  
t h e o r e t i c a l  ) , and e i t h e r  s i n t e r e d  o r  h o t  pressed. 
d i d  no t  con ta in  A1 03 addi t ions.  

Results have s ?i own t h a t  compositions con ta in ing  Zr02 w i t h  a l l o y  
a d d i t i o n s  below 6.0 m/o Y 03 are  sub jec t  t o  an 
in tcrmediate- tempePatu~~ faround 700C) ox ida t i on  problem due t o  the  
format ion of t h e  monocl in ic  7202 phase. 
o x i d a t i o n  problem is n o t  ev iden t  i n  compositions conta in ing  Z r O ?  wi th 
a l l o y  a d d i t i o n s  above 6.0 m/o Y2O3 even a f t e r  64 h a t  700C i n  a i r .  

The bas ic  composite cornposi t i o n  se lec ted  f o r  eva lua t ion  was 

O f  sc-shaped samples were formed by pressure 

Hot pressed samples 

On t h e  o the r  hand, the  
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Fracture toughness v 
ranged from 5.1 t o  7.1 
(Ref. 2)  and 4,h to sing A n s t i s '  relationship (Ref, 
3 ) .  The resul ts o h t  ore recent h s t i  s' re1 at ianshi  p are 
considered t o  be mor 
calculated by t h a t  r e l a t io  11 be reported, For reference, 
toughness was mea 32 samples. Values averaged 6.1 
(Ref. 2) and 4.1 e The lattet- valiies ase i n  gasd 
agreement w i t h  fracture a pub1 ished f n  t he  1 iteraturre. 

Samples of a key co !iq 3. 30 M/O Zro2 allQyed 
w i t h  6.6 m/s Y203, were 0%. pressing so t h a t  t es t  bars 
could be obtained expeditiously. Sa ples  were first  pre 
m i l l i n g  as-received powders b u t  the h o t  pressed bars con 
inclusions, possibly an i ~ ~ ~ ~ ~ t y  gfcked u p  i n  the as-rec 
o r  from the m i l l i n g  operation, 
as-hot-pressed condition were 59.0, 61.6, and 57.3 k s i  while those i n  
the oxidized (700C, 64h) condi t ion  were 16% h ighe r ,  62,8, 68.0, and 
6E.2 k s i .  
powders t o  eliminate the blac impurities. Disc-shaped specimens were 
press formed, d r i e d ,  and hot  ressed a t  170QC, 1 k. The densit ies o f  
two discs h o t  pressed s i  eously were 4.81 and 1. 
Cal curl ated theoPetica1 d i o  4.06 g/cc. Thirtee 
machined and they will be used t o  determine [ l )  strength i n  the 
as-hot-psessed and i n  the oxidized (7OOC fsv- 64h) conditions, and (2) 
fracture toughness u s i  
41, which  i s  t o  use an 
stress area. 

(Ref, 7 j imply t h a t  a1 1 

ned by the diamond indentation method 
J. calcul atcd using Evals-sl relationship 

henceforth, only Kc values 

The strengths of  bass i n  the 

New samples were p eparPed using colloidally processed 

r ibed  by Cook and Lawn (Ref. 
croindents loca ted  i n  t he  high  

CaO-Stabi 1 i zed Z i  rc - Theoretical ~ ~ ~ ~ i d ~ ~ ~ ~ i ~ ~ ~  
d i v a l e n t  c a t i o n  may lead t o  

hness, and  preliminary results indicate t h a t  %his i s  t h e  
i3W4 + 30 v/o ilp.02 (5 wfa 
CaQ) were prepared by 

9 

er Si N w % ' t h o u t  a 

112 near the surface and 8.9 
t e d  a i% 3586 fo r  2 h exhibited 

e compositions, however, 
e The avemge 
whi le t h a t  of bars oxidized 

a t  7006 f o r  64 h e effect  sf the 135oc 
temperature ox ldat  enon is  being 

h o t  pressing at 1 C for  1 91. Fracture 

Strength values exhibited a large sca t te r ,  1Q0,5, 46.8, and 20.3 ksi, 
presumably from inclusions introduced by ball m i l l i n g  and from a crack 

7.4 and 7.8 MPa m 798 , an 85% improvement 
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t ha t  formed d u r i n g  hot pressing. S t rengths  of samples oxidized a t  7006 
for  64 h were 89.7, 20.7, and 14.7 ksi. Since ' this  composition 
densified so easi ly  a t  1700C another was hot pressed a t  1600C. 
sample also compressed t o  near f u l l  density b u t  i t  cracked i n  two 
pieces during the hot press operation. The strengths of MOR bars 
machined from the remaining pieces were 93.0 and 81.5 k s i .  
sample was hot pressed a t  1550C fo r  15 minutes t o  f u l l  density, 4.08 
g/cc compared t o  3.91 and  3.87 g/cc for the prior samples, without 
cracking. 

mixture o f  oxides containing 60 m/o Hf02 + 20 m/o ZrO + 20 m o 

pressed samples were sintered at1750C b u t  the density was on y 75% of 
theoretical. A new supply of HRMO material was procured from a vendor 
so tha t  larger  samples can be made. 

T h i s  

A t h i r d  

These samples a re  being evaluated. 
HRMO Dispersoid - Small samples a f  Si3N + 30 v/o HRMO + 4 

w/o A1203 as a sinEering aid were prepared. 8 RMQ i s  a hafnia-rich 

Ti62 tha t  exhibits zero thermal expansion t o  2000F. s mall co d 

Status of milestones 

A l l  milestones are  on schedule. 
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Silicon-Nitride--EMJ-al Carbide Cqgposites 
S .  T. B u l j a n  (GTE Laboratories, I n c . )  

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  p r o g r a m  i s  t o  d e v e l o p  s i l i c o n  n i t r i d e - b a s e d  
c o m p o s i t e s  o f  i m p r o v e d  t o u g h n e s s ,  u t i l i z i n g  S i c  and  T i c  a s  p a r t i c u l a t e  
o r  w h i s k e r  d i s p e r s o i d s ,  a n d  t o  d e v e l o p  a n d  d e m o n s t r a t e  a p r o c e s s  f o r  
n e a r  n e t  shape p a r t  F a b r i e a t i o n .  Near n e t  shape p r o c e s s  d e v e l o p m e n t  
w i l l  e x p l o r e  f o r m i n g  by i n j e c t i o n  m o l d i n g  a n d  c o n s o l i d a t i o n  by h o t  
i s o s t a t i c  p r e s s i n g  o r  c o n v e n t i o n a l  s i n t e r i n g .  

S uiltma r y  

Work d u r i n g  t h e  p r e c e d i n g  r e p o r t i n g  p e r i o d  h a d  f o c u s e d  on de -  
t a i l e d  c h a r a c t e r i z a t i o n  o f  p r o p e r t i e s  a n d  f r a c t o g r a p h i c  a n a l y s e s  o f  
b o t h  w h i s k e r  a n d  p a r t i c u l a t e  c o m p o s i t e s .  The r e s u l t s  f o r  t h e  
S i  ,N,-Sic ( w h i s k e r )  s y s t e m  i n d i c a t e  n o t a b l e  s t r e n g t h  a n d  f r a c t u r e  

t o u g h n e s s  i m p r o v e m e n t s .  Composi t e s  w i t h  T i c  w h i s k e r s  a n d  p a r t i c u l a t e  
a d d i t i o n s  o f  b o t h  s y s t e m s  show, a t  t h i s  p o i n t  o f  d e v e l o p m e n t ,  o n l y  
m a r g i n a l  t o u g h n e s s  i m p r o v e m e n t s .  The a n a l y s e s  o f  t h e s e  m a t e r i a l s  have  
i n d i c a t e d  t h a t  modes t  i n c r e a s e s  i n  f r a c t u r e  t o u g h n e s s  a r e ,  f o r  t h e  
m o s t  p a r t ,  a consequence  o f  u n d e r d e v e l o p e d  n i i c r o s t r u c t u r e  I 

Si,N,-Tic Sys tem 

E x a m i n a t i o n  o f  c o m p o s i t e s  c o n t a i n i n g  T i C  p a r t i c u l a t e s  have  shown 
t h a t  a d d i t i o n  of  u p  t o  30 v / o  o f  d i s p e r s e d  T i c  o f  an a v e r a g e  d i a m e t e r  
o f  about. 2 ~ i r n  p r o d u c e s  no change  i n  f r a c t u r e  t o u g h n e s s  d e s p i t e  ob- 
s e r v e d  c r a c k - d i  s p e r s o i d  i n t e r a c t i o n  ( F i g u r e  1) .  

The c r a c k - p a r t i c l e  i n t e r a c t i o n  was s t u d i e d  on compos i ’ t es  c o n t a i n -  
i n g  s i n g l e  c r y s t a l  T i C  d i s p e r s o i d s  a n d  compared  t o  an e q u i v a l e n t  
Al,O,-TiC c o m p o s i b .  The r e s i d u a l  s t r a i n  p r o d u c e d  by t h e r m a l  expan-  

s i o n  m i s m a t c h  i n  t h e s e  t w o  c o m p o s i t e s  i s  e x p e c t e d  t o  be o f  o p p o s i t e  
s i g n .  

I n  o r d e r  t o  a s s e s s  t h e  res idua .1  s t a t e  o f  s t r e s s  a t  t h e  i n t e r f a c e  
b e t w e e n  T i c  and  c e r a m i c  m a t r i c e s  ( S i  3 N k ,  A 1  203), a c o m p u t e r  model  i n g  

a p p r o a c h  h a s  been  used. F i g u r e  2 shows t h e  m o d e l ,  w h i c h  r e p r e s e n t s  a 
s p h e r i c a l  p a r t i c l e  t h a t  i s  i n t e g r a l l y  b o n d e d  t o  t h e  c e r a m i c  c o n t i n u u m .  
The model  has been  r e d u c e d  t o  a t w o - d i m e n s i o n a l  a n a l y s i s  b e c a u s e  o f  
t h e  s y m m e t r i c a l  n a t u r e  o f  t h e  p r o b l e m .  The m a t e r i a l  p r o p e r t i e s  u s e d  
t o  compu te  t h e  r e s i d u a l  s t r e s s e s  a r e  l i s t e d  i n  T a b l e  1. 
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T a b l e  1: M a t e r i a l  P r o p e r t i e s  Used f o r  F i n i t e  E lement  Ana lyses  

P r o p e r t i e s  

M a t e r i a l s  E(x106 p s i )  ~ _ _  ci u l t .  I t e n .  x103 p s i  a x low6 i n / i n / " C *  

S i  3 N 4  43 100 0 .27  2 .7  

2 0 3  54 20 0 . 2 3  8.5 

T i  C 65 70 0 . 1 9  7 . 2  

_. 
* L i n e a r  Thermal Expans ion  C o e f f i c i e n t  (Room Tempera ture  t o  S O O ° C )  

N o t e w o r t h y  a r e  t h e  d i f f e r e n c e s  between t h e r m a l  expans ion  c o e f f i c i e n t s ,  
w h i c h  a r e  r e s p o n s i b l e  f o r  t h e  t h e r m a l  s t r a i n  mismatch  a t  t h e  m a t r i x /  
p a r t i c l e  i n t e r f a c e .  F i g u r e  2 shows how t h e  r e s i d u a l  s t r e s s  d i s t r i b u -  
t i o n  d i f f e r  when a t e m p e r a t u r e  r e d u c t i o n  o f  8 0 O O C  i s  a p p l i e d  t o  each 
o f  t h e  ce ramic  compos i te  systems.  I n s p e c t i o n  o f  t h e  p r i n c i p a l  s t r e s s  
d i s t r i b u t i o n s  f o r  t h e  Al,Q,/TiC m a t e r i a l  r e v e a l s  hoop t e n s i l e  s t r e s s e s  

i n  t h e  A1203 m a t r i x ,  w h i c h  i n c r e a s e  a t  t h e  i n t e r f a c e .  The p r i n c i p a l  

compress i ve  s t r e s s e s  a r e  r a d i a l  t h r o u g h  t h e  T i c  p a r t i c l e  and m a t r i x  
w i t h  an a d d i t i o n a l  t e n s i l e  hoop component i n  t h e  p a r t i c l e  r e g i o n .  I n  
d i r e c t  c o n t r a s t  i s  t h e  Si,N,/TiC compos i te ,  w h i c h  c o m p l e t e l y  r e v e r s e s  

t h e  t e n s i l e  and compress i ve  p r i n c i p a l  s t r e s s  d i s t r i b u t i o n .  The magni- 
t u d e  o f  t h e  normal  s t r e s s e s  a c r o s s  t h e  p a r t i c l e / m a t r i x  i n t e r f a c e  i s  
g r e a t e s t  f o r  t h e  Si,N,/TiC system. The r e s u l t i n g  shear  s t r e s s  ( s t r e s s  

x y )  i s  e s s e n t i a l l y  i n v a r i a n t ,  w h i c h  r e s u l t s  f r o m  t h e  symmet r i ca l  p rob -  
lem d e f i n i t i o n .  These r e s i d u a l  s t r e s s  d a t a  c o n s t i t u t e  a f i r s t  s t e p  
t o w a r d s  u n d e r s t a n d i n g  how t h e r m a l  s t r a i n  mismatch  can c o n t r i b u t e  t o  
compos i te  m a t e r i a l  per fo rmance,  i n  p a r t i c u l a r ,  f r a c t u r e  b e h a v i o r .  Fu- 
t u r e  work  w i t h  S i c  as  t h e  p a r t i c l e  i s  p lanned ,  w h i c h  may i n c l u d e  t h e  
w h i s k e r  geomet ry ,  

Two b a s i c  T I C  s i n g l e  c r y s t a l  m o r p h o l o g i e s  were obse rved  i n  t h e  
compos i te  m i c r o s t r u c t u r e s ,  e l o n g a t e d  r e c t a n g u l a r  g r a i n s  w i t h  (100)  
p l a n e s  p a r a l l e l  t o  t h e  s t r a i g h t  edges o f  t h e  g r a i n  and mare equ iaxed  
pseudohexagonal  c r o s s  s e c t i o n s  o f  c r y s t a l  whose h a b i t  i s  d e f i n e d  by a 
c o m b i n a t i o n  o f  (100) and (120) p l a n e s .  F o r  t h e  Si,N, m a t r i x  compos- 

i t e ,  c r a c k  d e f l e c t i o n  a round  t h e s e  g r a i n s  was n o t  obse rved .  However, 
c l e a v a g e  s t e p s  ( d e f l e c t i o n )  were obse rved  w i t h i n  some r e c t a n g u l a r  
g r a i n s  ( F i g u r e  3b) .  Crack  p e n e t r a t i o n  o f  t h e  T i c  c r y s t a l  w i t h o u t  de- 
f l e c t i o n  around t h e  g r a i n s  was t h e  p r i m a r y  i n t e r a c t i o n  i n  t h e  m a j o r i t y  
o f  t h e  cases  obse rved .  

F o r  t h e  Al,O,-TiC m a t e r i a l ,  t h e  c r a c k - d i s p e r s o i d  i n t e r a c t i o n  was 

obse rved  t o  be  dependent  on d i s p e r s o i d  morpho logy .  C racks  were ob- 
s e r v e d  t o  p e n e t r a t e  r e c t a n g u l a r  g r a i n s  ( F i g u r e  l e )  and d e f l e c t  a round 
pseudo hexagonal  g r a i n s  ( F i g u r e  3d) .  D e f l e c t i o n - i n d u c e d  c r a c k  branch-  
i ng was a1 so observed.  
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These o b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  s i g n  o f  t h e  t h e r m a l  expan- 
s i o n  mismatch s t r e s s  a f f e c t s  t h e  tendency  f o r  c r a c k  d e f l e c t i o n  t o  oc- 
c u r  f o r  T i c  c r y s t a l s  w h i c h  c l e a v e  r e a d i l y  on { l o o }  p l a n e s .  The r a d i a l  
t h e r m a l  expans ion  mismatch s t r e s s  f o r  T i c  i n  a Si,N, m a t r i x  i s  t e n -  
s i l e .  The a d d i t i o n  o f  t h e  t e n s i l e  s t r e s s  f i e l d  o f  t h e  advanc ing  c r a c k  
t o  t h e  r e s i d u a l  s t r e s s  may produce T i c  c leavage  and a l l o w  t h e  c r a c k  
f r o n t  t o  p ropaga te  t h r o u g h  t h e  d i s p e r s e d  phase a s  observed.  Fo r  t h e  
Al,O,-TiC compos i te ,  t h e  r a d i a l  t h e r m a l  expans ion  mismatch s t r e s s  i s  

compress ive .  A p p a r e n t l y  t h i s  reduces  t h e  tendency  f o r  c leavage  w i t h  
t h e  a p p r o p r i a t e  c r a c k - d i s p e r s o i d  o r i e n t a t i o n  ( F i g u r e  3d) ,  a l t h o u g h  
c r y s t a l  c leavage  may s t i l l  o c c u r  i f  t h e  c r a c k  f r o n t  encoun te rs  c l e a v -  
age p l a n e s  i n  s p e c i f i c  d i r e c t i o n  ( F i g u r e  3e ) .  

The i n v e s t i g a t i o n s  have demons t ra ted  e f f e c t i v e  c r a c k - d i s p e r s o i d  
i n t e r a c t i o n  and c r a c k  d e f l e c t i o n  i n  b o t h  compos i te  systems.  The e f -  
f e c t i v e n e s s  o f  T i c  d i s p e r s o i d  as a toughen ing  agen t  i s  d i m i n i s h e d  by 
t h e  r e a c t i o n  w i t h  t h e  m a t r i x .  The presence o f  T i  i n  t h e  m a t r f x  g l a s s ,  
as w e l l  a s  p resence o f  d i s p e r s o i d  phase,  reduces  Si,N, g r a i n  g rowth ,  

r e s u l t i n g  i n  a m a t r i x  o f  c o n s i d e r a b l y  f i n e r  s t r u c t u r e  ( T a b l e  2) and 
due t o  a p r e d o m i n a n t l y  i n t e r g r a n u l a r  f r a c t u r e  mode, i n  a reduced  arn- 
p l i t u d e  o f  c r a c k  d e f l e c t i o n  i n  t h e  m a t r i x  m a t e r i a l  ( F i g u r e  4 ) .  T h i s  
e f f e c t  can be reduced  t h r o u g h  a d j u s t m e n t  o f  p r o c e s s i n g  paramet,. n r s  o r  
e l i m i n a t e d  w i t h  t h e  u t i l i z a t i o n  o f  c o a t e d  T i c  d i s p e r s o i d s .  

T a b l e  2 :  Q u a n t i t a t i v e  M i c r o s t r u c t u r a l  Ana lyses  
(TEM, Mag 25KX) o f  S i l i c o n  N i t r i d e - B a s e d  
Composi tes 

6 - S i  ,N4 

G r a i n  S i z e  
(vm) 

AY 6 0.36 f 0 . 2 6  
AY6 + 30 v /o  T i c  0 .17  f 0.14 
AY6 + 20 v/o S i c  0 . 4 0  L 0.26 

No. o f  
G r a i n s  Counted 

1205 
1655 
a95 

Si,N,-Sic System 

D i  s p e r s o i d - t o u g h e n i n g  o f  compos i te  systems w i t h  complex p o l y c r y s -  
t a l l i n e  m a t r i c e s  r e q u i r e s  c a r e f u l  c o n s i d e r a t i o n  o f  t h e  minimum e f f e c -  
t i v e  s i z e  o f  t h e  d i s p e r s o i d  as  w e l l  a s  c o n c e n t r a t i o n .  I n  t h e  
S i  ,N,-SiC ( p a r t i c u l a t e )  system, i t  was observed t h a t  i n c r e a s i n g  con- 

c e n t r a t i o n  o f  f i n e  ( ~ 0 . 5  pm APD) S i c  p a r t i c u l a t e s  r e s u l t s  i n  a. de- 
c rease  i n  f r a c t u r e  toughness,  w h i l e  a d d i t i o n s  o f  c o a r s e r  ( 8  urn APD) 
S i c  show an i n c r e a s e  ( F i g u r e  5 ) .  

B e s t  r e s u l t s  were o b t a i n e d  w i t h  t h e  a d d i t i o n s  o f  S i c  w h i s k e r .  
W h i l e  p a r t i c u l a t e  S i c  compos i tes  e x h i b i t  o n l y  a modest i n c r e a s e  i n  
f r a c t u r e  toughness  w i t h  i n c r e a s i n g  d i s p e r s o i d  c o n c e n t r a t i o n  up t o  30 
v/o, w h i s k e r - c o n t a i n i n g  compos i tes  show up t o  40% improvement  i n  f r a c -  
t u r e  toughness  w i t h  c o n c o m i t a n t  i n c r e a s e  o f  f r a c t u r e  s t r e n g t h .  W h i l e  



s e v e r a l  d e n s i f i c a t i o n  schedu les  were e x p l o r e d ,  s t u d i e s  have, i n  gen- 
e r a l ,  shown t h a t  i n c r e a s e d  c o n c e n t r a t i o n  of S i c  w h i s k e r  r e q u i r e s  ex- 
t ended  t i m e  f o r  f u l l  d e n s i f i c a t i o n  ( F i g u r e  6 ) .  The d e n s i f i c a t i o n  r a t e  
o f  p a r t i c u l a t e  compos i tes  i s  e q u i v a l e n t  t o  t h a t  obse rved  f o r  10 v /o  
w h i s k e r  m a t e r i a l s .  The room and e l e v a t e d  tempera tu re  KIC and MOR o f  
t h e  compos i tes  p rocessed  a c c o r d i n g  t o  t h e  c o n d i t i o n s  g i v e n  i n  F i g u r e  6 
a r e  p r e s e n t e d  i n  F i g u r e  7 .  I n  a l l  cases ,  t h e  f r a c t u r e  toughness and 
s t r e n g t h  o f  t h e  Si,N,-30 v/o S i c  w h i s k e r  compos i te  i s  i n c r e a s e d  r e l a -  
t i v e  t o  t h e  m o n o l i t h i c  base m a t e r i a l  and approaches t h e  t a r g e t e d  
Val u e s .  

By v i r t u e  o f  d e n s i f i c a t i o n  method and t h e  shape o f  d i s p e r s e d -  
phase, d e n s i f i e d  compos i tes  e x h i b i t  l i m i t e d  a n i s o t r o p y  i n  mechan ica l  
p r o p e r t i e s  ( T a b l e  3 ) .  The i n d e n t a t i o n  f r a c t u r e  toughness i n  a p l a n e  
p e r p e n d i c u l a r  t o  t h e  h o t  p r e s s i n g  d i r e c t i o n  was l o w e r  i n  a l l  cases 
t h a n  t h a t  measured p a r a l l e l  t o  t h e  h o t  p r e s s i n g  d i r e c t i o n .  T h i s  i s  
a p p a r e n t l y  due t o  w h i s k e r  and Si ,& g r a i n  a l i g n m e n t  i n  p l a n e s  perpen- 
d i c u l a r .  t o  t h e  h o t  p r e s s i n g  d i r e c t i o n .  The p r e f e r e n t i a l  o r i e n t a t i o n  
o f  a c i c u l a r  g r a i n s  i s  a l s o  r e f l e c t e d  i n  Young's modulus v a l u e s  f o r  two 
d i r e c t i o n s .  The observed tougher; ing may be a t t r i b u t e d  t o  b o t h  c r a c k  
d e f l e c t i o n  and w h i s k e r  p u l l o u t .  SEM photomicrographs  i n  F i g u r e s  8 and 
9 i l l u s t r a t e  t h e  f r a c t u r e  mode. The w h i s k e r  p u l l o u t  c a v i t i e s ,  p r o -  
t r u d i n g  w h i s k e r s ,  and d e p r e s s i o n s  caused by c r a c k  d e f l e c t i o n  around 
t h e  w h i s k e r  a r e  c l e a r l y  v i s i b l e .  

T a b l e  3: I n d i c a t e d  A n i s o t r o p y  i n  H o t  Pressed 
S i l i c o n  N i t r i d e - B a s e d  Materials 

__-- 

Mat.rial 
AY6 
AV6 f 10 v/o S i C P  (8 uin) 

AYE + 20 v/o S i C P  ( 8  urn) 
AY6 f 30 v / o  SiCP ( 8  urn) 

AY6 f 20 v /o  S i C W  (SC-9) 
AYE f 30 v/o SiCW (SC-9) 

AY6 f 10 V / O  S i C W  (SC-9) 

Plane J. HPD-- 
__I_ __.__I 

Cross Section 
................................. _ ............... 

Young's Modulus*(Gpa) IFT (MPa.rnl") 
2 -- I ___ 

3.6 f 0.2 3.7 i 0.2 

3 . 8  i 0.2  3.8 f 0.2 

3.8 t 0 . 2  3.8  ? 0 . 2  

4.0 t_ 0.2 4.0 * 0 . 2  

3.4 i 0.1 3.5 L 0.2 
325 3.8 i 0.1 3.6 I 0.2 
340 4.7 I 0.2 4.6 r 0.2 

IFT (MPa.rnl/') 
I 1  HPD 

__I_ 

L HPD -~ I1 HPD 

4.1 c 0.2 3.4 ? 0.2 297 

3.9 c 0.3 3.2 ? 0 . 2  

4 . 1  f 0.2 3.0 t_ 0.1 

3.7 f 0 . 2  3.0 t 0.2 

3.7 f 0.2 3 .5  t 0.1 
4.0 ? 0.1 2.9 t 0.3 311 
4 .8  t 0 . 2  3.0 f 0.2 333 

* P u l  se-echo u l t r a s o n i c  r iwsu re inen t  

Q u a n t i t a t i v e  ana lyses  i n d i c a t e  t h a t ,  w h i l e  e x i s t e n t  powder prepa- 
r a t i o n  p rocess  p r o v i d e s  e x c e l l e n t  d i s p e r s i o n ,  t h e  w h i s k e r  a s p e c t  r a t i o  
i s  s e v e r e l y  reduced d u r i n g  homogen iza t i on  ( T a b l e  4 ) .  I t  i s  t h u s  an- 
t i c i p a t e d  t h a t  t h e  p rocess  r e f i n e m e n t  t o  reduce comminut ion o f  t h e  
w h i s k e r s  w i l l  f u r t h e r  enhance mechan ica l  p r o p e r t i e s .  I n  a n o t h e r  
aspec t  o f  p rocess  o p t i m i z a t i o n ,  t h e  i n f l u e n c e  o f  t i m e / t e m p e r a t u r e  e f -  
f e c t s  on m a t r i x  m i c r o s t r u c t u r e  development and i t s  consequence on t h e  
compos i te  toughness i s  b e i n g  f u r t h e r  examined. 
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Table 4. Characterization of S i c  Uhiskers (SC-9) 
(Average Diameter = 8.5 t 0.2) 

Processing Step Average -. Length (vm)/Counts ..- -_ A s E c t  __I_- Ratio --..___- 

As - Rece i ved 
A f t e r  Sedimentation 

18 k 12/1574 
18 2 9/1430 

33 
33 

After Homogeni z a t i  on 5 +_ 3/1439 
Hot Pressed Composite 6 -t 3/1780 

10 
12 

Status o f  Milestones ___ ____.._ 

Milestone 122301, Task 1.2, fabrication o f  initial specimens, was 
completed by December 1, 1385. Overall program execution is on sched- 
ule. 

Pub1 i __ cati ons 

S . T .  Buljan, J.G. Baldoni, and M . L .  Huckabee, "Silicon Nitride- 
Silicon Carbide Composites," presented at 88th Annual Meeting o f  Arner- 
ican C e r a m i c  Society, Chicago, Ill., April 28  - May 1, 1986, 
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Figure 6: Densification of Si3Nq-Based Materials 
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[si3N4 + 2 wlo A1203 + 6 w/o Y203] + 30 v/o SiCW (SC-9) 
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Figure 8: Indentation-Induced Crack Propagation 
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Figure 9: Fracture Surfaces o f  Silicon Nitride-Based Materials 
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Sic-Whisker-Toughened S i l i c o n  N i t r i d e  
K .  Haynes, M.  M a r t i n ,  and H.  Yeh (AiResearch Cast ing Company) 

Object ive/Scope 

t o  d e v e l o p  t h e  t e c h n o l o g y  b a s e  f o r  f a b r i c a t i n g  a ceramic 
c o m p o s i t e  c o n s i s t i n g  of  s i l i c o n  c a r b i d e  w h i s k e r s  d i s -  
p e r s e d  i n  a d e n s e  s i l i c o n  n i t r i d e  m a t r i x .  T h i s  i s  t o  be  
a c c o m p l i s h e d  by  s l i p  c a s t i n g  as t h e  g r e e n  s h a p e  f o r m i n g  
method,  and  s i n t e r i n g  o r  s i n t e r / H I P  as t h e  d e n s i f i c a t i o n  
method.  An i t e r a t i v e  e x p e r i m e n t a l  a p p r o a c h  i s  u s e d  
t h r o u g h o u t  t h e  e n t i r e  program. 

The o b j e c t i v e  of t h i s  t w e n t y - f o u r  month program is  

The recommended s t a r t i n g  m a t r i x  c o m p o s i t i o n  i s  
S i 3 N 4  + 6% + 2 %  A 1  0 and  f o u r  t y p e s  o f  Sic whis -  
k e r s  are t 0 ~ 6 ~ ~ e v a l u a t e ~ .  
d o u b l i n g  t h e  f r a c t u r e  t o u g h n e s s  compared t o  t h e  m a t r i x  
S i 3 N 4  c o n t a i n i n g  no w h i s k e r s ,  will be  d e m o n s t r a t e d  i n  
T a s k  1. Once t h e  f e a s i b i l i t y  h a s  been  d e m o n s t r a t e d ,  
s y s t e m a t i c  o p t i m i z a t i o n  s t u d i e s  w i l l  b e  c o n d u c t e d  i n  
Task  2 t o  d e v e l o p  optimum p r o c e s s  p a r a m e t e r s ,  m i c r o -  
s t r u c t u r e ,  and  m e c h a n i c a l  p r o p e r t i e s .  A f u l l  c h a r a c -  
t e r i z a t i o n  of t h e  o p t i m i z e d  ma te r i a l  w i l l  b e  c a r r i e d  
o u t  i n  Task 3.  

F e a s i b i l i t y ,  as gauged by  

Technical  H iqh l  i q h t s  

M a t e r i a l s  and Procedures 

Specimens p r e p a r e d  i n  I t e r a t i o n  4 u s i n g  A R C 0  SC-9 
and  T a t e h o  SCW #1 s i l i c o n  c a r b i d e  w h i s k e r s  w e r e  encap-  
s u l a t e d  i n  t a n t a l u m  c a n s .  P r o c e s s i n g  p a r a m e t e r s  f o r  
t h e s e  spec imens  were b a s e d  upon p r o c e s s i n g  r e s u l t s  f rom 
I t e r a t i o n  2 A .  
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N o  p r o c e s s i n g  was c o n t i n u e d  w i t h  I t e r a t i o n  5 
( f o r m i n g  samples  v i a  cold i s o s t a t i c  p r e s s i n g )  due  t o  t h e  
i n a b i l i t y  t o  s u c c e s s f u l l y  form t e s t  samples  u s i n g  Sic/ 
S i 3 N 4  c o m p o s i t e  materials.  

I t e r a t i o n  6 i n v o l v e d  p r e p a r i n g  ARCO S C - 9  s i l i c o n  
c a r b i d e  w h i s k e r s  ( 2 0 %  by  w e i g h t j  i n  a s i l i c o n  n i t r i d e  
m a t r i x .  The c o m p o s i t e  mater ia l  w a s  s l i p  cas t  i n t o  
b i l l e t s ,  p r e s i n t e r e d  and  e n c a p s u l a t e d  i n  n iobium c a n s .  
( D e l a y s  i n  r e c e i v i n g  t h e  n iobium c a n s  f rom t h e  v e n d o r  
w e r e  e x p e r i e n c e d ) .  

Powders w e r e  p r e p a r e d  f o r  I t e r a t i o n  7 u s i n g  3 0  
p e r c e n t  T a t e h o  Sic w h i s k e r s .  S l i p s  w e r e  t h e n  cas t  i n t o  
b i l l e t s  wh ich  w e r e  t h e n  p r e - s i n t e r e d .  These w e r e  en-  
c a p s u l a t e d  i n  n iobium as w e l l .  

Specimens w e r e  p r e p a r e d  u s i n g  s i n t e r a b l e  r e a c t i o n  
bonded s i l i c o n  n i t r i d e  ( S R B S N )  w i t h  and  w i t h o u t  Sic. 
ARCO S C - 9  and T a t e h o  SCW #l Sic w e r e  used i n  t h e s e  
samples  a t  158 l o a d i n g s .  T h e  c o m p o s i t i o n s  and  as- 
n i t r i d e d  densities are  l i s t e d  i n  Table  1. 

T a t e h o  SCW #1-S s i l i c o n  carbide w h i s k e r s  were 
received. Powder p r e p a r a t i o n  w a s  i n i t i a t e d ,  w i t h  t h e  
c o m p o s i t e  powder c o n t a i n i n g  2 0 %  T a t e h o  SCW #1-S. 
( I t e r a t i o n  8 ) .  

E n c a p s u l a t i o n  and  H I P  

I t e r a t i o n  2 A  

The r e m a i n i n g  t a n t a l u m  e n c a p s u l a t e d  spec imen  from 
I t e r a t i o n  2A c o n t a i n i n g  20 volume p e r c e n t  ARCO SC-9 w a s  
p r o c e s s e d  a t  1 7 5 0 ° C  a n d  2 8  k s i  p r e s s u r e  a r g o n  ( H I P  r u n  
4 6 0 ) .  T h i s  r u n  y i e l d e d  t h e  best d e n s i t i e s  t o  da te  f o r  
f o r m u l a t i o n s  w i t h  20  volume p e r c e n t  Sic w h i s k e r s  (3 .18  
g / c c )  

I t e r a t i o n  4 

Two HIP r u n s  w e r e  made u s i n g  t a n t a l u m  e n c a p s u l a t e d  
samples f rom I t e r a t i o n  4. Based on t h e  r e s u l t s  of 
I t e r a t i o n  2 A ,  which  w e r e  r u n  a t  1 7 S U ° C ,  t h e s e  s a m p l e s  
w e r e  r u n  a t  1800°C i n  a n  e f f o r t  t o  i n c r e a s e  t h e  HIP 'ped  
d e n s i t y  . 
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H I P  r u n  485 v 7 a s  c a r r i e d  o u t  u s i n g  a sample c o n t a i n -  
i n g  2 0 %  AHCO SC-9 Sic. T h i s  sample e x p e r i e n c e d  incorn- 
p l e t e  d e n s i f i c a t i o n  due to a weld f a i l u r e .  A d e n s i t y  of 
on1.y 2 . 4 5  g / c c  was a c h i e v e d .  A wafer of t h i s  material 
was cu-t  and a n a l y z e d  f o r  f i b e r  d e g r a d a t i o n .  

i I I P  r u n  488 w a s  c a r r i e d  o u t  u s i n g  a sample coriLain- 
i n g  2 0 %  Ta teho  SCW #I. S i c .  Incomple t e  d e n s i f i c a t i o n  
o c c u r r e d  i n  this sample due t o  r e a c t i o n  p r o d u c t s .  As 
s e e n  i.n F i g u r e  1, t h e  t a n t a l u m  c a n  s t a r t e d  c o l l a p s i n g  
a round  t h e  sample. A t  some p o i n t  the  v o l a t i l e s  c a u s e d  
t h e  c a n  t o  b l o a t  and  f a i l  as s e e n  i n  t h e  upper  p o r t i o n  
of t h e  p h o t o .  

I t e r a t i o n  6 and 7 
-_sl__ 

Two I I l P  runs were made u s i n g  niobium encapsu la t ed .  
s amples .  Both  H I P  r u n s  w e r e  taken t o  1800°C. 

H I P  r u n  #-Sol  w a s  pe r fo rmed  u s i n g  a sample  c o n t a i n -  
i.ng 30% Ta teho  SCW 411.  Complcte d e n s i f i c a t i o n  of t h e  
sample w a s  d c h i e v e d  w i t h o u t  failure of t h e  niobium can. 
( F i g u r e  2 ;  l e f t  can). A d e n s i - t y  of 3 . 2 3  g / c c  was 
a c h i e v e d .  

HIP r u n  # 5 0 2  w a s  c a r r i e d  out u s i n g  two s a m p l e s ;  one 
sample c o n t a i n e d  20% ARC0 S C - 9  w h i l e  t h e  o-Lker sample 
c o n - t a i n e d  3 0 %  Tat.eho SCW #l .  The Ta teho  SCW #1 sample  
d i d  n o t  d e n s i f y  as  w e ] - 1  as t h e  Ta teho  sample  i n  r u n  H501.  
A defec t .  i.n t h e  weld of t h e  niobium can w a s  i d e n t i f i e d ,  
However, the ARCO SC---9 sample showed s u c c e s s f u l  and coni- 
p l e t e  col.1.apsing of the niobium can ( F i g u r e  2; r i g h t  c a n )  
as  i n d i c a t e d  by a d e n s i t y  of 3 - 2 4  g / c c  f o r  t h e  ARCO S C - 9  
sample .  

Removal of t h e  niobium from the A R C 0  arid 'I 'ateho 
samples showed d e n s i f i e d  samples  w i ~ t h  a s i m i . l a r  d a r k  
g r e e n  eol-or. ( F i g u r e  3 ;  Ta teho  SCW #1 on l e f t ,  ARC(:) 
S C - 9  on r i - g h t ) .  T h e  ' l 'ateho SCW #1 saniple i s  s l i g h t l y  
smaller i n  h e i g h t  and d i a m e t e r  compared t o  t h e  A R C 0  S C - 9  
due t o  g r e e n  c a s t i - n g  d e n s i t - y .  The Ta teho  SCW #1 sample 
w a s  cas t  a t  a g r e e n  d e n i s t y  of 1.'73 g / c c ,  whi.1.e t h e  ARCO 
S C - 9  s t a r t e d  w i t h  a d e n s i t y  of 2 - 0 4  g / c c .  Both  samples  
w e r e  cast:. i n  p l a s t e r  molds w i t h  i d e n t i c a l  d imens ions .  
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E n c a p s u l a t i o n  and  H I P  Summary 

I n  compar ing  t a n t a l u m  e n c a p s u l a t i o n  t o  n iobium 
e n c a p s u l a t i o n ,  n iob ium a p p e a r e d  t o  be a be t te r  encap-  
s u l a t i o n  mater ia l  t o  t a n t a l u m .  T h e  weld  i n t e g r i t y  o f  
t h e  n iobium w a s  much be t t e r  compared t o  t a n t a l u m ,  
e s p e c i a l l y  a f t e r  o b s e r v i n g  t h e  c o n d i t i o n  of t h e  c a n s  
t h r o u g h  Hot I s o s t a t i c  P r o c e s s i n g  ( H I P )  ( F i g u r e  1 vs .  
F i g u r e  2 ) .  I n  a d d i t i o n ,  the  t a n t a l u m  would b e  more 
react ive t o  t h e  n i t r o g e n  i n  t h e  f u r n a c e  a t m o s p h e r e  
r e s u l t i n g  i n  a v e r y  b r i t t l e  c a n  t h a t  would f a i l  u n d e r  
p r e s s u r e .  Niobium would m a i n t a i n  i t s  d u c t i l i t y  t h r o u g h  
HIP. 

A more s i g n i f i c a n t  o b s e r v a t i o n  showing t h e  s u c c e s s  
of n iobium e n c a p s u l a t i o n  versus  t a n t a l u m  e n c a p s u l a t i o n  
are v i s u a l  a n d  d e n s i t y  compar i sons  of t h e  r e s p e c t i v e  
s a m p l e s .  V i s u a l l y ,  t h e  t a n t a l u m  e n c a p s u l a t e d  samples  
would be  d a r k  g r a y  t o  b l a c k  i n d i c a t i n g  s o m e  r e a c t i o n  
w i t h  t h e  f u r n a c e  a t m o s p h e r e  ( f a i l u r e  of t h e  t a n t a l u m  
c a n ) .  The n iob ium e n c a p s u l a t e d  samples  have  shown a 
d a r k  g r e e n  c o l o r  a f t e r  HIP i n i d c a t i n g  t h e  n iobium 
i n t e g r i t y  t h r o u g h  HIP. D e n s i t y  r e s u l t s  w i t h  t a n t a l u m  
have  shown a maximum of 3.18 g / c c  f o r  2 0 %  ARCO SC-91 
S i  N4. Niobium e n c a p s u l a n t s  have  shown maximum den- 
si2ies of 3 .23  g / c c  for 30% T a t e h o / S i  N 
f o r  2 0 %  ARCO SC-9/Si3N4. 

E v a l u a t i o n s  

and  3.24 g/cc 3 4  

T h e  b a s e l i n e  S i  N and  t h e  Si3N4/20 volume p e r c e n t  
ARCO S i c  b i l l e t s  f r o A  f t e r a t i o n  2 A  w e r e  machined i n t o  
t e s t  bars .  Machin ing  t h e  b i l l e t s  i n t o  t es t  b a r s  p r o v e d  
t o  be a t i m e  consuming p r o c e s s .  The spec imens  tested 
f o r  MOR and  f r a c t u r e  t o u g h n e s s  w e r e  n o m i n a l l y  1/4” X 
1 / 8 “  X 2 “ .  MOR t e s t i n g  employed a 4 p o i n t  bend method. 
For  t h e  f r a c t u r e  t o u g h n e s s  measurements ,  a s i n g l e  n o t c h  
t e s t  method w a s  u s e d .  The n o t c h  d e p t h  w a s  a p p r o x i m a t e l y  
0 . 0 6 0  i n c h .  The r e s u l t s  o f  t h e  MOR t e s t i n g  a re  compi l ed  
i n  T a b l e  2 .  The a v e r a g e  s t r e n g t h  for t h e  b a s e l i n e  mate- 
r i a l  w a s  103 .8  k s i  w h i l e  t h e  20% A R C 0  S i C / S i  N 4  ma te r i a l  
w a s  9 0 . 7  k s i ,  r e p r e s e n t i n g  a decrease of 12 .28 .  

F r a c t u r e  t o u g h n e s s  r e s u l t s  f rom I t e r a t i o n  2A are  
compi l ed  i n  T a b l e  3 .  The a v e r a g e  t o u g h n e s s  f o r  t h e  
b a s e l i n e  w a s  7 . 2  k s io in ’ ,  a n d  t h e  a v e r a g e  of the compo- 
s i t e  ma te r i a l  w a s  10.0 ks ie in’ ,  an  i n c r e a s e  of 3 8 . 9 % .  



A d d i t i o n a l  f r a c t u r e  t o u g h n e s s  e v a l u a t i o n s  w e r e  d o n e  
on  1 t . e r a t i o n  2 A  s a m p l e s  u s i n g  a c h e v r o n  n o t c h  t e c h n i q u e .  
' T h e  a v e r a g e  f r a c t u r e  t o u g h n e s s  f o r  the i n o p o l i t h i e  Si. N 
a n d  t h e  c o m p o s i t e  were 2 . 8  a n d  1 . 7  k s i s i n  r e s p e c t i v e l y  
( t h e  a v e r a g e s  e x c l u d e  specimens w h i c h  d i d  n o t  e x h i b i t  
s t a b l e  c r a c k  g r o w t h ) .  The c h e v r o n  n o t c h  d a t a  i s  i-neon- 
s %s t e n t  w i t h  p r e v i o u s  measuremenps  using s i n g l e  edge 
n o t c h  peam s p e c i m e n s  ( 7 . 2  k s i s i r i '  f o r  S i  N a n d  1 0 . 0  
k s i m i n '  f o r  S i  N /20% S i c ) .  The i n c o n s i s t e n c y  may be 
d u e  t o  p r e c r a c z i r i g  of t h e  c h e v r o n  n o t c h  s p e c i m e n s .  
T h e s c  s p e c i m e n s  had a t r i a n g u l a r  l i g a m e n - t  m e a s u r i n g  o n l y  
a p p r o x i m a t e l y  0.125'' across the base a n d  a p p r o x i m a t e l y  
0 .065 ' '  i n  h e i y h t  and may e a s i l y  c r a c k  oil handl.i.ng. 'l'he 
tes t  t e c h n i q u e  and s p e c i m e n  s i z e  a re  b e i n g  r e - e v a l u a t e d  
by  Garrett  'Turb ine  E n g i n e  Company t h r o u q h  Lhe U n i v e r s i t y  
of W a s h i n g t o n  and O R N L .  

-5 3 4  

3 4  
4 

Samples  Lrom lierdiion 2 A ,  c o n t a i n i n g  2 0 %  A R G O  S ic ,  
w e r e  a n a l y z e d  u s i n q  SEM a n d  p o l i s h e d  m i c r o g r a p h s .  
P o l i s h e d  m i c r o g r a p l i s  of t h e  as n i t r i d e d  S R R S N  w e r e  a l s o  
p r e p a r e d .  

P o l . i s h e c l  m i c r o g x a p h s  of (5 r e p r e s e n t a t i v e  MOR speci.- 
men are  shown in F i g u r e s  4 A  and 4 B .  T h e s e  p h o t o s  show 
the o r i e n t a t i o n  o f  tile Si.C t o  be qui-te raridom and t h e  
d i s t r i b u t i o n  t o  be u n i f o r m .  'The f r a c t u r e  s u r f a c e  of 
t h i s  same s p e c i m e n  was exam<-ncd u s i n g  SEM as s e e n  i n  
Figure 5 A .  The f r a c t u r e  0 r i g r . n  seemed t o  be n o n d e n s i -  
f i e d  Si N T h i s  w a s  r e p r e s e n t a t i v e  of a p p r o x i m a t e l y  
h a l f  t h e  specimens exainined. 'The r e m a i n i n g  s p e c i m e n s  
showed f r a c t u r e  o r i g i n s  c o n s i s t i n g  of i n c l . u s i o n s  o r  
a y g l o m e r a t . e s  n o t  a p p e a r i n g  t o  c o n s i s t  of s i l i c o n  carbide 
w h i s k e r s .  

3 4 '  

A h i g h e r  m a g n i f i c a t i o n  v i e w  i s  shown i n  SEI4 F i g u r e  
513. W h i s k e r s  can be resolved as w e l l  as p u l l  o u t s  
i n d i c a t i v e  of t h e  Loughen ing  mechan i sms .  An a p p r o x i -  
mately 4 0 %  increase  i n  f r a c t u r e  t o u y h n e s s  w a s  f o u n d  i n  
t h i s  maLerial s y s  t e m  v e r s u s  t h e  m o n o l i t h i c .  

The e f f e c t  of e l i m i n a t i n g  A1 0 i n  a s i n t e r e d  
r e a c t i o n  bonded  s i l i c o n  n i t r i d e  ( 8 R J S N )  w e r e  s t u d i e d  i n  
s a m p l e s  u n d e r  the c o s t  s h a r e  e f f o r t .  P o l i s h e d  m i c r o -  
g r a p h s  r e p r e s e n t a t i v e  of the as n i t r i d e d  S R U S N  samples 
are shown i n  F i g u r e s  6 A  a n d  6 U .  The w h i s k e r s  v i s i b l e  
i n  t h e s e  p h o t o s  may be a r e s u l t  of t h e  p o l i s h i n g  pro- 
c e s s .  D u e  to t h e  l o w e r  d e n s i t y  of t h e  m a t e r i a l ,  t h e  
w h i s k e r s  may be more  e a s i l y  removed.  
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From t h e  data p r e s e n t e d  i n  Tab le  1, t h e  d e n s i t y  of 
t h e  as n i t r i d e d  samples  w i t h o u t  A 1  O3 are lower t h a n  
t h o s e  c o n t a i n i n g  A 1  0 
of Code 7a  i n  which L a  0 
Th i s  t r e n d  a l o n g  w i t h  603 and f r a c t u r e  toughness  p r o p e r -  
t i e s  w i l l  be f u r t h e r  e v a l u a t e d  a f t e r  s i n t e r i n g .  

Th i s  i s  a l s o  t r u e  i n  t h e  case 2 3 '  
has  been s u b s t i t u t e d  f o r  A 1 2 0 3 .  

Microphotos  of b o t h  t h e  ARCO SC-9 ( I t e r a t i o n  6 )  and 
Tateho  SCW #1 ( I t e r a t i o n  7 )  w e r e  t a k e n  a t  4 0 0 X  ( F i g u r e s  
7A and 7 B )  D e s p i t e  t h e  low q u a l i t y  of t he  p i c t u r e s ,  
b o t h  t h e  ARCO SC-9 and t h e  Tateho  SCW #1 samples  showed 
good uni form d i s p e r s i o n  i n  t h e  s i l i c o n  n i t r i d e  m a t r i x .  
The d a r k  i n c l u s i o n s  show p r o b a b l e  p u l l o u t  of t h e  s i l i c o n  
c a r b i d e  from t h e  s i l i c o n  n i t r i d e  m a t r i x  o r  p o s s i b l e  gas  
f o r m a t i o n  d u r i n g  h o t  i s o s t a t i c  p r e s s i n g .  

SEM Photographs  

Two sets of  samples  w e r e  s e n t  t o  S i g n a l  Research  
C e n t e r  (SRC) f o r  Scanning  E l e c t r o n  Microscopy (SEM). 
Sample s e t  #1 c o n s i s t e d  of f o u r  t y p e s  of as r e c e i v e d  
s i l i c o n  c a r b i d e  w h i s k e r s  ( l i s t e d  be low) .  Sample S e t  # 2  
c o n t a i n e d  g reen  d e n s i t y  samples  from f o u r  s l i p  cast  
compos i t ions  of 20 volume p e r c e n t  s i l i c o n  c a r b i d e  whis-  
k e r s  i n  a s i l i c o n  n i t r i d e  m a t r i x .  

Sample S e t  #1: S i l i c o n  Carb ide  Whiskers 

Material P i c t u r e s  I n c l u d e d  

A )  ARCO SC-9 F i g u r e  8A-C 

B )  Ta teho  SCW #1 F i g u r e  9A-C 

C )  Ta teho  SCW #1-S F i g u r e  10A-C 

D )  Tokai  'Tokamax' F i g u r e  11A-C 

Sample S e t  # 2 :  S l i p  C a s t  Samples 

M a t e r i a l  P i c t u r e s  I n c l u d e d  

A )  ARCO SC-9 F i g u r e  1 2 A - B  

B )  ARCO SC-9 w i t h  BN Coa t ing  F i g u r e  13A-B 

C )  Ta teho  SCW #1 F i g u r e  1 4 A - B  

D )  Tokai  'Tokamax' F i g u r e  1 5 A - B  
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S i l c o n  C a r b i d e  W h i s k e r  Ana1vsi.s  

A l l  s i l i c o n  c a r b i d e  w h i s k e r s  a t  200X showed. acjgl-om- 
e ra ted  c I .u s  ters a p p r o x i m a t e l y  1 0 0  m i c r o n s  i n  d iameter .  
A more d e t r a i l e d  a c c o u n t i n g  o f  t h e  i n d i v i d u a l  w h i s k e r s  i s  
shown at. 2,000X arid L0,OOOX. A l l  silicon c a r b i d e  w h i s -  
k e r s  showed a w i d e  m i x t u r e  of w h i s k e r  I . e n g t h  ( u p  t o  
a p p r o x i m a t e l y  1 0 0  mi .c ron)  as w e l l  a s  v a r i a t i o n s  . in  whi.s- 
k e r  d i a m e t e r  ( 1  m i c r o n  diameter  maximum). T o k a i  s i l i - c o n  
c a r b i d e  w h i s k e r s  a p p e a r  t o  be  more i r r e g u l a r l y  s h a p e d  
a n d  h a v e  t h e  g r e a t e s t  v a r i a t i o n s  in whi - ske r  d i a m e t e r  - 
T a t e h o  SCW #I a n d  SCW #1-S do n o t  show ai2y s i g n i . f i c a n t  
d i f f e r e n c e  i n  a g g l o m e r a t i o n  b e h a v j ~ o r ,  w h i s k e r  diameter  
o r  w h i ~ s k e r  l e n g t h  b a s e d  on SEM c o m p a r i s o n s .  Tateho h a d  
i n d i c a - k e d  ( m e e t i n g  w i t h  ACC o n  1 - 2 8 - 8 6 )  SCW #1-S w o u l d  
b e  a more  ' d e a g g l o m e r a t e d '  s i l i c o n  c a r b i d . e  w h i s k e r .  

_- S l i p  .... C a s t  .- Sample  ...... A n a l y s i s  

I n  c o n t r a s t  t o  t h e  s i l i c o n  carbide w h i s k e r  m i c r o -  
g r a p h s ,  a l l  t h e  s l i p  cas t  samples ( 2 0 %  vel-ume s i l i c o n  
c a r b i d e  i.n a s i l i c o n  n i t r i d e  m a t r i x )  showed good di.s-  
t r i b u t i - o n  of s i l i c o n  carbide w h i s k e r s  t h r o u g h o u t  t h e  
s i l i c o n  n i t r i d e  w i t h o u t  w h i s k e r  a g g l o m e r a t i o n .  Any 
p o r e s  s e e n  i n  t h e  s a m p l e s  ( e s p e c i a l l y  T a t e h o  SCW $1) 
c o u l d  h a v e  r e s u l t e d  f r o m  e n t r a p p e d  air i n  t h e  sanip.l.es 
d u r i n g  slip c a s t i n g .  

I m p u r i t y  ..... _._ A n a l y s  j-s of .... S i l i c o n  Carbide W h i s k e r s  

S a m p l e s  of ARCO SC-9, T a t e h o  SCW #1 a n d  Tokai. 
Tokarnax s i l i c o n  c a r b i d e  w h i s k e r s  w e r e  s e n t  t o  S i g n a l  
R e s e a r c h  C e n t e r  (SRC) f o r  c h e m i c a l  a n a l y s i s .  ( T a b l e  
#4). I n  a d d i t i o n  t o  t h e i r  a n a l y s i s ,  S R C  i n c l u d e d  d a t a  
p r e v i - o u s l y  compil .ed by ORNL on  t h e  c h e m i c a l  a n a l y s i s  of 
s i l i c o n  carbide w h i s k e r s .  I n  c o r r e l a t i o n  t o  t h e  SEM 
p h o t o g r a p h s ,  t h e  a n a l y s i s  t e n d s  t o  i n d i c a t e  ' I 'okai 
Tokamax s i l i c o n  c a r b i d e  w h i s k e r s  are  p r o c e s s e d  d i f f e r -  
e n t l y  compared  t o  A R C 0  o r  T a t e h o  w h i s k e r s .  

PROBLEMS ENCOUNTERED 

A R C 0  Metals h a s  d i s c o n t i n u e d  s u p p l y i n g  ARCO S C - 9  
s i l i c o n  c a r b i d e  w h i s k e r s .  T h e  c u r r e n t  s u p p l y  o f  A R C 0  
SC-9 ( 3  p o u n d s )  was s u p p l i e d  f r o m  Gar re t t  T u r b i n e  E n g i n e  
Company. The r e m a i n i n g  s u p p l y  of A R C 0  SC-9 w i l l  b e  u s e d  
t o  f i n i s h  a n y  o n g o i n g  i t e r a t i o n s  that h a v e  i n c o r p o r a t e d  



ARC0 SC-9. Any f u r t h e r  i t e r a t i o n s  w i l l  u t i l i z e  T a t e h o  
SCW #1-S s i l i c o n  c a r b i d e  w h i s k e r s  as t h e  p r i m a r y  s i l i c o n  
carbide w h i s k e r .  

STATUS O F  MILESTONES 

M i l e s t o n e  122102 ( E v a l u a t e  A l t e r n a t e  S i c  Whiske r s  
a n d  Coa ted  Whiske r s  i n  S i 3 N 4  M a t r i x  Compos i t e s )  is  
b e h i n d  s c h e d u l e .  Fully d e n s e  s a m p l e s  have  been  f a b r i -  
cated. E v a l u a t i o n  t e c h n i q u e s  have  been  i n c o n s i s t a n t .  
De lays  i n  t e s t i n g  have  r e s u l t e d  w h i l e  t h e s e  t e c h n i q u e s  
t h e m s e l f  are r e - e v a l u a t e d .  Sample p r e p a r a t i o n  i s  now 
i n  p r o g r e s s  a n d  t e s t i n g  s h o u l d  b e  comple t ed  d u r i n g  t h e  
A p r i l  - May b i -mon th ly  per iod.  

COMMUNICATION/VISITS/TRAVEL 

The 1985 T w e n t y - t h i r d  ATD/CCM i n  Dearborn ,  
Michigan ,  O c t o b e r  2 1 - 2 4 ,  1985, w a s  at tended. 

R e p r e s e n t a t i v e s  o f  T a t e h o  w e r e  a t  ACC t o  p r e s e n t  
u p d a t e d  i n f o r m a t i o n  on t h e i r  S i c  w h i s k e r s .  They 
i n d i c a t e d  t h a t  o x i d a t i o n  of t h e i r  w h i s k e r s  s t a r t s  a t  
7 5 0 ° C  i n  a i r .  

PUBLICATIONS 

A p a p e r  e n t i t l e d  "SijN4 Matrix Composi te  
Development" by K .  Haynes and  H. Yeh w a s  p r e s e n t e d  a t  
t h e  1985 T w e n t y - t h i r d  ATD/CCM i n  D e a r b o r n ,  Michigan ,  
October 21-24, 1985. 
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TABLE 1 

SILICON CARBIDE AND SRRSN COMPOSITIONS 

AS-NITRIDED 
Fe 0 S i c  WHISKERS DENS I TY 

'2'3 *l2'3 2 3  CODE Si3N4 

9 93 6 0 1 15% ARCO 2.33 g / c c  

15% ARCO 2.45 g / c c  7 9 1  6 2 1 

7 91 6 2 1 15% T a t e h o  2 .56  g / c c  

7a 91 6 2* 1 15% ARCO 2.34 g / c c  

7 91 6 2 1 0 2.69 g / c c  

*La203 
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Materia 1 

TABLE 2 

Iteration 2A Modulus of Rupture Results 

Baseline Si N 3 4  

Sample 
Number 

1 
2 

(Density: 3.13 g / c c )  3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Si3N4/20 v/o ARC0 S i c  

(Density: 3.18 g/cc)  

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 

a 

M.O.R. 
( k s i )  Average 

113.5 
96.3 
110.0 
116.1 
100.8 
112.0 
84.7 
98.8 103.8 
98.8 
111.5 
97.1 
91.9 
111.2 
108.3 

110.9 
98.2 

99.1 
94.2 
83.2 
66.2 
93.0 
91.0 

104.3 
90.7 
78.6 
109.7 
93.9 

84.0 
90.7 
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TABLE 3 

Iteration 2A Fracture Toughness Results 

Materia 1 

Baseline Si N 

(Density: 3.15 g/cc) 

3 4  

Si N / 2 0  V/Q ARC0 Sic 

(Density: 3.18 g/cc) 

3 4  

Sample 
Number KIC (ksi* in % ) Average 

7.5 
7.9 
8 .8  
4 .0  
3.6 
8 .3 
8.6 
9.4 

6.4 
12.5 
11.6 
10.1 
10.3 
8 .9  

7.2 

10.0 
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TABLE 4 

WHISKER IMPURITY ANALYSIS 

( 2 )  
Element Tateho SCW #l Tokai 'Tokamax' ( ) ARC0 SC-9 ( ')  QRNL SC-9 ( * )  ORNL F-9 

Ca 

Mn 

A 1  

Fe 

Mg 

C r  

Na 

co 

Z r  

N i  

cu 

Zn 

T i  

Notes: 

0.099 

0.015 

0.120 

0.045 

0.007 

( 3 )  

0.400 

( 3 )  

0,110 

0.014 

(4 1 

0.005 

( 3 )  

0.090 

( 3 )  

0.005 

0.050 

0.023 

0.005 

( 3 )  

0.400 

0.290 

(3) 

0.014 

(4 1 

0.005 

( 3 )  

0.140 

0.160 

0.110 

0,081 

0.050 

0.059 

0.014 

0.400 

( 3 )  

( 3 )  

0.014 

0.005 

0.180 

( 3 )  

( 4 )  

0.010 

0.010 

0.020 

0.010 

0.030 

0.005 

0.003 

( 5 )  

(5) 

(5) 

(5) 

( 5 )  

(5)  

0.100 

0.100 

0.070 

0.100 

0.030 

0.100 

0.003 

( 5 )  

( 5 )  

(5) 

( 5 )  

(5) 

( 5 )  

( 1 )  Analyzed by Signal Research Center (SRC) v i a  emission analysis. 
(2) Data on mater ia l  from ORNL Semiannual Report f o r  October 1983 t o  March 1984. 
( 3 )  Analysis indicatid no trace. 
( 4 )  0.400% i s  lowest detect ion l i m i t  f o r  Na. Values are not i nd i ca t i ve  o f  actual  

(5) Not measured or not indicated. 
amount of Na i n  the material. 

Analyses fo r  V, Sn, Pb, No, 0, Ea and S r  by Signal showed no trace. 
Analyses by ORNL fo r  K on ORNL SC-9 and F-9 showed 0.002% f o r  SC-9, higher % f o r  F - 9 .  
SRC d i d  not analyze f o r  K. 
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..I 
F i g u r e  1: E n c a p s u l a t e d  S i  N / T a t e h o  S i c  s a m p l e  ( H I P  r u n  8488) .  

3 4  
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F s 

Pi H I P  ' Si3N4 Nb 

removed. 
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4A 

4 B  

400X 

- -.. 

l O O O X  

Figures 4 A  & 4B: Polished micrographs of Sic orientation and 
distribution in sample containing 20% ARC0 Sic. 



L 
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6A 

6 B  

400X 

1 ooox 

F i g u r e s  6 A  fi 6B:  P o l i s h e d  micrographs of  as n i t r i d e d  SRBSN c o n t a i n i n g  
15% ARC0 S i c .  
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F i g u r e  7A: HIP'ped Si3N4/ARC0 SC-9 (400x1. 

Figure 7B: HIP'ped Si3N4/Tateho SCW # l  S i c  (400X). 



64 

8 A  

8 B  

*‘L -- - 
20KV x200- 1095 180.0U -SRC- 

I 28KU X2880 1096 10.8U -SRC- I 
F i g u r e s  8 A  & 8 B :  ARC0 SC-9 s i l i c o n  c a r b i d e  whiskers .  
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1 

A 

A 

- 
20KV X10000 1897 1 . 8 U  -SRC- 

F i g u r e  8 C :  ARC0 SC-9 s i l i c o n  c a r b i d e  whiskers .  
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9A 

9B 

7 

20KV X2000 1086 10 .  

Figures 9A 6( 9B: Tateho SCW # 1  silicon carbide whiskers. 
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1 
1 

Figure 9 C :  Tateho SCW ill s i l i c o n  carbide whiskers. 
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1 OA 

-111 
. -  

, I  

1 OB 

20KV X2000 1181 1 

F i g u r e s  LOA & 10B:  Tateho SCW #l -S  s i l i c o n  c a r b i d e  whiskers .  
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69 
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1 1 A  

1 1 B  

Figures 11A & 1 1 B :  Tokai Tokamax s i l i c o n  ca rb ide  whiskers.  
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- -  

L 

Figure 11C: Tokai Tokamax silicon carbide whiskers. 
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1 2 A  

1 2 B  

Figures 1 2 A  ti 1 2 B :  S l i p  c a s t  Si3N4/ARC0 SC-9 Sic whiskers. 
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13A 

28KV X2000 1122 18.8U -SRC- I 

1 3 B  

Figures 1 3 A  & 1 3 B :  S l i p  cast Si N /coated ARC0 SC-9 Sic whiskers. 
3 4  
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14A 

20KV x2000 1108 10.0U -SRC-  I & 

1 4 B  

7 I 28KU X288BB 1109 1 .0u  -SRC- I 

F i g u r e s  14A & 14B: S l i p  c a s t  S i  N / T a t e h o  SCW #1 S i c  w h i s k e r s .  
3 4  
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1 5 A  

153 

F i g u r e s  1 5 A  & 1 5 B :  S l i p  c a s t  S i  N / T o k a i  Tokamax Sic w h i s k e r s .  
3 4  

- 
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1.2.3 Oxide M a t r i x  

Sic-Whisker-Reinforced Ceramic Composites 
T .  N. T iegs ,  P. F. Becher, and L. A .  H a r r i s  (Oak Ridge N a t i o n a l  Laboratory)  

Object ive/scope 

T h i s  work i n v o l v e s  development and c h a r a c t e r i z a t i o n  o f  S ic-whisker-  
r e i n f o r c e d  o x i d e  composi tes f o r  improved mechanical performance. To da te ,  
most o f  t h e  work has d e a l t  w i t h  a lumina as t h e  m a t r i x  because i t  was deemed 
a p r o m i s i n g  m a t e r i a l  f o r  i n i t i a l  s tudy .  However, o p t i m i z a t i o n  o f  m a t r i x  
m a t e r i a l s  i s  a l s o  exp lo red .  The approach t o  f a b r i c a t i o n  i s  t o  f i r s t  use h o t  
p r e s s i n g  t o  i d e n t i f y  composi t ions f o r  toughening and then t o  e x p l o r e  
p r e s s u r e l e s s  s i n t e r i n g  f o r  f a b r i c a t i o n  t o  near n e t  shape. 

Techn ica l  p roq ress  

S i c  wh iske rs  

As p a r t  o f  a program t o  s tudy t h e  w h i s k e r a l u m i n a  m a t r i x  i n t e r f a c e ,  we 
under took an i n i t i a l  examinat ion o f  t h e  wh iske rs  o f  i n t e r e s t  and a p r e l i m i -  
n a r y  t r a n s m i s s i o n  e l e c t r o n  microscopy (TEM) examinat ion o f  a hot -pressed 
composi te.  

X-ray p h o t o e l e c t r o n  spectroscopy (XPS)  scans were made o f  t h e  su r faces  
o f  t h r e e  groups o f  S i c  wh iske rs  i d e n t i f i e d  as ARCO, LANL, and Tateho. 
Table 1 c o n t a i n s  q u a n t i t a t i v e  d a t a  on t h e  S i c  wh iske rs  computed f rom h igh -  
r e s o l u t i o n  XPS scans. The LANL wh iske rs  had c o n s i d e r a b l y  l e s s  oxygen on 
t h e i r  su r faces  than e i t h e r  o f  t h e  o t h e r  wh iske rs  b u t  d id  c o n t a i n  n i t r o g e n  
and f l u o r i n e .  
cess, whereas f l u o r i n e  i s  p robab ly  due t o  t h e  h y d r o f l u o r i c  a c i d  t r e a t m e n t  
used t o  remove excess s i l i c a  f rom t h e  whiskers.  The elemental  con- 
c e n t r a t i o n s  on t h e  su r faces  o f  t h e  ARCO and Tateho wh iske rs  show s t r o n g  

The n i t r o g e n  i s  b e l i e v e d  t o  be r e l a t e d  t o  t h e  s y n t h e s i s  pro-  

Table 1. Elemental  c o n c e n t r a t i o n s  on 
t h e  su r faces  o f  S i c  wh iske rs  

~ ~~ 

E l  emen t s 

S i  C 0 N 2  F Ca 
Sampl e 

ARCOa 22.25 51.69 25.76 0 . 3 1  

LAN ~b 26.73 56.90 12.22 3.10 1.05 

TatehoC 21.01 49.35 29.63 

&?ARC0 Chemical Co., Greer, S.C.  
bLos Alamos N a t i o n a l  Labora to ry ,  N. Mex. 
CTateho Chemical Co., Japan. 
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s i m i l a r i t i e s  e s p e c i a l l y  w i t h  r e s p e c t  t o  s i l i c o n  and carbon.  However, t h e  
Tateho w h i s k e r s  a r e  much r i c h e r  i n  oxygen and do n o t  appear t o  c o n t a i n  any 
d e t e c t a b l e  m i n o r  e lements  such as  t h e  c a l c i u m  found  i n  t h e  ARCO m a t e r i a l .  

I n  a d d i t i o n  t o  t h e  e lemen ta l  c o m p o s i t i o n  o f  t h e  w h i s k e r  s u r f a c e s ,  XPS 
s u p p l i e s  i n f o r m a t i o n  abou t  t h e  chemica l  s t a t e  o f  t h e  e lements .  
l i s t s  t h e  bond ing  e n e r g i e s  (B .E . )  f o r  t h e  m a j o r  c o n s t i t u e n t s :  s i l i c o n ,  c a r -  
bon, and oxygen. 
p o s s i b l e  c h a r g i n g  n o r m a l l y  a s s o c i a t e d  w i t h  i n s u l a t o r  m a t e r i a l .  
o f  B.E. f o r  e lements  on LANL and ARCO w h i s k e r s  r e v e a l s  s t r o n g  s i m i l a r i t i e s ;  
t h e  s i l i c o n  B.E. v a l u e  o f  100.5 eV i s  i n  agreement w i t h  v a l u e s  we o b t a i n e d  
f o r  s i l i c o n  i n  s i n g l e  c r y s t a l s  o f  S i c .  
bon E.E. peaks a t  abou t  282 eV and 284 eV; t h e  f i r s t  v a l u e  we b e l i e v e  i s  
carbon i n  S i c  w h i l e  t h e  second v a l u e  ( h i g h e r  8.E. )  i s  due t o  f r e e  carbon.  
The d u a l  peaks a r e  most p r o m i n e n t  i n  t h e  LANL w h i s k e r s .  A d d i t i o n a l  s i m i -  
l a r i t i e s  between ARCO and LANL w h i s k e r s  e x i s t  f o r  oxygen B.E. v a l u e s .  I n  
c o n t r a s t ,  Ta teho f i b e r s  have s i l i c o n  and oxygen B.E. v a l u e s  t h a t  suggest  t h e  
presence o f  s i l i c a .  

T a b l e  2 

These B.E. v a l u e s  have been a d j u s t e d  t o  compensate for  
A comparison 

P a r t i c u l a r l y  n o t e w o r t h y  a r e  t h e  c a r -  

T a b l e  2. Bond ing  energy  o f  m a j o r  e lements  
on t h e  s u r f a c e s  o f  S i c  w h i s k e r s  (eV) 

(Bond ing  energy  peak p o s i t i o n s  have been 
c o r r e c t e d  f o r  c h a r g i n g )  

.... 

Elements 
Samp 1 e Phase 

i d e r t i  f i c a t i o n  
S i  C 0, 

a18 S i c  ARC0 100.5 282 532.05 
284 

6 S i c  + C LAN L 100.5 282 531 15 
284 

a/B S i c  Tateho 103.05 284 532.8 

Examina t ion  by TEM o f  a ho t -p ressed  alumina---20 v o l  % S i c  w h i s k e r  com- 

I n  a d d i t i o n ,  no ev idence  of  m a t r i x  m i c r o c r a t k i n g  
p o s i t e  made w i t h  ARCO w h i s k e r s  showed l i t t l e  i n t e r a c t i o n  between t h e  
w h i s k e r s  and t h e  m a t r i x .  
was observed around t h e  w h i s k r s .  

O x i d 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  compos i tes  

A s  r e p o r t e d  p r e v i o u s l y ,  c o n s i d e r a b l e  o x i d a t i o n  o f  a lumina- -S ic  w h i s k e r  
Composi tes o c c u r s  a t  t empera tu res  o f  800 t o  1200°C, r e s u l t i n g  i n  d e g r a d a t i o n  
o f  f l e x u r a l  s t r e n g t h .  A p p a r e n t l y  t h e r e  i s  s u f f i c i e n t  oxygen t r a n s p o r t  
t h r o u g h  t h e  a lum ina  m a t r i x .  Review o f  some l i t e r a t u r e  i n d i c a t e d  t h a t  oxygen 
t r a n s p o r t  t h r o u g h  a m u l l i t e  m a t r i x  s h o u l d  be s i g n i f i c a n t l y  l o w e r .  
Consequent ly ,  specimens o f  a ho t -p ressed  m u l l i t e - - 2 0  v o l  % S i c  w h i s k e r  com- 
p o s i t e  were s u b j e c t e d  t o  i s o t h e r m a l  o x i d a t i o n  a t  e l e v a t e d  tempera tu res .  The 
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r e s u l t s  a r e  summarized i n  Tab le  3. A s  shown, t h e  m u l l i t e - m a t r i x  compos i tes  
had c o n s i d e r a b l y  l o w e r  w e i g h t  g a i n s  t h a n  t h e  a lum ina -mat r i x  compas i tes .  
Thus o x i d 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  ceramic  compos i tes  may be m i n i m i z e d  
by t h e  use of m u l l i t e  m a t r i c e s  o r  b y  t h e  f o r m a t i o n  of a p r o t e c t i v e  m u l l i t e  
c o a t i n g  on a lum ina -mat r i x  compos i tes .  
s t r e n g t h  d e g r a d a t i o n  i n  t h e  m u l l i t e - m a t r i x  compos i tes  and t o  p e r f o r m  
i s o t h e r m a l  h e a t i n g  t e s t s .  

We a r e  p l a n n i n g  t o  de te rm ine  any 

T a b l e  3. R e s u l t s  o f  i s o t h e r m a l  
o x i d a t i o n  f o r  500 h o f  20 v o l  % 

S i c  w h i s k e r c e r a m i c  m a t r i x  
compos i tes  

O x i d a t i o n  Weight 

("Q ( g/m2 1 
Ceramic 
matr -i x tempe r a  t u r e  g a i n  

M i l l  1 i t@ 800 -0" 
Mu1 1 i t 9  i o o n  0.329 

A1 urn1 na 800 0.738 
A I  umi na 1000 1.774 

aMeasurements at, d e t e c t i o n  
l i m i t  o f  i n s t r u m e n t s .  

Mot pressing 

A s  r e p o r t e d  p r e v i o u s l y ,  ho t -p ressed  a lum ina  compos i tes  made w i t h  S i c  
whiskers Prom d i f f e r e n t  sources  had c o n s i d e r a b l y  d i f f e r e n t  mechart ical prap- 
e r t i e s .  A new b a t c h  o f  S i c  w h i s k e r s  from Tateho t h a t  a p p a r e n t l y  had l o w e r  
oxygen c o n t e n t  t han  p r e v i o u s  batches  was  Lcsted a s  an a l t e r n a t e  source  o f  
w h i s k e r s .  Mo t -p ress ing  r e s u l t s  a t  185IleC ( t y p i c a l  f o r  previous cornposi t? 
s t u d i e s )  were n o t  encourag ing ,  however, a t  l o w e r  h o t - p r e s s i n g  tempera tu res  
( - 1 6 0 0 O C )  w h i s k e r  d e g r a d a t i o n  a p p e a r d  t o  be mii-iirnized. In a d d i t i o n ,  Lhe 
w h i s k e r s  appeared t o  s u r v i v e  d u r i n g  p r e s s u r e l f s s  s i n t e r i n g  o f  alurnina-Sic 
w h i s k e r  compos i tes .  Mschan ica l  p r o p e r t y  t p s t s  on t h e  compos i te  h o t  pressed 
a t  lQOO°C, a l o n g  w i t h  a cornparahie one made w i t h  ARC0 whjskslt-s, a r e  sum- 
marized i n  T a b l e  4 .  A s  shown, t h e  compos i te  f a b r i c a t e d  w i t h  r a t e h o  S i c  
w h i s k e r s  was n o t  a s  tough  o r  ~ t ~ n g  a s  t h e  compos i te  made $+:th t h e  ARC0 
w h i s k e r s .  A l t h o u g h  the  p r o p e r t i e s  a r e  somewhdt p o o r e r ,  t h e  composl'te w i t h  
t h e  new Tateho w h i s k e r s  i s  b e t t e r  t han  one made i n i t i a l l y  w i t h  Tateho 
w h i  s k e r s .  
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T a b l e  4 .  Summary o f  mechan ica l  p r o p e r t i e s  f o r  alumina--- 
20 v o l  % S i c  w h i s k e r  compos i tes  made w i t h  d i f f e r e n t  w h i s k e r s  

Source o f  S i c  F r a c t u r e  toughness, F1 e x u r a l  s t r e n g t h "  
w h i s k e r s  K I ~  (Mpa-m1/2) (MW 

Tateho 
Arco  

5.1 
7.8 

535 
700 

"Four -po in t  f l e x u r a l  t e s t .  

Examina t ion  o f  t h e  f r a c t u r e  s u r f a c e s  showed t h e  Tateho w h i s k e r s  t o  be  
i n t a c t .  However, some i n t e r a c t i o n  between t h e  w h i s k e r s  and t h e  m a t r i x  was 
e v i d e n t .  T h i s  may have r e s u l t e d  i n  i n c r e a s e d  bond ing  between t h e  w h i s k e r s  
and m a t r i x ,  t h u s  d i m i n i s h i n g  t h e  e f f e c t  o f  c r a c k  d e f l e c t i o n  toughen ing .  

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

i na -S ic  w h i s k e r  compos i tes  c o n t a i n i n g  5, 10, 15, and 20 v o l  % 
w h i s k e r s  were f a b r i c a t e d  by p r e s s u r e l e s s  s i n t e r i n g  and t h e n  machined i n t o  
mechan ica l  t e s t  specimens. A summary of  t h e  f a b r i c a t i o n  r o u t e  used i s  
shown i n  F i g .  1. F l e x u r a l  s t r e n g t h s  a t  room tempera tu re  and e l e v a t e d  tern- 
p e r a t u r e  (1000'C) a r e  g i v e n  i n  Tables  5 t h r o u g h  8. 

and f l a w  s i z e  o f  t h e  samples, wh ich  i s  t y p i c a l  f o r  ceramic  m a t e r i a l s .  The 
f l a w s  i n a d v e r t e n t l y  i n t r o d u c e d  i n  c o m p o s i t i o n s  SCW-132, -135, -136, and 
-137 were due t o  a p o o r  b i n d e r  s e l e c t i o n  ( t h e  e f f e c t  was l a r g e  v o i d s  
>100 i n  d i a m e t e r ) ,  a l t h o u g h  good d e n s i t i e s  were ach ieved .  Thus, as 
w i t h  a l l  ce ramic  m a t e r i a l s ,  t he  impor tance  o f  p r o c e s s i n g  canno t  be 
underes t ima ted .  With good powder and w h i s k e r  p r e p a r a t i o n ,  sample fo rm ing ,  
b i n d e r  remova l ,  and f i r i n g ,  h i g h  d e n s i t i e s  [%I% o f  t h e o r e t i c a l  d e n s i t y  
( T . D . ) ]  were ach ieved  w i t h  good f l e x u r a l  s t r e n g t h s .  
330 MPa was o b t a i n e d  f o r  p r e s s u r e l e s s  s i n t e r e d  alumina-10 vol  % S i c  
w h i s k e r  compos i tes  w i t h  d e n s i t i e s  o f  a t  l e a s t  34% T.D. and no m a j o r  
f l a w s .  

t i v e  decrease i n  s t r e n g t h ,  wh ich  i s  c o n s i s t e n t  w i t h  t h a t  obse rved  i n  t h e  
hn t -p ressed  compos i tes .  The f r a c t u r e  toughness, Kit, o f  numerous 
alumina-10 v o l  % S i c  w h i s k e r  compos i tes  was d e t e r m i n e d  ( F i g .  2) .  As 
shown, t h e  toughness f o r  t h e  compos i tes  w i t h  t h e  h i g h e r  d e n s i t i e s  i s  on 
the  o r d e r  o f  7 MPa.m' /2 .  
ho t -p ressed  compos i tes  w i t h  t h e  same w h i s k e r  l o a d i n g .  

As shown, the f l e x u r a l  s t r e n g t h  i s  dependent on t h e  s i n t e r e d  d e n s i t y  

An average o f  about 

The f l e x u r a l  s t r e n g t h  d a t a  a t  1000°C a r e  l i m i t e d  but do show a Tela- 

This, i s  comparable t o  t h e  toughness observed f o r  
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..... 
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ADJUST PARTICULATE SIZE c ....... 
... 

... 

F i g .  1. Summary o f  f a b r i c a t i o n  r o u t e  f o r  p r e s s u r e l e s s - s i n t e r e d  
alurnina-Sic w h i s k e r  compos i tes .  

T a b l e  5, Summary o f  f l e x u r a l  
s t r e n g t h  o f  pressur9~e9s-s in te red  

a l u m i n a 5  vo1 % S i c  whisker compos i tes  

Sampl E 
I-1 exural 

D e n s i t y  s t r e n g t h "  
(% T .D . )  ( W a j  

- ........ ___ ~ .- .......... ...... 

SCW- 5 1-4 37.9 280 
SCW-G2-3. 98.2 348 
scw-62-2 38.2 360 

S CW- 1.3 6- IOb 99.0  275 
S ~ W -  I 3 S- 13h 99.4 230 

SCW- 5 2- 3 98.2 275 

__ ~ _ _ _ _  _ _ -  

"Four -po in t  f l e x u r e  t e s t ,  

bNajor  f~ aws i n t r o d u c ~ d  d u r i  rig 
p P O C e S S i n g .  
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Table 6. Summary o f  flexural 
strength of pressureless-sintered 

alumina--10 vol % Sic whisker composites 

Sample 
Flexural 
st ren g t ha Density 

(% T.D.) ( M W  

SC W- 68A 
SCW-68-60 
SCW-69-5 
SCW-83-1 
SCW-83-60 
SCW-90-60 
SCW-108-10 
scw-114-7 
scw-114-9 
scw-115-3 
SCW-115-4 
scw-115-10 
scw-115-12 
SCW-119-6 
scw-127-1 
s c w- 1 3 2 -4b 
scw- 132 - 5b 
scw-1324 
scw-135-4b 

92.0 
93.0 
93.0 
92.6 
96.0 
94.8 
95.2 
94.2 
88.2 
96.4 
96.4 
93.0 
93.0 
92.2 
96.5 
93.3 
95.5 
94.1 
95.3 

295 
280 
260 
275 
310 
310 
370 
315 
200 
370 
310 
30 5 
305 
250 
370 
290 
275 
290 
270 

aFour-poi nt f 1 exure test. 
bMa jor f 1 aws introduced duri ng 

processing. 

Table 7. Summary o f  flexural strength o f  
pressureless-sintered alumina composites with 

15 and 20 vol % Sic whiskers 

S i c  whisker Density Flexural 
strength 
(MPa)a (% T.D.)  Sample content 

(vol %) 

SCW-70B 15 78.4 195 
SCW-70-60 15 81.8 190 
SCW-137-4b 15 83.5 215 
scw-125-3 20 80.9 230 
scw-125-4 20 89.9 365 
scw- 125-5 20 78.5 200 

aFour-point flexure test. 

bMajor flaws introduced during processing. 
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T a b l e  8. Summary o f  e leva ted- te~?pera tuPe  flexure 
s t r e n g t h  o f  alumina-SiC whisker composites 

....___....-~....--_-______...- _____ 

F l e x u r e  strength (MPa)B 

Sample S i c  whisker 
content (vol %) 1000°C Room 

temperature 

SCW-I08-. 10 
SCW-115-12 
s c w - 1 1 9 ._ 6 
SCW- 132-@ 
s cw - 1 3 2 . 6  

SCW- 136- 1 Ob 
SCW- 135-4h 

10 
10 
10 
10 
10 
10 

5 

370 280 
305 210 
250 240 
290 240 
290 240 
270 320 
275  240 

~ 

afour-poi n t  f 1 exure t e s t .  

bMajor f 1 aws i ntroduced duri nq processi ng . 

ORNL-DWG 86-1873 

2 

DENSITY ( X  T H E 0  1 

F i g .  2. Sumindry o f  f r a c t u r e  toughness  o f  ?ressureless-sintered 
a lumina -10  vel % S i c  whisker compos i tes .  
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Status o f  milestones 

Milestone 123103 was completed this 
o f  Mechanical Properties o f  Pressureless 

reporting period, "Complete Study 
Sintered Whisker Reinforced Ceramic 

Matrix Composites." All other milestones are on schedule 

Publications 

T.  N. Tiegs and P.  F. Becher, "Alumina-Sic Whisker Composites," to be 
published in proceedings o f  the 1985 23rd Automotive Technology Development 
Contractors' Coordination Meeting by the Society o f  Automotive Engineers. 
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Sol -Gel  Oxide Powder 
W .  D. Bond, P .  F. Becher, and P.  N. T i e g s  (Oak R idge N a t i o n a l  L a b o r a t o r y )  

So l -ge l  p rocesses  have t h e  p o t e n t i a l  f o r  t h e  s y n t h e s i s  o f  m a t e r i a l s  
t h a t  can be processed a t  rnodest t empera tu res  w h i l e  o b t a i n i n g  h i g h l y  u n i -  
f o r m  c o m p o s i t i o n  i n  dense, f i n e - g r a i n  ce ramics  t h a t  i n c o r p o r a t e  d i s p e r s e d  
second phases t o  i n c r e a s e  f r a c t u r e  toughness. T h i s  r e s e a r c h  emphasizes 
t h e  d e t e r m i n a t i o n  o f  t h e  f e a s i b i l i t y  o f  s o l - g e l  p rocesses  f o r  (1) synthe-  
s i z i n g  powders o f  phase s t a b i l i z e d  z i r c o n i a  and a lumina and (2 )  c o a t i n g  
w h i s k e r s  t o  c o n t r o l  t h e i r  i n t e r f a c e  p r o p e r t i e s  t o  m a t r i x  phases. So l -ge l  
p rocesses  t a k e  advantage o f  t h e  h i g h  degree o f  honsgene i t y  t h a t  can he 
ach ieved  b y  m i x i n q  on t h e  c o l l a i d a ?  sca ld  and t h e  s u r f a c e  p r o p e r t i e s  o f  
t h e  c o l l o i d a l  p a r t i c l e s .  the e x c e l l e n t  bond ing  and s i n t e r i n g  p r o p e r t i e s  
o f  c o l l o i d s  a re  a r e s u l t  o f  t h e i r  v e r y  h i g h  s p e c i f i c  s u r f a c e  e r re~yy .  

M a t e r i a l  Sciences Program t a s k s  o f  t he  S t r u c k u r a l  Ceramics Group i n  t h e  
M e t a l s  and Ceramics D i v i s i o n .  The s y n t h e s i s  o f  s o l - g e l  m a t e r i a l s  i s  
c a r r i e d  o u t  i n  the  Ceramics f o r  Advanced Heat Engines P r o j e c t .  The den- 
s i f i c a t i o n ,  c h a r a c t e r i z a t i o n ,  and mechanical  p r o p e r t i e s  s t u d i e s  O R  com- 
p a c t s  o f  t h e  s o l - g e l  powders a r e  pe r fo rmed  i n  t h e  k ? a t e r i a ? s  Sc iences  

- 

The work  r e p o r t e d  h e r e  i s  pe r fo rm2d  i n  a c o l l a b o r a t i v e  e f f o r t  i n  the 

Program ~ 

Tec tin i ca 1 p r o q r e  5 s 

S t u d i e s  i n  t h i s  r e p o r t  p e r i o d  were concerned w i t h  (1) t h e  s o l - g e l  
p rocess  parameters  t h a t  i n f l u e n c e  t h e  u n i f o r m i t y  o f  y t t r i a  and (2 )  t h e  
p r e p a r a t i o n  o f  c o l l o i d a l  z i r c o n i a  and h a f n i a  by  hyd ro the rma l  r e a c t i o n s  i n  
an a u t o c l a v e  a t  175 t o  200°C. It was c l e a r l y  shown t h a t  t h e  pH o f  the 
p r e c u r s o r  AI,O,-ZrO,-Y,O, s o l s  governs  t h e  homogeneity o f  Y,O?, i n  g e l -  
d e r i v e d  powders. I n i t i a l  s t u d i e s  show t h a t  hyd ro the rma l  p r e c i p i t a t i o n  o f  
ZrO,  and HfO,  a t  e l e v a t e d  tempera tu res  i s  a p r o m i s i n g  method f o r  t h e  
s y n t h e s i s  o f  h i g h l y  c r y s t a l l i n e  c o l l o i d a l  o x i d e s .  

ence t h e  u n i f o r m i t y  o f  y t t r i a  d i s t r i b u t i o n  i n  z i r c o n i a .  R e s u l t s  are  
showing t h a t  m a t e r i a l s  d e r i v e d  f rom s o l s  h a v i n g  p l l  v a l u e s  o f  7 o r  less  
a re  reasonab ly  u n i f o r m  i n  Y203 d i s t r i b u t i o n s ,  whereas those  d e r i v e d  roin 
s o l s  o f  sH 4 o r  l e s s  a r e  nonun i fo rm.  

St.udier a r e  c o n t i n u i n g  on t he  s o l - g e l  p rocess  parameters  t h a t  i n f l u -  

u - 
Z.he 
beam 

The u n i f o r m i t y  i n  c o m p o s i t i o n  was de te rm ined  by measur ing  t h e  a 
m-i'na, z i r c o n i a ,  and y t t r i a  energy  peaks as  a f u n c t i o n  o f  p o s i t i o n  on 
samples by u s i n g  t h e  e l e c t r o n  m ic rop robe  o p e r a t i n g  w i t h  an e f f e c t f v e  
d i a m e t e r  o f  1 t o  2 pm. The c o m p o s i t i o n  r a t i o s  were determined by 
t r a n s l a t i n q  t h e  specirnesrs i n  2-urn increments f o r  a i o t a !  t r a n s l a t i o n  O f  

B o t h  50 prn w i t h - 2  t o  3' such scans a t '  d i f f e r e n t  r e g i o n s  o f  t h e  samples. 
c a l c i n e d  gel powders and dense ceramic  con ipos i te  p i e c e s  were ana lyzed .  
The r e s u l t s  giiven h e r e  a re  f o r  t h e  dense ceramics  because o n l y  m i n o r  d l f -  
f e r e n c e s  were found f o r  powders and dense p i e c e s .  
f a b r i c a t e d  from AI,O,-ZrO,-Y,O, g e l s  that, were p repared  b y  t h e  r e l a t i v e l y  
s low  e v a p o r a t i o n  o f  w a t e r  f rom t h e  b u l k  so l s  a t  v a r i o u s  pH l e v e l s  a t  
80°C. 

The! dense ce ramics  were 
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U n i f o r m i t y  o f  t h e  Y203 c o n t e n t  was r e f l e c t e d  b o t h  by p l o t s  of Y / Z r  
r a t i o s  ( o r  mol % Y,O, i n  ZrO,) a s  a f u n c t i o n  o f  m ic rop robe  beam p o s i t i o n  
and by o b t a i n i n g  t h e  magn i tude o f  one s t a n d a r d  d e v i a t i o n  o f  t h e  mean o f  
t h e  mol % Y,O, i n  t h e  ZrO,. F o r  sols p r e p a r e d  a t  l o w  pH v a l u e s  (pH 24, 
a c i d i c  c o n d i t i o n s )  t h e  r e s u l t s  showed t h a t  t h e  s c a t t e r  i n  t h e  Y / Z r  r a t i o s  
o r  mol % Y,03 i n  t h e  ZrO,  was q u i t e  l a r g e .  
d e v i a t i o n  f r o m  t h e  mean mol % Y203 i n  ZrO, was a t  l e a s t  450% o f  t h e  mean 
v a l u e .  
v a l u e s  o f  7 o r  h i g h e r  had much more u n i f o r m  Y203 d i s t r i b u t i o n s  ( F i g ,  1). 
I n  most cases, s t a n d a r d  d e v i a t i o n  f r o m  t h e  mean mol % Y,O, was &20% o r  
l e s s  o f  t h e  mean v a l u e .  Some samples showed w i d e r  v a r i a t i o n  i n  
Y,O, c o n t e n t s .  However, any nonun i fo rm d i s t r i b u t i o n s  o f  Y 2 O 3  i n  t h e s e  
samples were l o c a l i z e d  t o  r e g i o n s  o f  10 j l m  o r  l e s s  i n  s i z e  i n  t h e  
m i c r o s t r u c t u r e ,  and t h e  o v e r a l l  Y,O, d i s t r i b u t i o n  was s u b s t a n t i a l l y  more 
u n i f o r m  f o r  t h e  h ighe r -pH s o l s .  

so l s  h a v i n g  l o w  pH v a l u e s  can b e s t  be a t t r i b u t e d  t o  t h e  observed i n c r e a s e  
i n  Y,O, s o l u b i l i t y  w i t h  decreased pH. The g r e a t e r  s o l u b i l i t y  o f  Y,6, a t  
low pH means t h a t  t h e  Y,03 i s  removed from t he  ZrO, p a r t i c l e s  i n  t h e  s o l  
and some o f  t h e  Y,O, e x i s t s  as  a s o l u t e  i n  t h e  aqueous medium. The 
so lub le  Y,O, c a n t e n t  o f  t h e  aqueous medium i n c r e a s e s  w i t h  d e c r e a s i n g  pH. 
When t h e  so l  i s  g e l l e d ,  more o f  t h e  s o l u b l e  Y,O, r e p r e c i p i t a t e s  o u t  as  t h e  
aqueous medium i s  evapora ted .  Thus, t h e  i n i t i a l  port , ian o f  t h e  s o l  t o  gel 
has a l o w e r  Y,03 c o n t e n t  t h a n  t h e  f i n a l  p o r t i o n  t o  g e l .  When t h e s e  ge l s  
a r e  t h e n  c a l c i n e d  and m i l l e d  t o  fo rm powders, s i g n i f i c a n t  v a r i a t i o n s  i n  
Y,03 c o n t e n t  r e s u l t .  

t h e  Y20, s o l u b i l i t y  i n  t h e  aqueous medium i s  e x t r e m e l y  low ( e - g . ,  
rl x mmol a t  pH 1 7 . 6 ) .  T h e r e f o r e ,  t h e  Y20, i s  n o t  s i g n i f i c a n t l y  
r e d i s t r i b u t e d  d u r i n g  slow g e l a t i o n ,  and much more u n i f o r m  Y,O, 
d i s t r i b u t i o n s  a r e  o b t a i n e d .  

ZrO, and HfO, o c c u r r e d  when 0.25 t o  1 .0 M s o l u t i o n s  o f  t h e  me ta l  s a l t s  
were hea ted  i n  an a u t o c l a v e  f o r  4 h a t  200’C. A t  1 7 5 O C  t h e  p r e c i p i t a t i o n  
was comp le te  f o r  ZrO, but. was i n c o m p l e t e  f o r  Hf02. The ZrO, was p r e c i p i -  
t a t e d  f r o m  z i r c o n y l  n i t r a t e  s o l u t i o n  whereas HfQz was p r e c i p i t a t e d  f r o m  
h a f n y l  c h l o r i d e .  H y d r o s o l s  o f  ZrO, o r  HfO, were formed f r o m  t h e  p r e c i p f -  
t a t e s  a f t e r  a p p r o p r i a t e  removal o f  a c i d  (HNO, o r  HCI) f r o m  t h e  so l id s -  
l i q u i d  r e a c t i o n  p r o d u c t s  t h a t  were formed h y d r o t h e r m a l l y  i n  t h e  a u t o c l a v e .  
The bulk o f  t h e  a c i d  was removed f rom t h e  r e a c t i o n  p r o d u c t  by s e p a r a t i n g  
t h e  mother  l i q u o r  f r o m  t h e  p r e c i p i t a t e  by c e n t r i f u g a t i o n .  F i n a l  a d j u s t -  
ment t o  e f f e c t  sol  f o r m a t i o n  was accompl ished b y  making b a t c h  a d d i t i o n s  o f  
a n i o n  exchange r e s i n  ( h y d r o x i d e  form) t o  an aqueous s l u r r y  of  t h e  
separa ted  p r e c i p i t a t e  t o  remove a d d i t i o n a l .  ac id .  When t h e  f i n a l  a c i d j t y  
was reduced t o  a pW o f  4, h i g h l y  s t a b l e  so l s  were formed, The r e s i n  pa r -  
t i c l e s  (50-100 mesh) were removed f rom t h e  sol  by f i l t r a t i o n .  No separa- 
t i o n  o f  s o l i d s  has o c c u r r e d  f r o m  t h e s e  sols  a f t e r  2 months o f  s to rage ,  
These c o l l o i d a l  o x i d e s  a r e  h i g h l y  c r y s t a l l i n e  (8  10 nm], whereas ZrO,  and 
HfO, o x i d e s  p r e p a r e d  by c o n v e n t i o n a l  p r e c i p i t a t i o n  methods at. 25 t o  8O0C 
a r e  amorphous. The use o f  h i g h  tempera tu res  (175 t o  2 0 O O C )  promotes r a p i d  
c r y s t a l  g rowth .  

T y p i c a l l y  one s t a n d a r d  

On t h e  o t h e r  hand, dense samples o b t a i n e d  from sols  p r e p a r e d  a t  pH 

The reason f o r  t h e  nonun i fo rm Y,O, d i s t r i b u t i o n  i n  g e l s  p r e p a r e d  f r o m  

On t h e  o t h e r  hand w i t h  s o l s  p r e p a r e d  a t  pH values  o f  7 t o  9.5, 

Complete hyd ro the rma l  p r e c i p i t a t i o n  o f  t h e  c o l l o i d a l  o x i d e s  o f  
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- Status o f  milestones 

Progress on gel powder synthesis v a r i a b l e s  (Milestone 12 33 03) is on 
schedule. 

I_- Publications 

None. 
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Processing of 1-mproued Trans f o m a t i o n -  .... lii?ughened -..-..___--.I__ Cermics 
G. A .  Rossi, C . E .  Knapp, K.  E .Manwi 1 1  er (Norton Company 1 

The objective o f  this program is the production o f  
zirconia toughened ceramics ( Z T C )  which exhibit strength 
and fracture toughness superior to those o f  the 
"state-of-the-artt1 toughened ceramics# particularly a t  
h i g h  temperature and after prolonged aging a t  h i g h  
temperature. In additionr such ceramics should possess 
law thermal conductfvity to rnfn i rn ize  heat losses i n  
engine applications, 

characterization, powder processing and s h a p e  forming, 
pressureless sinterlng9 characterization o f  t h e  sintered 
ceramics and reporting o f  r e s u l t s .  

T h e  main shartcomings o f  the existing Z T C  rriaterljalS 
a r e :  r a p i d  drop in aechanical p r o p e r t i e s  vs. temperature, 
high t e m p e r a t u r e  c r e e p  induced by intcrgranblar glassy 
phase.; and microstructural instabil i t y  d u v i n g  p r o l o n g e d  
aging a t  h i g h  C e n p e r a t u r e .  

It 5s.. thorefore, the a i m  o f  this program Lo develop 
ceramics w f t h  t h e  desired combinatlon o f  p u r i t y ,  chemical 
composition a n d  microstructural f e a t u r e s t  which will 
exhi blt m a x i i v u m  pi-operty retention a t  h i g h  temperatures 
and t h e r m a l  stability upon a g i n g .  

In ordsr to m e e t  the p r o g r a m  objectfves, ~ W G  types 
o f  powders wlll be u s e d .  The first t y p e  I s  obtained b y  
r a p i d  s o l i d i f f c a t i o n  f r o m  t h e  melt, followed b y  milling, 
whereas t h e  s e c o n d  type is m a d e  by w e t  chanfcal synthesis 
f r o m  chemical p r e c u r s o r s ,  

T h e  main advantages o f  t h e  r a p i d l y  solidified IR/Sl 
powders a r e  excellent chemical homogeneity and h i g h  
pa~ticle density. T h o s a  of t h e  chemically deafved (C/D) 
p o w d e r s  a r e  h i g h  purity a n d  s m a l l  crystallite size. 

p o w d e r  processifig a n d  shape forming methods, especial ly 
w c t  forming m e t h o d s ,  w h e r e  t h e  agglomeration problem o f  
t.he dry powder i s  ci rtumvonted. 

The systems t o  be investigated are: MgO-ZrO 
Y 0 -Zr02 a n d  Z r 0 2 - A 1 2 0 3 e  

The scope  includes p o  der synthesfs a n d  

Major  emphasis in this p~ogram will be placed on 

2 *  
2 3  



89 

I n  t h e  MgQ-Zr02 s y s t e m  we w i l l  e v a l u a t e  t h e  
p o t e n t i a l  o f  f i n e  g r a i n e d  Mg-PSZ c e r a m i c s  and  w i l l  t r y  
t o  p r o d u c e  a n d  c h a r a c t e r i z e  t h e  Mg-TZP, a n a l o g o u s  t o  
t h e  Y-TZP m a t e r i a l s .  

i m p r o v e  on t h g  ? n h e r g n t  1 i m i t a t i o n s  o f  t h i s  sys tem,  
i . e .  l o w  f r a c t u r e  t o u g h n e s s  a t  h i g h  t e m p e r a t u r e ,  b y  
o p t i m i z i n g  t h e  m i c r o s t r u c t u r e  and d o p i n g  w i t h  M g O  or 
A 1  0 

m a x i m j z e  t h e  r e $ e n t ? o l  o f  t - Z r 0 2  a t  room t e m p e r a t u r e  
b y  i m p r o v e m e n t s  i n  t h e  powder  s y n t h e s i s ,  powder  
p r o c e s s i n g  a n d  shape  f o r m i n g  m e t h o d s  and t o  enhance  t h e  
h i g h  t e m p e r a t u r e  p r o p e r t i e s  and t h e r m a l  s t a b 3 1  i t y  on 
a g i n g  b y  a d d i t i o n s  o f  CeQ2 a n d  / o r  H f Q  . I n  
a d d i t i o n t  Cr202 additions to A 1  O3 w i l ?  be  u s e d  
t o  l o w e r  the t e r m a l  conductivigy. 

I n  t h e  Y 0 -ZrO s y s t e m  we w i l l  t r y  to 

* 3;n t h e  Z r O  - A 1  0 s y s t e m  we w i l l  t r y  to 

9 . 1  MaO-ZrO system a-- --- 
F o u r  b a t c h e s  o f  l?lgO-Zs02 powder  were  made by  r a p 3 4  

s o l i d i f i c a t j o n  a n d  m i l l i n g  t o  submicron size, Two o f  the 
b a t c h e s  were  p r e p a r e d  u s i n g  b a d d e l e y d t e  a n d  HgO s i n g l e  
c r y s t a l  a s  f e e d  m a t e r i a l s  ( 2 , 2  W / Q  a n d  3 . 8  w / o  WyOB, The 
o t h e r  two b a t c h e s  12, w4s a n d  3 . 1  v / o  MgOb, o f  h . i g k e r  
p u r i t y ,  were  rvada u s j n g  E-10 z i r c o n i a  p o w d e r  f r o m  
Nagneslieam Electron a n d  Mg15 s i n g l e  c r y s t a l  a Green b o d i e s  
were c o l d  ~ s ~ s t a Q ~ c a S l y  p r e s s e d  a t  207 MPa a n d  s i n t e r e d  

ckaraet%rlzat:on of- k h e  S i Q t e S - e d  specimens c3n be 

s d z e  i n  kRe s i n t e r e d  s a m p l e s .  

s a m p l e s ,  

- i n  t h e  15G0"C-1Q08°C r a n g e ,  ehs r e s u l t s  o f  the 

~ummsarired a s  fallows: 
A )  A l ower  p e r c s n t a g i  s f  MgO results i n  s 9 n a l l e r  gi-dJi~^r 

B )  A d u p l e x  mic r s s t suc tu re  w a s  o b s e r v e d  i n  a l l  s - i n t e r e d  

C 1 L e n t i  CUI a r i n t r a g r a n u l  a r  p r e c  .j p I t a t e s  ( a 1  m o s t  
c e r t a i n b y  t - Z r O  1 were  o b s e r v e d  I n  a91 samples s i n t e r e d  
a t  1 5 0 0  . 

D )  S h r i n k a g e  c u r v e s  obtained b y  d i l a t o m e t r y  h a v e  s h o w n  
t h a t  " t h e  p o w d e r s  made w i t h  baddeleyite d e n s i f y  a t  a lower 

2 

t e m p e r a t u r e .  

s a m p l e s  s i n t e r e d  a t  1 6 0 0  C. 
E )  Ths  l e n t i c u l a r  p r e c 6 p i t a t e s  were n o t  d e t e c t e d  i n  
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M o s t  o f  t h e  c h a r a c t e r i z a t i o n  w o r k  was p e r f o r m e d  on 
t h e  s a m p l e s  made w j t h  t h e  3 . 1 4  w b o  Mg0-ZlrO2 p o w d e r  
o b t a i n e d  b y  m e l t i i i g  z i r c o n i a  E - 1 0  a n d  MgO, s i n c e  t h e y  
showed the m a s t  i n t e r e s t i n g  m i c r o s t r u c t u r a l  f e a t u r e s .  
D e n s i t y  m e a s u r e m e n t s  a n d  a g i n ~ / m i c r o s t r u c t u r a l  e v a l  u a t i a n  
were b e g u n  a n d  t h e  m a i n  r e s u l t s  a r e  a s  f o l l o w s :  

t h s  s u r f a c e  o f  t h e  s i n t e r e d  p i e c s s .  No m - Z r O  v a s I  
h o w e v e r J  d e t e c t e d  017 t h e  p o l i s h e d  i n t e r i o r -  s u r f a c e .  
S a m p l e s  s i n t e r e d  w h i l e  b u i - f e d  i n  t h e i r  own powder  s h o w e d  
s u b s t a n t i a l l y  r e d u c e d  m-LrO f o r m a t i ' o n  on t h e  a s  f i r e d  

2 s u r f a c d .  L o s s  o f  MgO on t h e  s u r f a c e  i s  be7teved t o  b e  
the  c a u s e  o f  t h e  m-d7~*0  f o r m a l i o n .  2 

o f  3 % / o  MgO-ZrG w f t h  sma:l  g r a i n s  ( p r o b a b l y  
t - Z r O  1 a v e r a g i n g  1 - 2  I.IK a n d  l a r g e r  g r a i n s  ( a l m o s t  
certainly c-5r-0 1 a v e r a g i n g  5 - 1 0  urn. Fur thermOre ,  
i n t r a g c a n u l a s  t - Z r 3 2 0 p r e c i p i t a t e s  were o b s s r v e d  i n  
s a m p l e s  a g e d  zt 14Ou C .  T h e  3 w / o  MgO.-7rO s a m p l e  
was. s i n t e r e d  a l  15i iO"C f o r  
n f  5 . 7 6  g / c c .  From t h i s  s a m p l e  s p e c i m e n s  were c u t ,  
p o l i s h e d  a n d  a g e d  a t  1400°C i n  a i r  f o r  1 h o u r  a n d  5 
h r s .  
the  s u r f a c e . )  A c o n t r o l  s a m p l e  w a s  a g e d  a t  1 4 9 0  C f a r  
5 hot4i-s a n d  &hen p o l i s h e d  a r ~ d  c h e m i c a l l y  e t c h e d  w i t h  h o t  
p h o s p h o r i c  a c i d  ( 1 3 0  C )  f o r  3 m i n u t e s s  t o  b e  su re  t h a t  
tho m i c r o s t r L t c l u r s  v i s i b l e  i n  t h e  t h e r r G a 1  l y  e t c h e d  
s a m p l e s  was n o t  s - i m p l y  a s u r f a c e  e f f e c t .  

p o l i s h e d  a n d  a g e d  a t  1 4 0 0  C f a r  1 ht-. 

p o l i s h e d  a n d  a g e d  a t  1401 C f o r  5 h r s .  

a t  1400°C f o r  5 h r s ,  p o l i s h e d  a n d  c h c s i c a l l y  e t c h e d .  
S i n c e  t h e  t - Z r 0 7  i n t r a g r a n u l a r  p r e c i p i t a t e s  a r e  

more a v i d c n t  i n  t h e  spec i rne i l s  a g e d  f o r  a l a r r g e r  t i m e J  i t  
i s  c a n c l  u d e d  t h a t  p r o b a b l y  t h e y  w e r e  n u c l  e a t e d  d u r i n g  
a g i n y ,  r a t h e r  " L a g  d u r i n g  t h e  c o o l i n g  p e r i o d  a f t e r  
s i n t c r i a g  a t  1 5 0 0  C .  TEM a n a l y s i s  o f  t h S s  s a m p l e  i s  
p l a n r r c d  t o  c o n f i r m  t h e  na"L4i-e o f  JLha p h a s e s  e s e n t .  

F i g .  4 s h o x s  the s a m p : e  s i n t e s c d o a t  1680  C, 
p o l i s h e d  a n d  l h t r m a l l y  e t c h e d  a t  1 4 0 0  C ,  1 h r .  

F o r  t h e  s a k e  o f  c o m p a r i s o n ,  SEM p h o t o m i c r o g r a p h s  o f  
c , a m p l e s  made ~ T t h  t h e  o t h e r  t h r e e  hatches a r e  s h o v p  i n  
F i g s ,  5 ,  S r  a n d  7 .  

a )  fin e n r i c h m e n t  i n  NI-ZI-O g a s  d e t e c t e d  b y  XKD on  2 
2 

b )  A d u p l e x  m i c r o s t r u c t u r e  was o b s e r v e d  i n  a s a m p l e  

2 
2 '  

2 

? h o u r  a n d  h a d  $ He d c n s a t y  

(The a g i n g  h a d  a l s o  t h e  p u r p o s e  o f  t h e r n a l l X  etching 

0 

0 F i g .  1 S ~ O \ + S  t h e  sani le s i r , t e r e d  a t  1 5 0 0  C, 

F i g .  2 shows t h e  sam l e  s i n t e r e d  a t  1500°C, 

F i g .  3 s h ~ r ~ s  t h e  s a m p l e  sintered a %  1 5 0 0  C J  a g e d  

6 

8 
0 

P S  
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Work is i n  progress to optimize the microstructure 
by identifying the best f i r i n g  a n d  aging conditions, 
after w h l c h  the strength a n d  fracture toughness will be 
measured. 

The sintered samples f r o m  the ?.l w/o MgO-ZrQ 
b a t c h  made w f t h  the € 4 0  powder h a v e  s h o w n  room 
temperature MOR ( 3  pt) around 700 NPa,  measured on 
4 x l x l B m m  bars, 

s m a l l  b a r s ,  for which the influence o f  process related 
flaws is minimized, o n l y  for the purpose o f  establishing 
a b e n c h  mark f o r  materials evaluation. 

2 

Prelimfnary mechanical t e s t j n g  is conducted on these 

1.2  Y 0 -ZrQ2-+ystem -2-3 
1.2.1 4-\~8/'o 'I Q - a 0  I Z P ' S  a 1- -2- ---- 

This c o r n p o s i t l o n  i s  known t o  produce TZP ceramics 
w l t h  exceptional strength a n d  good fracture toughness. 

e submicron p o w d e r  o b t a i n e d  by milling o f  the R / S  
m a t e s f a l  was either cold isostatically p r e s s e d  o r  u s e d  t o  
p r e p a r e  aqueous slips f r o m  w h i c h  bfllets w e r e  s l i p  c a s t .  

The room temperatuye-MQB 14 p t )  was measured on 
.125*' x .12138P x 1 *125tV c amfersd b a r s  obtained f r o m  
specimens sintered a t  16 O'G, 
c o l d  isostatic p r e s s i n g  a n  average MOR o f  875 MPa ( 2 2  
b a r s )  was measured, w - i t h  a standard deviatlon o f  158 
FlPa, F o r  t h e  coramlcs made b y  s l i p  casting an  a v e r a g e  

~ e r  the ceramic made b y  

I? a f  950  MRa ( 2 1  a r s l  w l " t b a  s t a n d a r d  deviation o f  1 4 5  
a was nall talneci.  at Ssostatic p r o s s i n g  o f  t h e  s i n t e r e d  

s a m p l e 5  r e su1 t : sd  i n  much h i g h e 7 -  s$;rengt ,hasr  t y p l c a l l i y  i n  
t h e  3383-1515  MPa r aa lge ,  K 
t sVp"3ra t J r - e  w 8 ' t h  " L e  m i c  
typical 1 y Val ue5 arcaund 

neaseir-ad i n  these naterials. n a v e r a g e  v a l u e  o f  311 MPa 
( 6  b a r s )  w l ' t h  a s t a n d a r d  dan/iat'a'oPe. sP 77 
f a r  s - l n t a r e d  samplesr w h e r e a s  a n  a v e r a g e  o f  539 MPa ( 2  
b a r s )  wfth s t a n d a r d  deviation o f  7 3  MPa was obtained f a r  
s a m p l e s  sintered a n d  t h e n  WZPed in A S  a t  207 MPa, 
I$QO"C., 1 hr. 

1 . 2  a 2 29_!@LQ-A12Q3L4_aLo ---2"1- Y -IrQZcQmPs+iLa 

lit h a s  been reported ( I )  t h a t  alumina addition to 
Y - T Z P f s  dramatically enhances t h e  s t r e n g t h  i n  HlPed 
ceramicss and that t h e  p e a k  in strength is obtained f o r  
28 n b o  A I 2 O 3  addition. 
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We h a v e  t r i e d  t o  d i s p e r s e  s u b n l c r o n  a l p h a  a l u m i n a  
p o w d e r  ( 2 0  w / o )  i n  a m a t r i x  o f  W/S 11- w/o  Y 0,- 
Z r O  . 
o f  Zhe two powders  w e r e  u l t r a s o n i c a l l y  m i x e d  and tths 
r e s u l t i n g  s u s p e n s i o n  was s l i p  c a s t .  SEM e v a l u a t i o n  o f  
t h e  sintered sa i i l p les  h a s  s h o ~ z  clinmps o f  a l p h a - a l u m i n a  
e x h i b i t f n g  e x a g g e r a t e d  g r a i n  g r o w t h  a n d  a r e a s  o f  we71 
d i s p e r s e d  p a r t i c l e s .  I n  t h e s e  a r e a s  a i-educt-iion o f  t h e  
g r a i n  s i z c  o f  t h e  Y - P Z P  r r a t r i x  W P S  n o t i c e d ,  compared 2.0 
a l u m i n a - f r e e  Y - T Z P f s  s i n t e r e d  u n d e r  s i m i l a r  c o n d i t i o n s .  
A second  a t t e m p t  w a s  m a d e  u s i n g  a c o n b i n a t t o n  o f  
u l t r a s o n i c  a n d  m i l l i n g  s t e p s  to disperse t h c  t * * o  p h a s z s .  
P r s l  i m i n a r y  i n s p e c t i o n  h a s  s h o ~ ~ p :  a good d i s p e r s i o n  o f  
a l p h a  a l u m i n a ,  SEM a n a l y s f s  i s  ~ r i r d e r  ~ a y ,  a s  \$yell a s  
m e c h a n i c a l  p r o p e r t y  e v a l u a t i o n ,  a t  room t e m p e r a t u r e  a n d  
a t  1 0 0 0 ” ~ .  

I n  t h e  f i r s t  a t t e m p t  two well d i s p e ? s 2 d  s l u r r i e s  

T h r e e  b a t c h e s  w i t h  t h e  f o l l o n l i ~ g  c o m p o s i t i o n s  weye 
p r e p a r e d  by m e l t i n g  and r a p i d  s o l  i d i f f c a t i o n :  

3 )  1 s  w / o  ZrQ, -A? o3 
b )  27 W / Q  I r O L - l . I  w / o  Y 0 - A ? 2 0 3  
c )  38  w / o  ZrO:-1.4 Y / O  Y;O:-Al 0 

p o s i t i ‘ o n  a )  has  b e e a  u s e d  o y  ~ t h g r ~ r e s e a r c h e r s  
t o  p r o d u c o  ZTA c e r a ~ i a ’ c s  h * i t h  maximum s t r e n g t h  (21 ,  ?9T 

a n d  f r a c t u r e  t o u g h n e s s .  Composition c )  i s  c l o s e  to t h e  
e u t s c t i c  and b )  r e p r e s e n t s  a n  i n t e r m e d i a t e  s i t u a t i o n .  

XRB o f  t h e  a s  s o l i d i f s d  m a t e r i a l s  i s  underway .  
S m a l l  l o t s  o f  T h e  t h r e e  batches % e r e  m i l l e d  “io a 
s u b m i c r o n  p o w d e r  a n d  s i n t e r i n g  s t u d i e s  h a v e  commenced. 
Samples  o f  t h e  a s  s a l i d l f i e d  m a % e r l a ? , s  b l  and c l  were  
a l s o  s p l i t  i n t o  v a r i o u s  s i z e  fractions. Tho f i n e  s i z e  
p o r t i o n s  from t h e s e  two c o m p o s i t i o n s  were  m i l l e d  t o  a 
s u b m i c r o n  p o ~ d e s  t o  compare  p h a s e s  p r e s e n t  a n d  p r o p e r t i e s  
a c h i e v e d  w l t h  t h e  a l l  sa’ze v e r s i o n s  o f  b o t h  r u n s ,  
P r s l  i m i n a r y  r e s u l t s  have  shown room temperature M O W  ( 3  
p t )  o f  1 3 5 8  MPa m e a s u r e d  on 1x l x lOmm b a r s .  

Twa methods  h a v e  b e e n  u s e d  f o r  t h e  c o p r e c i p i t a t i o a  
o f  d o p e d  mfrconia powders  f r o m  s o l u t i o n 5  o f  chemic;? 
p r e c u r s o r s .  

Me thod  I, f o r  w h i c h  a paterat. w a s  i s s u e d  , 
c o n s i s t s  i n  m i x i n g  a n  e t h a n o l i c  s a l u % i a n  o f  Z r C l  and M 
s a l t  ( M - Y ,  Mg,  . . . I  u a ’ t h  an  e t h a n o l i c  s o l u t i o n  o f  NaOM. 

A f t e r  t h e  c o p r s c i p i t a t i o n ,  t h e  s l u r r y  i s  f i l t e r e d ,  
d r i e d  and washed t o  remove t h e  s a l t .  

( 4  1 

4 
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M e t h o d  1 1 ,  f o r  w h i c h  a p a t e n t  a p p l i c a t i o n  was 
s u b m i t t e d ,  c o n s i s t s  i n  m i x i n g  an aqueous  s o l u t i o n  o f  Z r  
and M s a l t s  w i t h  a n  e t h a n o l i c  s o l u t i o n  o f  
h e x a m e t h y l e n e t e t r a m i n e ,  w h i c h  i s  t h e  ammonia d o n o r .  The 
s u b s e q u e n t  s t e p s  a r e  s i m i l a r  t o  t h o s e  u s e d  f o r  method  I. 

I n  t h e  p r e l i m i n a r y  e x p e r i m e n t s ,  i t  was f o u n d  t h a t  
p a r t  o f  t h e  s t a b i l i z i n g  o x i d e ,  e i t h e r  Y 0 o r  MgO, 
was l o s t  d u r i n g  w a s h i n g  w i t h  m e t h o d  11.' ? o n s e q u e n t l y ,  
m e t h o d  I was u s e d  f o r  powder  p r e p a r a t i o n ,  b u t  i t  was 
r e c e n t l y  f o u n d  t h a t  M g O  i s  p a r t i a l l y  l o s t  a l s o  w i t h  t h i s  
method,  w h e r e a s  Y z 0 3  i s  n o t  d i s s o l v e d .  

2a1 MoQzZrQpus&ern 

Two b a t c h e s  w e r e  p r e p a r e d  w i t h  me thod  I, b o t h  o f  
n o m i n a l  c o m p o s i t i o n  3 . 5  w/o MgO. A t o m i c  a b s o r p t i o n  
a n a l y s i s  h a s  shown, however# 2.7 w/o a n d  1 . 3  w/o MgO,  
These p o w d e r s  a r e  b e i n g  t e s t e d  f o r  sinterability, 
m i c r o  5 t r II c t u re  a n d mec h a n  i c a 3 p r o p e  rt i e s . 
2 . 2  

2 . 2 . 3  $_gLo Y 0 -Ha- 
Y 2 a 2- -zrQ2~..zu&m 

---2-2- 2 
A b o u t  1 k g  o f  p o w d e r  O F  t h i s  cnmposition was 

p r e p a r e d  w i t h  m e t h a d  1. Atomic absorption analysis has  
shown n o  Y o l o s s .   he p o w d e r r  c a l c i n e d  a t  ~ O C I " C ~  
was g i l l e d 2 a A d  t i l e s  were  p r e s s e d  a n d  sintered at 
1 5 0 0  C. 1xlx lOrnm b a r s  were b r o k e n  i n  3 p t  b e n d i n g  a n #  
a n  a v e r a g e  room t e m p e r a t u r e  M O R  ( 2 8  b a r s )  5 f  1 0  
obtainedp w i t h  a s t a n d a r d  de iation o f  178 MPa. Standard 
(.125'p x ,.1281f x 1 .125 ' a l  g h a  Cered b a r s  w i l l  b e  t e s t e d  a t  
room t e m p e r a t u r e  a n d  71800 C 61- MOR a n d  K ( r n u P t l " p 1 e  
c o n t r o l l e d  f l a w  m e t h o d ) ,  T h r e e  sintered 4Cles 
i s o s t a t i c a l l y  p r e s s e d  a t  I ~ O O O C ~  I h r e ,  i n  207 
Two came out c r a c k e d  and  t h e  t h i r d   ne u n c r a e k e d  b u t .  
n s n - u n i f o r m  i n  c s l a r .  T h i s  t i l e  w i l l  be t e s t e d  f o r  MOR 

a n d  K8$;m t h e  same powder ,  hydro;hermal l y  c r y s t a l  1 i z e d  a t  
275'6 i n s t e a d  o f  c a l c i n e d  a t  700 C I  t i l e s  were  made 
b y  p r e s s i n g  and  a l s o  by  s l i p - c a s t i n g  f r o m  aqueous  
d a s p e r s i o n s  c o n t a i n l n g  Darvan  821 A (ammondurn 
p o l y a c r y l a t e )  a s  d i s p e r s i n g  a g e n t .  The p r e s s e d  t i l e s  
d e v e l o p e d  c r a c k s  u p o n  sinteringt whereas  t h e  s l i p - c a s t  
ones c r a c k e d  upon d r y i n g ,  

s h r i n k a g e  s tresses  w h i c h  a r e  c a u s e d  b y  t h e  l o w  g r e e n  
d e n s i t y  and, p o s s i b l y ,  b y  d e n s i t y  g r a d i e n t s  i n  t h e  g r e e n  
body ;  a c o n c o m i t a n t  c a u s e  c o u l d  be t h e  r e l a t i v e l y  h i g h  
w a t e r  c o n t e n t  (5-7' w/o) o f  t h e  a u t o c l a v e d  powder .  

I t  i s  b e l i e v e d  t h a t  c r a c k i n g  a r j s e s  f r o m  n o n - u n i f o r m  
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D i l a t o m e t r y  s t u d i e s ,  s u p p o r t e d  b y  TGA, a r e  underway  
t o  u n d e r s t a n d  and s o l v e  t h e  c r a c k i n g  grs"vem. F i g ,  8 
shows t h e  s h r i n k a g e  c i i r v e s ,  o b t a 9 n e d  b y  d i l a t o m e t r y ,  f a r  
g r e e n  b a r s  ( p r e s s e d  a t  3 5  MPa) made w i t h  C/U a n d  R / S  
p o w d e r s  o f  t h e  same c o m p o s i t i o n .  
o b t a i n e d  f r o m  a u t o c l a v e d  and c a l c i n e d  ( 7 0 0  C )  p o w d e r s ,  
r e s p e c t i v e l y .  C u r v e  3 was o b t a i n e d  f r o m  t h e  R / S  powder 
and c u r v e  4 f r o m  a Toyo-Soda powder  w i t h  3 
a s  c o n t r o l .  

C u r v e s  l o a n d  2 were  

a 2.2.2 4-wLa-Y.B -1 vLo M g O - Z r O  
2 3- -- -- ---- 

A b a t c h  o f  t h i s  ( n o m i n a l )  c o m p o s i t i o n  was  p r e p a r e d  
w i t h  method  I .  A t o m i c :  a b s o r p t i o n  a n a l y s i s  h a s  s h o w n  4 . 4  
w/o Y 0 and 0.5 w/o MgO, 

? h 2  powder, c a l c i n e d  a t  7 0 0 * C ,  was m i l l e d  and 
p r e s s e d  i n t o  t i l e s s  w h l c h  were s i n t e r e d  a t  1500°C. The 
s i n t e r e d  tiles ( d = 5 . 8 0  g / c c )  were  a l l  c r a c k e d .  The XRD 
p a t t e r n  o f  - the  a s  f i r e d  s u r f a c e  h a s  shown a h i g h  
m-Zr02/ t -Zr0 r a t i o .  T h i s  r e s u l t  i s  n o t  dnderstood. 
M i c r o s t r u c t u r a l  a i l a l y s i s  i s  u n d e r  way  t o  d e t e r m i n e  t h e  
p o s s l b l e  c a u s e  o f  t h e  c r a c k i n g .  

2 

T h I s  b a t c h  was a l s o  p r e p a r e d  w i t h  method  I, u s i n g  
A l C l  a s  p r e c u r s o t -  o f  A1203 ( 1 0  w/a A l  0 was 
choszn, and n o t  20  w/o  a s  w l t h  t h e  R/S2p8wder ,  s i n c e  
A l ( 0 H )  h a s  a v e r y  h i g h  t e n d e n c y  t o  g e l  i n  c o n t a c t  w i t h  
w a t e r , 3 w h i c h  r e s u l t s  i n  t h e  c o a r s e n i n g  o f  ttkg p o w d e r ) .  

t h e  powder  c a l c i n e d  a t  700  C. T h e  s i n t e r e d  d e n s i t y  was 
i n  t h e  5.6.4-5.70 g / c c  r a n g e g  o r  a b o u t  98-99% o f  PD. (The 
c a l c u l a t e d  TD f a r  t h i s  c o m p o s i t i o n  Is 5 . 7 9  g / c c . )  The 
phase  c o m p o s i t i o n ,  m i c r o s t r u c t u r e  and mechanical 
p r o p e r t i e s  a r e  b e i n g  e v a l u a t e d .  
and A 1 2 0 3  by  a t o m i c  a b s o r p t i o n  h a s  shown 4 w/o  
Y 2 0 3  and 1 0 . 2  w/o  A1203"  

T i l e s  were p r e s s e d  an$ s i n t e r e d  a t  1 5 0 0  C, u s i n g  

The a n a l y s i s  o f  Y 2 0 3  

No powders  w e r e  p r e p a r e d  by  w e t  c h e m i c a l  m e t h o d s  i n  
t h i s  sys tem,  where  a l u m i n a  c o n s t i t u t e s  t h e  m a j o r  
component .  

O n l y  p o w d e r s  p r e s s i n g  and s l i p - c a s t i n g  were  t r i e d  
u n t i l  now f o r  b o t h  t h e  R/S a n d  C/D powders .  A c o l l o i d  
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press made o f  stainless steel has been received and 
tested. It can make a 3 ”  diameter disc and is composed 
o f  a cylinder, a short base and a long piston. B a s e  a n d  
piston have rubber O-rings an d  internal channels to allow 
pressing under vacuum or with a flowing gas f o r  drying 
purposes, The colloid press i s  intended for pressing 
thick pastes or gels, either at room temperature or at 
the highest temperature usable with the O-ring gaskets. 

pressing or slip-casting. With the R / S  powders much 
higher green densities can be obtained, efther by 
pressing or slip-casting of aqueous suspensions. The 
difference in  behavior seems to be related to differences 
in particle density, surface area and surface chemistry. 
Typically, upon isostatically cold pressing, the R / S  4 
w/a Y 0 -ZrO powder gives green densities around 
5 3 %  Q? 30, wgereas t h e  C / D  powder  06 t h e  same 
composition, either calcined a t  700 C o f  hydrothermally 
crystallizeds gives densities around 40% o f  TD. 

bodies. With the R / S  powders aqueous s l i p s  w j t h  solids 
loadings u p  t o  5 0  v/a h a v e  b e e n  prepared, whereas with 
t h e  C/D powders o n l y  about 3 8  V / O  c a n  be  attained a n d  t h e  

u n d e r  way t o  Increase the particle density a n d  d e c r e a s e  
the retained wate r  i n  t h e  powders crystallized d n  the 
aut ;oc lavf3 .  

The use o f  d i s p e r s a ’ n g  agents h a s  b e e n  t r i e d  with 
b o t h  types o f  powders, “For  e x a m p l e ,  D a r v a n  C, D a r v a n  E321 
A r  Pluronic P104;p Plut-oiric l O W 5 .  The bes t .  r e s u l t s  w e r e  
obtained w i t h  the R / S  powders using O a r v a n  821 A 

a q u e o u s  slips with u p  to 50 V P O  s o l i d s ;  s u c h  sli 
slip c a s t  bodies w i t h  densities o f  62% o f  I D ,  T 
a d d i t i v e  has not shown o b v i o u s  beneficlal effect in slips 
prepared ~ 4 t h  the C / O  powders. 

p h  stabilized slips could not b e  prepared with 5 0  w/o 
solids loading u s i n g  t h e  K / S  p o w d e r s .  

The R / S  and C / D  powders behave very differently upon 

Even  more dramatic is the differences f a r  slip-cast 

g r e e n  b Q d f f ? S  dleV@aOQ C f d C k S  Lipon r y l n g .  Experiments a r e  

onlum polyacrylatel, w h i c h  hat; allowed to p r e p a r e  

pS4 control was also tried f o r  s l i p  preparation, b u t  

All milestones a r e  on schedule. The milestone 
tdtles, dates an d  a brief summary o f  the results are 
reported bel ow, 

Mg-TZP ceramics have not been made yet. Far the 



f i n e  g r a i n e d  Mg-PSZ m a t e r i a l s  p r e l i m i n a r y  r e s u l t s  
i n d i c a t e  t h a t  RT MOR ( 3  p t )  a r o u n d  700MPa c a n  be a c h l e v e d  
w i t h  1x l x lOmm b a r s  f o r  a 3.1 w/o M y 0  c o m p o s i t i o n .  

O p t i m i z a t i o n  o f  t h e  phases  p r e s e o t  v i a  a g i n g  
f s l l a w e d  by  m e c h a n i c a l  p r o p e r t y  e v a l u a t i o n  i s  p l a n n e d  a s  
soon a s  p o s s i b l e .  

No n i e c h a n i c a l  p r o p e r t i e s  f o r  t h e  c e r a m l c s  made w i t h  
t h e  C / D  powders  a r e  a t  p r e s e n t  a v a i l a b l e .  

The R/% m a t e r i a l  c a n  be p r e p a r e d  e i t h e r  by  f e e d i n g  a 
powder  t o  the p lasma t o r c h  o r  by  i m m e r s i o n  o f  a w a t e r  
c o o l e d  s p i n n i n g  d i s c  i n t o  t h e  m o l t e n  c h a r g e .  A tmosphere  
c o n t r o l  i s  p o s s i b l e .  E s t i m a t e s  were  r e c e i v e d  f r o m  
p o t e n t i a l  v e n d o r s .  A t e s t  p r o g r a m  h a s  been i n i t i a t e d  
w i t h  t h e  mast p r o b a b l e  company t o  r u n  z i r c o n i a  and 
z i r c o n i a / a l u r n d n a  m a t e r t a l s  f o r  e v a l u a t i o n  o f  t h e i r  
a p p a r a t u s .  I f  c h o s e n ?  t h i s  v e n d o r  w i l l  c o n t i n u e  t e s t i n g  
u n t i l  o u r  u n i t  c a n  be j n s t a l l e d  i n  house,  

The R / S  powders  g i v e  g r e e n  b o d i e s  w i t h  h i g h  d e n s i t y ,  
b o t h  b y  powder  p r e s s i n g  and s l i p - c a s t i n g .  The C / D  
p o w d e r s  g l v e  l o w e r  g r e e n  d e n s i t i e s  due t o  a g g l o m e r a t i o n ,  
l o w e r  p a r t i c l e  d e n s i t y r  h i g h e r  surface a r e a s  and  
d i f f e r e n t  s u r f a c e  c h e m i s t r y .  

wherea?  a n l y  MgG i s  p a r t i a l l y  l o s t  w i t h  Me thod  I. The 
a p p l i c a b i l i t y  o f  t h e s e  t w o  methods  t o  t h e  s y n t h e s i s  o f  
powder  i n  t h e  ZrO -A1 O3 s y s t e m ?  where  a l u m i n a  i s  
t h e  m a j o r  c o n p o n e k t ,  g a s  n o t  been t r i e d  y e t .  

Y 0 and MgQ a r e  p a r t i a l l y  l o s t  w i t h  m e t h o d  11, 

Room t e m p e r a t u r e  MOR (4 p t )  o f  p r e s s u r e l e s s  s i n t e r e d  
c e r a m i c s  made w i t h  the R / S  powder  i s  i n  t h e  8 7 5 - 9 5 0  MPa 
r a n g e ?  f o r  b o t h  d r y  p r e s s e d  and s l i p - c a s t  p a r t s  s i n t e r e d  
a t  1600'C i n  a i r .  
s l n t e r i n g r  t h e  a v e r a s e  NOR i n c r e a s e s  t o  1380-1515 MPa, 

s i n t e r e d  o r  s i n t e r e d / H I P e d t  d r o p s  t o  a b o u t  1 / 3  o f  t h e  
room t e m p e r a t u r e  v a l u e ,  w i t h  t h e  s i n t e r e d / W I P e d  spec imens  
a l w a y s  s h o w i n g  a h i g h e r  v a l u e ,  

I f  t h e s e  p a r t s  a r e  WXPed a f t e r  

The MOR a t  1 0 0 0  C f o r  t h e  s a  e Y-TZP c e r a m i c s r  
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F o r  t h e  R / S  powder  ( 4  w/o Y 0 - Z r 0 2 )  s l i p  
c a s t i n g  g i v e s  s i n t e r e d  X-TZPfs w ? t #  s l i g h t l y  h i g h e r  
( a b o u t  9 % )  s t r e n g t h ,  when compared  t o  c o l d  i s o s t a t i c  
p r e s s i n g .  

b e s t  m e t h o d  c a n n o t  be drawn,  s i n c e  o p t i m i z a t i o n  h a s  n o t  
been done y e t .  

t h e  g r e e n  p a r t s  o b t a i n e d  f r o m  t h e  a u t o c l a v e d  p o w d e r s  b y  
s l i p - c a s t i n g ;  i n  many i n s t a n c e s ,  c r a c k i n g  a l s o  o c c u r r e d  
d u r i n g  t h e  f i r i n g  o f  t h e  p r e s s e d  b o d i e s .  I t  i s  b e l i e v e d  
t h a t  an i n c r e a s e  i n  d e n s i t y  w i l l  s o l v e  t h e  p r o b l e m .  

However ,  a f i r m  c o n c l u s i o n  a b o u t  w h i c h  one i s  t h e  

F o r  t h e  C / D  powders ,  d r y i n g  c r a c k s  w e r e  o b s e r v e d  i n  

P r e l i m i n a r y  t e s t s  on I x l x l O m m  b a r s  i n d i c a t e d  room 
t e m p e r a t u r e  s t r e n g t h s  ( 3  p t )  o f  1 3 7 8  NPa. P r o c e s s i n g  
v a r i a b l e s  and p h a s e  a s s e m b l a g e s  a r e  b e i n g  o p t i m i z e d  f o r  
t h e s e  R/S p o w d e r s  b e f o r e  c o m p r e h e n s i v e  p r o p e r t y  
e v a l u a t i o n  i s  b e g u n .  

been p r e p a r e d  y e t .  
ZTA c e r a m i c s  d e r i v e d  f r o m  t h e  C / D  p o w d e r s  h a v e  n o t  

None. 

1 .  K.Tsukuma a n d  K.Lleda: " ' S t r e n g t h  and f r a c t u r e  
t o u g h n e s s  o f  i s o s t a t l c a l l y  h a t  p r e s s e d  c o m p o s i t e s  o f  
A1203 and Y 0 - p a r t i a l l y  s t a b i l i z e d  Z r O  
Comm.  A m .  Cgrirn. S o c a r  J a n .  1 9 8 5 *  6-4, 

i n  Z r 0 2 - t o u g h e n e d  A1203t1, J .  Am.  Ceram. Ssc. V o l .  

p o t e n t i a l  m a t e r i a l  f o r  1 i g h t  d i e s e l  e n g i n e  a p p l i c a t i o n " ,  
Semi -annua l  r e p o r t ,  Qct. 1983-March  31,  1 9 8 4 .  ( C o n t r a c t  

2. P . f .Becher :  " T r a n s i e n t  t h e r m a l  s t r e s s  b e h a v i o r  

648 3 7 - 3 9  ( 1 9 8 1  1. 
3 .  T . Y . T i e n :  i t T r a n s f o r m a t i o n  t o u g h e n e d  c e r a m i c s - A  

No, OAAG46-84-K-0001) 
4 .  G . A . R o s s i :  U.S. P a t .  4rEi01,818 



98 

Fig. 1: 3.1 ~ / o  MgO-ZrO , made by meltingoE-10 ZrO 
1500 C, polishe?! and aged at 1400 C for 1 $our .  

and MgO, sintered at 
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Fig. 2: 3.1 w/ooMgO-Zr02, made by melting E-60 Zr02 and MgO, sintered 
at 1500 C, polished arid aged at 1400 C for 5 hrs. 
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F i g .  4: 3.1 #do MgO-ZrO , made by meltingoE-10 ZrO and MgO, sintered at 
1600 C, polishe8 and aged at 1400 C f o r  1 20ur. 
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F i g .  5: 2.8 8/0 MgO-ZrO m a d e  by rneltingoE-10 Z r O  and MgO, sintered at 
1600 C ,  polishe8’and aged at 1400 C for 1 $our. 
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F i g .  6:  3.0 #/o MgO-ZrO , made by meltingobaddeleyite and MgO, sintered at 
1600 C, polishe6 and aged at 1400 C for 1 hour. 
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Fig. 7: 2.2 ~ / o  MgO-ZrO , made b y  melting,baddeleyite and MgO, sintered at 
1600 C, polishe8 and ageu at 1400 C for 1 hour .  
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GREEN DENSITY (5 KS I 1 TYPE OF POWDER 
1,78 G/CC C/D (HTT) 6.03 G/CC 

3,17 G/CC R/S  (YZ-110) 5.80 G/CC 

F I RED DENS I TY ( 1500OC 1 

1,72 G/CC C/D (700) 5.83 G/CC 

2.33  G/Cc C/D (72 3y) 5 . 9 3  G/CC 

Fig .  8: Comparison o f  shr inkage behavior  o f  pressed ba rs  nade w i t h  t h e  
c h e m i c a l l y  d e r i v e d  and r a p i d l y  s o l i d i f i e d  powders. 
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Advanced Transformation-Toughened Oxides 
T. Y .  T i e n  ( U n i v e r s i t y  o f  Michigan) 

c t  we/- 

The objective of this a thermal insulating 
material has sufficient stren 
applications. The approach is 
the sy s tem AI2O,:CrO,/Zr0,:Hf 0,. 

heat engine 
composite materials in 

The goal of  the present work is to  optimize the stren th and 

Previous results indicated that the tou hness couih 8e increase by the 

strength decrease with increasing disperged phase. However, i t  has 
also been demonstrated that the stren th decrease can be avoided if 

are not large enough to cause micro-craczs 
A manuscript of a paper i s  attached t o  this report as a 

subsection. 

toughness of the materials in the system AI20,:Cr 0 /Zr02:H 9 0,. 
increase of the dispersed phase (ZW2:H 3 0 1. Unfortunately, there IS a 

the dispersed particle contain higher t7 fO content 0 3 0  mole % 1 and 

1 P r o m  

The current research w i 11 develop procedures to produce 
material w i th  increased toughness b increasing the dispersed phase 

dispersed phase composition and particle size. 
while maintaining acceptable streng Y h levels by controlling the 

The experimental work has concentrated on the methods of 
sample preparation. The steps developed for sample preparation are: 

1 )  The starting powders are co-precipitated from ethanol 
solutions. The powders are dried and calcined. Fine, homogeneous, 
crystalline particles of the desired composition were obtained. 

2) Composites of alumina/chromia matrix containing 15 vol W of 
the dispersed particles have been prepared. The alumina matrix phase 
contains 20 mole W C r  O3 and the dispersed particles are Zr02/15 
Mole % HfO;, and Zr02/50 mole % Hf02. 

surfactant (Darvon 82 1 -A). 
3) The powders are dispersed in  dist i l led water using a 

4) A disc is s l ip  cast from the suspended powder using vacuum 
f i 1 t ra t  ion. 
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5 )  The slip casted disc is  slowly dried in a i r  under controlled 
humidity and then isostatically pressed t o  26 ksi. 

6) The pressed disc is sintered in a carbon resistance furnace 
under a low oxygen potential atmosphere a t  1500°C for 20 minutes. 
The sintered specimens have a density greater than 99% of the 
theoretical. 

\ 7) Af te r  sintering, phases presence were determined by X-ra 
diffraction. It was found that 50% of the zirconia particles are in t e 

It should be noted that when the dispersed particles 
to  monoclinic ra t io  of 1 :  to  1:2 exhibited the 

Therefore, i t  is planned that specimens be heat 
desired tetragonal/monociinic ratio. 

The final step in our sample preparation was to  cut and grind 
"four point bend test" bars from the sintered discs. A new surface 
rinder is currently being installed which w i l l  allow such test bars t o  
e machined in our laboratory. The four point test bars produced wil l  

be used to measure the fracture, toughness and bend strength at  room 
temperature as we1 1 a t  elevated temperatures. 

Status of milstows 
The project is on schedule. 

Pub\ icat ions 

August 6, 1985. 

Journal of High ?~chno\ogy2erarnics. 

1) T. Y. Tien, Ceramic Compositions, U. S. Patent 4,533,647. 

2) T. Y. Tien, T. K. Brog and A. K. Li, "Tou hened Ceraimics in 
the System AI 0 :Cr20 /ZrO :HfO,," submitted P o the International 
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hened Ceramics in the System A12a3:6=r203PZr82:Hf02: 
Microstructure Deve I apme 

A. M. bi and T. Y. Tien 
Materials Science and Engineer in 

The University of M~~~~~~~ 
A m  Arbor, Michigan 48 109 

-- Abstract: 

behavior end growth kinetics sf the matrix &.m-iina:cfir@irnia 
he ~~~~~~~~~ zirconia:halwia solid solution part icles 

sf the two-pha iaes iw the sptern A1283:Cr2@ f Zr83p-ifB2 were 
studied Starting materials were prepared by cii--pwer:ipitatisn frcm mixed 
aqueods soh$ ions. Freci p i t  tes were calcined a t  1135fl"C and well crystailized 
a ~ ~ ~ ~ - ~ ~ ~ ~ ~ i ~ ~  asad zirccjni of near full density 
with  a matrix grain size < size (0.3 prn were 
obtained a t  155EO"C withaut 
phasr seems ts be deterrnira 

Fracture to~~ghness o 
af PrZ32:HfOyP dispersed pa 

a te  of the dispersed 

Q tu 1 : l  exhibited i3 



109 

lntroduct ion: 

Sintering and grain growth studies of twa-phase materials b 
active ~ ~ ~ ~ a r ~ h  topic in the past few years (1,2), ~ ~ ~ ~ ~ b ~ y  4ecause of 

ter ia I "transf ~ r r n a t  i 

on the kinetics of 

cauOd be eliminate 

Compositions studied in this i ~ ~ ~ ~ t ~ ~ ~ t ~ o n  were A0203:Cr203 solid 
solutions as the matr ix  phase and e32:flfQ sol id solutions as the 
phase. The ~~s~~~~~~ particle cont 
the composites can 
= 8, 2, 5, 10, 20 a 
the composites in 
C1-203 in the mat 

co --precipitation as m e t a l  hydmxidcs from B ~ I I ~ O U S  selutilsns 0.6 the mixed 
salts. Qne molal a~~~~~~ snlistians of aluminum nitrate, ehramiexrn nitratpa 

rnpositinns a-E the I 
1. Mixed metal hyd 

selutiora, bvhile s t  

was 15 volume %. The co 
d as (A11-xCrx)2ED3/~Pr1-)rHfy)[32, where 1 ClOx 
Oy = 0, 113, 31% and 50. The compositions sf 

y art? designed as 1OClx--15--1BQy, (i.e. x mole% of 
- VO!LWW% of dispersed part icles - y mole% of 

HfQ in the dispersed phase), @%xed oxides povddf3t"s were ~~~~~~~~ by 

afniuisn oxyrhlor-ide wP?-e ~~~~~~~~. Salutisns W3-P 
i tes  and fllrther diluted 

mixtures were maintained between 
wtinftd to obtain maximum 
metal salts solutions. 

bqixed metal h ~ ~ ~ ~ x ~ ~ ~ ~  precipitates were filtered, washed with dilute 
~~~~~~ ef hydroxides ~ r ~ ~ ~ ~ ~ t a ~ ~ ~  fi-am th 

~ ~ ~ i u ~  ~ ~ ~ r ~ x ~ ~ ~  solution. The gelatinous f i l te r  cakes were dried a t  1 10eG 
rs and were then calcined 
ere alpha alumina with co 

1oFia"c far four hokirs. Calcined 
d u n  structure, ~~~~r~~~~~~ by x--ray 

diffraction. Calcined powders were dry ground in an a1 na rotary mill for 
10 hours with 5 wi.% of stearic acid as grinding addit . Groaind ~~~~~~~ 

bvej'e isostatical pressed a t  25,13813 psi and W W E  heated a t  650°C for 2 haurs 
t o  remove the 0 anic additives. Green densities of these compacts W W P  

greater than 5n% af thearetica! ChroPslia containing composi tians 'WWP 
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sintered in an i n ~ ~ ~ t ~ ~ ~  fur ace with graphite susceptsr f i l led w i th  lfiyirn over 
campas i tions were s int ed in a i r  in a 

with MaSQ heating @lements, 0th fLDt-naCeS were heate a t  a ra te  of 7 
pressure of argon. Chrornia fr 

per hoar- and GO led at  t3 rate of 8 "C per hour, Sintering ~ ~ ~ ~ ~ r ~ ~ i ~ ~ ~ ~  used 
0°C ta  I65ODC a the saaklng time at Pa 
0 ta 486 minutes II specimens after sint 

cFe 

phases: alpha alumina and tetra~~nal and/or monoclinic ZrQ. 

Results and Discussion: 

Ppparslilt densities of sintered specimens MWT measured using 
Archimedes principle (water 
compute relative density val s were hbbtaine frsrn the latt ice parameter 
data of both series @if the solid solutiulns (5,6) assurnin 
particles are in the ~~~~~~~~~~~ form. Relative densiti 
a t  different temperatures as a function of soak 
Specimens were sintered t o  full density a t  tern 
without holding t ime.  

w i th  lower chromia ~ o ~ ~ ~ n ~ r a t ~ ~ n ~ ~  As shown ir! these figures that specimens 
containing higher chrornia c s ~ ~ ~ ~ ~ r a t i ~ ~ ~  reached gher sintered density than 
those containing lower chromia concentrat ions un r the same sintering 
conditions. This could be explained by the a higher diffusion rate of c ~ r Q ~ j u ~  
ions in the Cr2Q3 crystals than that of aluminti ions in AI203 (7). ,41203 and 
0-203 crystallize in the same corundum structure and farm complete solid 
so I u t  ions. 

of the csrnpssites. 

the liquids me ia). Trm densities used t o  

tiroe are platted in Fig.1. 
atures a ~ Q v ~  1550°C 

Compositions with higher ekrsrnia content sintered faster than those 

Hafnia content in the dispersed phase had no effect on the sintering r a t e  

Grain and Particle Growth: 

Sintered specimens were polished and thermally etched. Average grain 
diameter (Dg) of the matr ix  phase and the average particle diameter (Dp) of 
the dispersed phase were measured on polished and etched surfaces using the 
I ineal intercept technique (8). Measured average diameters of the matr ix  
grains and of the dispersed particles are l isted in Table 1. 

dispersed phase can be expressed by the following generalized empirical 
equation (9): 

where n is  a constant (time exponent). K is the r a t e  constant which follows 
the Arrhenious equation, 

Growth of the grains of the matr ix  phase and the particles of the 

0 = &tn (1) 

(2) K - K o e  -Q/RT 



111 

Qrowth data of some compositions are plotted in Figs. 2 in the form of 
log D vs. Isg a. Growth rate (D/tn) vs. reciprocal temperature (l/T"K) data of 

ositiows are platt 
nt, K, and tbe ac 

regression methad from the 

he zirconia par t i ck  

f intragrasllu lar P ir-cania part i cles. 
a concentrations sintered at  higher 

d that coalesce 
unted as separate particles ~~~~~w~~ 

shculd give a value sf 114 and cca 
bath Ostwalrrl ripening anad caaksc 

were very similar t o  that of the pres 
The activation ~~~~g~ for part i  
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Grain sizes are platted against th 
received the same heat treatment in Fi 
relationship. This relationship foIIows t 
limiting grain size (Df) is related t o  th  
Y Q I U P ~ ~  fraction (f) in a composite in t 

It should be noted that bath the time 
growth and particle growth fsr the s 

The rate constant, K, for Bstw 

D f = = d / f  

according t o  Speight (1 I), is related to; in tween the matrix 
grains and the dispersed particles, grain ha iffkasisn r a t e  of 
the dispersed phase along the matrix grain b ~ ~ ~ ~ ~ ~ ~ ~ $ ~  and salute canwntratiun 
of the dispersed phase i the matrix phase, among other factors. All of the 
above factors mentione 
the matrix phase and the 
evaluated a t  present tim 

aried as a ~ ~ # ~ t ~ ~ ~  of compssizco 
phase, All of the +actors are bizilr 

d in the future. 
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TABLE L GrrinlRrddc Size Measurement 
(Unit h Micrometer) 

14wC 

02-15-OC 
05- 15-m 
lO-U-oc 
20-15-W 
30-15-OC 

lSOOoC 

02-15-OC 
OS-l5-m 
1O-15-oC 
20-15-QC 
30-15-Oc 

lsooc 
02- Ism 
05-15X 
m15-Oc 
20-15MJ 
30-154C 

16OOOC 

02-15-OC 
05-15-OC 
IO-15-OC 
20- 15-oC 
30-15-K 

0.358i0.188 
0.399f0.201 
0.44710.188 

0.66310.251 

0.656'0.286 
0.78310.343 
0.9W0.37 1 
1.2430.451 
1.29 110.493 

0,9730.452 
1.06510.457 
1.17510.493 
1.88410.763 
2.21710.769 

0.463lO.209 
0.37310.243 
0.569!l.281 
0.809/0.2?2 
0.86410.334 

0.857t0.363 
0.88510.403 
1.102/0.407 
1523lO.570 
1.557tO.692 

1.14f30.455 
1.2W.496 
1.492JO.587 
2.67 110.824 
2,84811.053 

1.56210.765 
2.005/0.892 
2.02710.970 
3.64711.416 
3.556'1.525 

0.609/0272 
0.6790294 
0.83ll0.360 
1.12YO.363 
1.322i0.553 

0.95110.393 
1. I 16'0.469 
1.3630.565 
1.81010.6S6 
1.85Y0.824 

1.38Sl0.504 
1.38 Y0.550 
1.8590.691 
2.W0.98 1 
3.6691 1.232 

1.86210.933 
2.59Sl1.022 
2.58311.196 
4.9 1 4  1.889 
5.04712.182 

0.761/0.311 
0.8WO. 366 
1.036/0.520 
1.430'0.568 
1.60110.707 

124310.484 
1.75510.608 
2.598l0.890 
2.583f1.069 

1.4990.603 
1.85610.694 
2.316'0.876 
3.78211.345 
4.87511.911 

2.19511.061 
2.865/1.23 1 
3.2441 1.502 
6.W2.507 
7.76413.412 

1.473lO.608 1.65230.722 
198W.732 2.368iO.878 
2.69111.047 3.45611 2.43 
3.401/1.324 4.247/1.707 

2.03510.760 2.39310.922 
2.95310.973 3.586/1.185 
5.22811.W 6.212r1.977 
6.536Q.578 8.239Q.983 

2.57611.204 
3.540/1.397 
4.32111.875 
10.68/3.S70 
11.99l5.508 
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a 
m\mm (Intercept) 

02-15-OC -0.590 0.213 0.987 

05-15-Oc -0.620 0.244 0.991 

10-15-oc -0.707 0.324 0.999 

20-15-OC -0.250 0.339 0.993 

30- 15-OC -0.256 0.385 0.999 
_._....._x....-. 

02-15-G€ -1.216 0.140 0.929 

05-15-OC - 1.627 0.206 0.987 

10-15-oc -1.691 0.253 0.989 

20-15-OC -1.580 0.295 0.995 

30- 15-Oe -1.365 0.408 0.992 

* The data are presented in the form of IO = a i- n In t, where D is the grain(or particle size), 
a is the intercept of the regression analysis, n is the time exponent in the graidparticle growth 
kinetics. 
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TABLE IIL Grain Growth Activation Energies* in the System 

A1203:Cr203/Zr02:HfO2 

n a(=%) r. Q ( K C W O 1 )  
POWDER (Intercept) (Intercept) (Con. Coeff.) (Slope x R) 

GRAIN 
~ 

02-15-OC 0.213 1.608 -0.999 44.4 

05- 15-OC 0.244 4.580 -0.957 55.5 

10-15-OC 0.324 0.422 -0.999 42.2 

20-15-G€ 0.339 7.263 -0.999 65.7 

30-15-OC 0.385 10.837 -0.998 79.5 

PARTICLE 

02-15-OC 0.140 3.275 -0.975 51.1 

05- 15-OC 0.207 1.3 14 -0.947 45.9 

10-15-OC 0.253 2.07 1 -0.961 49.3 

20-15-OC 0.296 6.199 -0.993 64.4 

30- 15-K 0.408 7.660 -0.986 72.1 

*The data arc presented in the form of In(D/tn) = a + (QIR) / T, when D is the 
@(or particle size), t is the sintering time in min., n is the time exponent from 
Table II., a is the intercept of the regression analysis, Q is the activation energy of 
-(or particle) growth, R and T have their usual meanings. 
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95 

90 - "C" Powder, 1500.C 
"C" Powder, f450.C 'C' Powder, 1550.C 

a5 - 
1 1 1 I 

0 114 112 2 I 2 I 2 80 

Sintering Time (Hr)  Sintering Tim. (Hr) Sintering Time (Hr 3 

Fig. I. Relative Densities of Composites in the System 

Composition Designation: 
Al20~:Cr~O~/ZrO~:Hf02. Sintered at 14SO0C, lSOOT, 1550%. 

Cr2O3 Content - Vol % ZrO2 - HfOp h t m t  - Starting Powder. 
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Sintering Time ( M i d  

Fig.2. Grain and Particle Growth Data far CompsoticPs Sintered a t  
1550"6., Start ing Powder Used: "C' - Alpha Alumina 

Composition Designation: 
Cr2O.j Content - Val 9; ZrO2 - HfQ Content - Start ing Powder. 
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\ 

52 3- 

2 -  

- 
h 2 - 1 5 - O C  
0 S - 1 5 - O C  
0 10- ( 5 - 0 C  
I 2 0 - 1 5 - 0 C  
A 30-15-OC 

i- 

5.0 0.5 
5.3 54 5.5 5.6 5.7 

Reciprocol Temp. (1/T x IO4, OK-') 

Fig .  3a .  Temperature Dependence o f  t h e  Grain Growth Rate .  
Composition Designat ion:  

Cr2O3 Content - Vol  % Zr02 - H f O 2  Content - S t a r t i n g  Powder. 
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0.5 i? 5.3 5.4 5 .s 5.6 5.7 5.8 

Reciprocal ~ e m p .  ((IT x 104, OK-') 

F i g .  3b. 
Composi t ion Des igna t ion :  

Temperature Dependence o f  t h e  G r a i n  Growth Rate. 

Cr2O3 Content - Vol % Zr02 - Hf02 Content  - S t a r t i n g  Powder. 
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l d  I DLc=.5-T I 
I - \ I  I 

s I 
I 

I 
I 

m I 
I 
1 
I 

Y M  c Powder 
- 1550°C 

t --88hr 4 

1 2 3 
0 
0 

PARTICLE SIZE,  i' I: p m  I 

Fig. 4. 
Campos i t i an Oesi gna t 1 cn. 

Grain Size vs. Partlcle Size for Specimens Sinter a t  15513' C. 

Cr2O3 Content - \/OI % Z r 0 2  - Hf02 Content 



122 

Processinn and ChcPrsc tm-izstion of Transformat ion  -Toughened C e r a m ~  

R. A .  Cutler and J .  D. B r i g h t  (Ceramatec, Hnc.) 
t h  St-x-en~ th Re ten .t:i~!n to E l  e va t.e-d..-Tempe~a t u r e s  

P r e v i o u s  w o r k [ l ]  h a s  s h o w n  t h a t  i t  i s  p o s s i b l e  t o  
i n c r e a s e  t h e  s t r e n g t h  o f  Al?O3-Zr02 c e r a m i c s  by  i n c o r p o r a t i n g  
t r a n s f o r m a t i o n - i n d u c e d  r e s i d u a l .  s t r e s s e s  i.n s i n t e r e d  s p e c i m e n s  
c o n s i s t i n g  o f  t h r e e  l a y e r s .  T h e  o u t e r  l a y e r s  c o n t a i n e d  
A1203 a n d  u n s t a b i l i z e d  Zr02 ,  w h i l e  t h e  c e n t r a l  l a y e r  c o n t a i n e d  
A 1 2 0 3  a n d  p a r t i a l l y  s t a b i l i z e d  Z r 0 2 .  When c o o l e d  f r o m  
t h e  s i n t e r i n g  t e m p e r a t u r e ,  some o f  t h e  z i r c o n i a  i n  t h e  
o u t e r  l a y e r s  t r a n s f o r n i e d  t o  t h e  m o n o c l i n i c  form w h i l e  z i r c o n i a  
i n  t h e  c e n t r a l  l a y e r  was r e t a i n e d  i n  t h e  t e t r a g o n a l  p o l y m o r p h .  
T h e  t r a n s f o r m a t i o n  of  z i r c o n i a  i n  t h e  o u t e r  l a y e r s  l e d  
t o  t h e  e s t a b l i s h m e n t  o f  s u r f a c e  c o m p r e s s i v e  s t r e s s e s  a n d  
b a l a n c i n g  t e n s i l e  s t r e s s e s  i n  t h e  b u l k .  In t h e o r y ,  t h e  
r e s i d u a l  s t r e s s e s  w i l l  n o t  d e c r e a s e  w i t h  t e m p e r a t u r e  u n t i l  
t h e  m o n o c l i n i c  t o  t e t r a g o n a l  t r a n s f o r m a t i o n  t e m p e r a t u r e  
i s  r e a c h e d  s i n c e  m o n o c l i n i c  a n d  t e t r a g o n a l  Z r O ?  p o l y m o r p h s  
h a v e  n e a r l y  t h e  same c o e f f i c i e n t s  o f  t h e r m a l  - e x p a n s i o n .  
T h e  d e m o n s t r a t i o n  of  t h e  r e t e n t i o n  o f  r e s i d u a l  s t r e s s e s  
w i t h  t e m p e r a t u r e  i s  a p r i m a r y  p u r p o s e  of t h i s  p r o j e c t .  

P r e v i o u s  w o r k  w a s  a c c o m p l i s h e d  u s i n g  d r y  p r e s s i n g  
t e c h n i q u e s ,  T h e  d e v e l o p m e n t  o f  s l i p  c a s t i n g  t e c h n o l o g y  
f o r  l a y e r e d  c o m p o s i t e s   ill a l l o w  f o r  b e t t e r  d i s p e r s i o n  
o f  z i r c o n i a  i n  a l u m i n a  a n d  t h e r e b y  f a c i l i t a t e  h i g h e r  v o l u m e  
m o n o c l i n i c  Zr02 i n  o u t e r  l a y e r s  w i t h o u t  s t r e n g t h  d e g r a d i n g  
m i c r o c r a c k i n g .  A c o m p a r i s o n  b e t w e e n  s l i p  c a s t i n g  a n d  d r y  
p r e s s i n g  t e c h n i q u e s  w i l l  b e  made f.0 i d e n t i f y  h i g h e r  s t r e n g t h  
m a t e r i a l s  f o r  m o r e  d e t a i l e d  c h a r a c t e r i z a t i o n  d u r i n g  t h e  
s e c o n d  y e a r  o f  t h e  p r o j e c t .  

E x  p e  r i me n t a 1 P r o  c e d u r e s 

A l 2 O 3 - I O  v o l .  !% Zr02 p o w d e r s  w i t h  2.6% Y 2 O 3  and P,l$3-l0 
v o l .  % Z r 0 2  ( n o  z i r c o n i a  s t a b i l i z e r  a d d e d )  were d i s p e r s e d ,  
v i b r a ' i o r y  m i l l e d ,  a n d  s p r a y  d r i e d .  T h e  d r i e d  p o w d e r s  were  
s c r e e n e d  t h r o u g h  a 1 '70 m e s h  s c r e e n ,  a n d  m o n o l i t h i c  a n d  
t h r e e  l a y e r e d  ? !sa t idwichV7 ( s e e  F i g u r e  1 )  A1203-1GZr02 c o m p o s i t e  
b a r  s p e c i m e n s  were f a b r i c a t e d .  T h r e e  l a y e r  c o m p o s i t e s  
were made by l o a d i n g  a p r e d e t e r m i n e d  vol.urne o f  s f o u t e r  l a y e r "  
( A 1 2 0 3 - 1 0 Z r 0 2 )  p o w d e r  i n t o  a s teel .  d i e ,  foll.owed by I s i n n e r  
l a y e r "  ( A l 2 0 3 - 1 O Z r O 2 ( 2 . 6  m o l e  % Y20 > >  powder  a n d  a s e c o n d  
a d d i t i o n  o f  l f o u t e r  l a y e r "  p o w d e r .  
a l l  m a d e  s o  ' c h a t  t h e  t k i i c k r i e s s  a f t e r  g r i n d i n g  1 d o u l d  b e  
6 mm w i t h  o u t e r  l a y e r  t h i c k n e s s  o f  2 5 0 .  5 0 0 -  1 0 0 0 .  a n d  
2 0 0 0  m i c r o m e t e r s .  T h e  l a y e r e d  c o m p o s i t e s  were u n i a x i a l l y  
p re s sed  a t  35 M P a -  f o l l o w e d  b y  i s o s t a t i c  p r e s s i n g  a t  2 0 7  
MPa .  M o n o l i t h i c  b a r s  were  m a d e  o f  t h e  i n n e r  a n d  o u t e r  

?r h e  l a y e r e d  b a r s  w e r e  
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F i g u r e  1 .  S c h e m a t i c  of  T h r e e  L - a y e r e d  C o m p o s i t e .  

l a y e r  c o m p o s i t i o n s .  T h e  1 6 0  t e s t  b a r s  were s i n t e r e d  a t  
1 5 8 7 O C  f o r  6 0  m i n u t e s  a n d  h o t  i s o s t a t i c a l l y  p r e s s e d  ( H I P )  
a t  1500°C f o r  30 m i n u t e s  i n  1 7 5  MPa Ar o v e r p r e s s u r e ,  w i t h  
p r o p e r t i e s  a s  shown i n  T a b l e  1 .  

X - r a y  d i f f r a c t i o n  ( X R D )  t o  d e t e r m i n e  t h e  p o l y m o r p h  
t y p e 1 2 1  w a s  u s e d  t o  c a l c u l a t e  t h e  t h e o r e t i c a l  d e n s i t y .  
S i n t e r e d  d e n s i t i e s  were b e t w e e n  9 7 . 3  and 97 .6  % o f  t h e o r e t i c a l  
d e n s i t y  a n d  H I P p e d  d e n s i t i e s  were g r e a t e r  t h a n  9 9 . 8 %  o f  
t h e o r e t i c a l .  S h r i n k a g e  w a s  i d e n t i c a l  b e t w e e n  t h e  i n n e r  
a n d  o u t e r  l a y e r s .  T h e  b a r s  were d i a m o n d  g r o u n d  o n  a l l  
f o u r  s i d e s  w i t h  a 2 2 0  g r i t  w h e e l .  T h e  g r o u n d  d i m e n s i o n s  
were 6 mm b y  12  mm by 4 3  mm. A t h i c k n e s s  of  6 m m  w a s  c h o s e n  
s i n c e  o u t e r  l a y e r  t h i c k n e s s e s  below 250 mic rons  a r e  d i f f i c u l t  
t o  make  u s i n g  a p o w d e r  p r e s s i n g  t e c h n i q u e .  The i n t e r f a c e s  
b e t w e e n  t h e  i n n e r  a n d  o u t e r  l a y e r s  were n o t  c o m p l e t e l y  
smooth and  v a r i e d  up  t o  200 m i c r o n s  i n  t h e  t h i c k n e s s  d i r e c t i o n  
o f  t h e  bar ’ .  T h i s  v a r i a t i o n  a r i s e s  d u e  t o  d i e  w a l l - p o w d e r  
i n t e r a c t i o n s ,  f low of t h e  s p r a y  d r i e d  p o w d e r  i n t o  t h e  d i e  
c a v i t y ,  a n d  d i s t o r t i o n  ( w a r p i n g )  d u r i n g  s i n t e r i n g  and  s u b s e q u e n t  
g r i n d i n g .  S l i p  c a s t i n g  i n  a u n i a x i a l  d i r e c t i o n  m i n i m i z e s  
t h e  p r o b l e n i  a n d  c o n t r o l  t o  w i t h i n  50 m i c r o n s  i s  p o s s i b l e .  

T h e  b a r s  were b r o k e n  i n  4 - p o i n t  b e n d i n g  ( 2 0  m m  i n n e r  
s p a n  a n d  4 0  m m  o u t e r  s p a n )  a t  a c r o s s h e a d  s p e e d  o f  0 . 5  
m m / m i n .  H a r d n e s s  a n d  i n d e n t a t i o n  f r a c t u r e  t o u g h n e s s L 3 , Y I  
were d e t e r m i n e d  on o n e  f r a c t u r e d  s p e c i m e n  ( p i c k e d  a t  r a n d o m )  
a f t e r  p o l i s h i n g  t o  a 1 r n i c r o n  p o l i s h .  T w o  b a r s  o f  e a c h  
t y p e  ( s e e  T a b l e  1 )  were p o l i s h e d  t o  a o n e  r n i c r o n  f i n i s h  
a n d  t h e  t o u g h n e s s  m e a s u r e d  by  a m u l t i p l e - f l a w  i n d e n t a t i o n  
t e c h n i q u e [ 5 1 .  D o u b l e  c a n t i l e v e r  beam (DCR) s p e c i m e n s  a n d  
s h o r t - r o d C 6 1  f r a c t u r e  t o u g h n e s s  s p e c i m e n s  were m a d e  f o r  
m o n o l i t h i c  m a t e r i a l s .  R e s i d u a l  s t r e s s e s  w e r e  m e a s u r e d  
u s i n g  a s t r a i n  g a g e  t e c h n i q u e  d e v e l o p e d  by V i r k a r [  1 I. 
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T a b l e  1 
P h y s i c a l  P r o p e r t i e s  o f  Al203-10Zr02 

Code 
---- 

A 

B 

C 

D 

E 

F 

a .  ( 

d l a  I S h r i n k a g e  
L+?=? 
---e 

,,,f 

250 

500 

1000  

2000 

16.6  

16 .5  

16.7 

16.7 

16 .7  

16 .9  

L D e n s i t y ( g / c e )  1 M o n o c l i n i  
--- S i n  t ereel....H I P S i  n t  e r  edc- 

4.09  

4.08 

4 - 0 9  

4.09  

4 .08  

4 .09  

4 .19  

4 . 1 9  

4 .19  

4 .19  

4 .18  

1 4.18 

0.0 

3'7.8 

35.2 

38.1  

36.9 

1 1 3 6 - 7  

i t e r  l a v e r  t h i c k n e s s  a f  5 mm t h i c k  b a r s .  

4 . 2  

65.7 

6 2 . 3  

64.8 

- - -g  

- - - g  

b .  

c .  As - s in t e red  o r  h o t  i s o s t a t i c a l l y  p r e s s e d  ( H I P ) .  
d .  As-ground w i t h  a 2 2 0  g r i t  w h e e l  a f t e r  " s p a r k i n g  
e .  M o n o l i t h i c  i n n e r  c o m p o s i t i o n .  
f .  M o n o l i t h i c  o u t e r  c o r n p o s i t i o n .  
g .  Not m e a s u r e d  ( s i m i l a r  t o  8 - D ) .  

P e r c e n t  h o n o c 1 i n j . c  Zr02 ( b a l a n c e  i s  t e t r a g o n a l )  a s  
d e t e r m i n e d  by X R D E 2 1 .  

R e s u l t s  a n d  D i s c u s s i o n  

X R D  d i f f r a c t i o n  s h o w e d  t h a t  t h e  m o n o c l i n i c  c o n t e n t  
o f  t h e  Zr02  i n  t h e  o u t e r  l a y e r  was o n l y  36% ( t h e  r e m a i n d e r  
be ing  t e t r a g o n a l )  a n d  t h a t  t h e  z i r c o n i a  i n  t h e  i n n e r  m a t e r i a l  
was e n t i r e l y  t e t r a g o n a l .  A s  e x p e c t e d ,  t h e  m o n o c l i n i c  content ,  
i n c r e a s e d  s u b s t a n t i a l l y  u p o n  g r i n d i n g  i n  t h e  n e a r  s u r f a c e  
r e g i o n  o f  Al2O3-lo Zr02 c o m p o s i t e s  c o n t a i n i n g  u n s t a b i l i z e d  
z i r c o n i a  ( s e e  T a b l e  1). 

M e c h a n i c a l  p r o p e r t y  d a t a  a r e  s u m m a r i z e d  i n  T a b l e  2 ,  
The s t r e n g t h  of m o n o l i t h i c  a n d  t h r e e  l a y e r  b a r s  a r e  shown  
i n  P i g u r e  2 .  T h e  s t r e n g t h  and W e i b u l l  m o d u l u s  of s i n t e r e d  
b a r s  i n c r e a s e d  s u b s t a n t i a l l y  u p o n  h o t  i s o s t a t i c  p r e s s i n g  
( s e e  F i g u r e  3 )  a n d  t h e r e  was  no d i f f e r e n c e  b e t w e e n  L h e  
s t r e n g t h  of t h e  i f i n n e r "  (Code  A )  a n d  ( C o d e  B )  l a y e r  
m o n o l i t h i c  m a t e r i a l s .  F r a c t o g r a p h y  o f  H I P p e d  b a r s  showed 
t h a t  4 0 %  of  t h e  " i n n e r "  l a y e r  b a r s  f a i l e d  f r o m  c h a m f e r s ,  
3 3 %  f r o m  i n c l u s i o n s ,  and  27% from t h e  t e n s i l e  s u r f a c e  (away 
f r o m  t h e  c h a m f e r ) .  w h i l e  6 0 %  o f  t h e  " o u t e r t !  l a y e r  b a r s  
f a i l e d  f r o m  c h a m f e r s ,  33% f r o m  t h e  t e n s i l e  s u r f a c e ,  a n d  
7% f r o m  i n c l u s i o n s .  C o d e  C b a r s  w i t h  c o m p r e s s i v e  s t r e s s  
a r i s i n g  from t h e  250 m i c r o n  o u t e r  l a y e r  showed a 20% i n c r e a s e  
i n  s t r e n g t h  o v e r  t h e  m o n o l i t h i c  b a r s .  a l t h o u g h  b o t h  t h e  
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64 .3  
7 5 . 1  
94.8 
75.7  

1 0 4 . 3  
101.4 
119.9 

57.4 

T a b l e  2 
M e c h a n i c a l  P r o p e r t y  D a t a  

5.4 --j 
6.9 17.8 
3.7 --J 
7 . 3  17.7 
6.0 17.5  
6 .1  18.0 
'4.9 17 .5  

1 2 . 2  17.1 
E 
F 

a .  F 

10 
15 
10  
15 
1 5  
15 
1 5  
17 

363 .O 
505 .9  
3 8 5 . 7  
538.1 
b43.6 
6 7 8 . 7  
b 4 9 . 6  
6 9 2 . 6  

I I 

H( a t a ( M P a ) a  1 - 
se  I m f  I x 

I---.1- 
u r  p o i n t  b e n d  s t r e n g t h  o n  6 mm x 1 

_ _ _  j 

I 
mm x 43 mm b a r s .  

1/2)  
J C , h  

-__ j 
4 . 0 6  

4 . 8 2  
_-- j 
7 . 8 2  
6.77 
5 . 8 3  

_-_ J 

I_ 

b. V i c k e r ' s  h a r d n e s s  d e t e r m i n e d  a t  l o a d s  b e t w e e n  75 a n d  225N. 
c .  Number of b a r s  b r o k e n .  
d .  Mean v a l u e .  
e .  S t a n d a r d  d e v i a t i o n .  
f. W e i b u l l  m o d u l u s .  
g. I n d e n t a t i o n  t o u g h n e s s [ 3 1 .  
h .  F r a c t u r e  t o u g h n e s s  ( c o d e s  A & B )  o r  a p p a r e n t  t o u g h n e s s  ( c o d e s  

i .  A s - s i n t e r e d  (Befo re  H I P ) .  
j .  No t  d e t e r m i n e d .  

C-F) a s  d e t e r m i n e d  u s i n g  t n u l t i p l e  i n d e n t  t e c h n i q u e L 5 1 .  

s t a n d a r d  d e v i a t i o n  and Weibul l  modu lus  i n c r e a s e d .  F r a c t o g r a p h y  
s h o w e d  t h a t  4 0 %  o f  t h e  b a r s  f a i l e d  f rom c h a m f e r s ,  33% f rom 
i n c l u s i o n s  ( t w o  o f  t h e s e  were w i t h i n  t h e  i n n e r  l a y e r ) ,  
a n d  2 7 %  f r o m  t h e  t e n s i l e  s u r f a c e .  T h e  b e n d  s t r e n g t h  of  
l a y e r e d  b a r s  h a v i n g  5 0 0  m i c r o n  t h i c k  o u t e r  l a y e r s  was  27% 
h i g h e r  t h a n  m o n o l i t h i c  m a t e r i a l s  (see F i g u r e  2 )  and f r a c t o g r a p h y  
showed t h a t  73% of  t h e  b a r s  f a i l e d  f r o m  c h a m f e r s .  20% f r o m  
i n c l u s i o n s  ( t h e  t h r e e  h i g h e s t  s t r e n g t h s ) ,  and  7% f rom t h e  
t e n s i l e  s u r f a c e .  Code E b a r s  h a v i n g  o u t e r  l a y e r s  1 0 0 0  
m i c r o n s  t h i c k  h a d  s t r e n g t h s  s i m i l a r  t o  Code  C a n d  D b a r s  
( s e e  T a b l e  2 )  w i t h  53% o f  t h e  b a r s  f a i l i n g  f r o m  c h a m f e r s ,  
27% f rom r;he t e n s i l e  s u r f a c e ,  and  20% from v o i d s  o r  i n c l u s i o n s  
( a l l  w i t h i n  t h e  o u t e r  l a y e r ) .  T h e  C o d e  F b a r s  ( a l l  t h r e e  
l a y e r s  e q u a l  i n  t h i c k n e s s )  h a d  s t r e n g t h s  2 9 %  h i g h e r  t h a n  
t h e  m o n o l i t h i c  b a r s  w i t h  a s u b s t a n t i a l  i n c r e a s e  i n  t h e  
W e i b u l l  m o d u l u s  ( s e e  F i g u r e  3 ) .  F r a c t o g r a p h y  showed t h a t  
47% of  t h e  b a r s  f a i l e d  from t h e  t e n s i l e  s u r f a c e ,  42% f a i l e d  
f rom c h a m f e r s ,  and  1 1 %  f a i l e d  from v o i d s  o r  i n c l u s i o n s .  

A n  e x a m i n a t i o n  o f  b a r s  f a i l i n g  f r o m  c h a m f e r s  s h o w e d  
n o  c o n s i s t e n t  t r e n d  i n  t h e  i n i t i a t i o n  l o c a t i o n .  It i s  
a n t i c i p a t e d  t h a t  a s m a l l e r  s p e c i m e n  c r o s s - s e c t i o n  ( i - e . ?  
3 mrn x 4 mm) r a t h e r  t h a n  t h e  l a r g e r  s p e c i m e n  c r o s s - s e c t i o n  
( 6  rnm x 1 2  m m >  u s e d  f o r  room t e m p e r a t u r e  m e a s u r e m e n t s  may 
d e c r e a s e  t h e  t e n d e n c y  t o  f a i l  f r o m  c h a m f e r s  s i n c e  m u c h  
lower l o a d s  w i l l  be n e e d e d  t o  b r e a k  t h e  s a m p l e s .  

E l e c t r o n  m i c r o s c o p y  of  s e l e c t e d  s a m p l e s  s h o w e d  t h a t  
t h e  a v e r a g e  f l a w  s i z e  was  25 t o  75 m i c r o n s  when b a r s  f a i l e d  
f rom i n c l u s i o n s  o r  v o i d s .  I m p u r i t i e s  f r o m  s p r a y  d r y i n g ,  
P r i m a r i l y  Ce02 , were d e t e c t e d  by energy  d i s p e r s i v e  s p e c t r o s c o p y  
a s  t h e  i n c l u s i o n s  i n  t h e  s a m p l e s .  O p t i c a l  m i c r o s c o p y  c l e a r l y  
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A MQNOLITHIC "OUTER LAYER" 

FIIOLITHOC: "INNER LAYER"  

0 508 lQQ0 1508 2000 

OUTER LAYE THICKNESS, d1 (pSn> 

F i g u r e  2 .  Roorri T e m p e r a t u r e  S t r e n g t h  C o m p a r i s o n  Between 
M o n o l i t h i c  a n d  T h r e e  L a y e r  Al203-10Zr02 C o m p o s i t e s .  

showed  i n  c 1 us i on  s d i s t r i b u t  e d t h r o u g h o u t  t h e  m i  c r o s t r u c t u r e 
a n d  n o  p o r o s i t y  a t  t h e  i n t e r f a c e .  I m p r o v e d  p r o c e s s i n g  
will s i g n i f i c a n t l y  i n c r e a s e  t h e  s t r e n g t h .  

F i g u r e  4 s h o w s  a s c h e m a t i c  o f  s t r a i n s  i n t r o d u c e d  i n  
u n c o n s t r a i n e d  a n d  c o n s t r a i n e d  o u t e r  l a y e r s  a s s u m i n g  a s q u a r e  
w a v e  d i s t r i b u t i o n .  T h e  r e s i d u a l  s t r e s s e s  i n  t h e  o u t e r  
a n d  i n n e r  l a y e r s  were c a l c u l a t e d  a s s u m i n g h e .  t o  be  7 . 0 ~ 1 0 - ~  
( a s s u m i n g  t h e  1 0  v o l .  % Z r 0 2  t o  c o n s i s t  of  43% monoc l in i c  
and  t a k i n g  t h e  volume c h a n g e  f rom t h e  t e t r a g o n a l  t o  m o n o c l i n i c  
t r a n s i t i o n  a s  4 . 9 $ [ 6 1 ) ,  V =  0 . 2 5 ,  a n d  E to b e  3 6 5  G P a .  
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2000 

F i g u r e  3 .  F a i l u r e  P r o b a b i l i t i e s  of  S i n t e r e d  a n d  S i n t e r e d /  
H I P p e d  M o n o l i t h i c  M a t e r i a l s  i n  C o m p a r i s o n  t o  
S i n t e r / H I P p e d  T h r e e  L a y e r  C o m p o s i t e  ( d l = 2 0 0 0  
m i c r o n s ) .  See T a b l e  2 f o r  W e i b u l l  m o d u l i .  
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F i g u r e  4 .  S c h e m a t i c  of S t r a i n s  I n t r o d u c e d  i n  U n c o n s t r a i n e d  
a n d  C o n s t r a i n e d  O u t e r  L a y e r s C 1 1 .  

T h e  r e s i d u a l  c o m p r e s s i v e  s t r e s s  ( C C )  i n  t h e  o u t e r  l a y e r  
i s  g i v e n  by 

w h e r e  d l  i s  t h e  t h i c k n e s s  i n  t h e  o u t e r  l a y e r ,  d 2  i s  t h e  
t h i c k n e s s  o f  t h e  i n n e r  l a y e r .  d i s  t h e  t o t a l  t h i c k n e s s  
o f  z h e  b a r ,  ,421 i s  t h e  s t r a i n  i n  t h e  outer l a y e r ,  E 2  i s  
t h e  s t r a i n  i n  t h e  i n n e r  l a y e r ,  a n d A C o  i s  ( ;he  c h a n g e  i n  
s t r a i n  b e t w e e n  t h e  i n n e r  a n d  o u t e r  l a y e r s [ l l .  T a b l e  3 
s h o w s  t h a t  t h e  t r a n s f o r m a t i o n - i n d u c e d  r e s i d u a l  c o m p r e s s i v e  
s t r e s ses  d e c r e a s e  a s  t h e  t h i c k n e s s  of  t h e  o u t e r  l a y e r  i n -  
c r e a s e s .  

T h e  m o n o l i t h i c  a n d  t h r e e  l a y e r  b a r s  were s t r a i n  gngcd 
a n d  g r o u n d C 1 1  t o  d e t e r m i n e  t h e  m a g n i t u d e  of  r e s i d u a l  s u r f a c e  
c o m p r e s s i v e  s t r e s ses .  F i g u r e  5 s h o w s  t h a t  r e s i d u a l  s t r e s s e s  
d e c r e a s e  w i t h  i n c r e a s i n g  o u t e r  l a y e r  t h i c k n e s s .  f o r  t h r e e  
l a y e r  b a r s  w i t h  c o n s t a n t  t o t a l  t h i c k n e s s .  S t r a i n  g a g e  
d a t a  f o r  t h e  C and D b a r s  were e r r a t i c  d u e  t o  t h e  v a r i a t i o n  
i n  z h i c k n e s s  o f  t h e  o u t e r  l a y e r s .  C o m p r e s s i v e  r e s i d u a l  
s t r e s ses  were c a l c u l a t e d  t o  b e  3 2 4  MPa. 171 MPa, 1 1 0  M P a ,  
a n d  8 3  MPa f o r  t h r e e  l a y e r  b a r s  w i t h  n o m i n a l  t h i c k n e s s e s  
o f  250  ( c o d e  C ) .  508 ( c o d e  P I .  1 0 0 0  ( c o d e  E l ,  a n d  2 0 0 0  
( c o d e  F )  m i c r o n s ,  r e s p e c t i v e l y .  Bo th  m o n o l i t h i c  m a t e r i a l s  
( c o d e s  A a n d  B) s h o w e d  n o  m e a s u r a b l e  r e s i d u a l  s t r e s s e s ,  
a s  e x p e c t e d .  T h e  r e s i d u a l  s t r e s s e s  m e a s u r e d  u s i n g  t h e  
s t r a i n  g a g e  t e c h n i q u e [ l l  were w i t h i n  5 0 %  o f  t h e  c a l c u l a t e d  
v a l u e s  f o r  t r a n s f o r m a t i o n - i n d u c e d  s t r e s ses  ( s e e  T a b l e  3 ) .  

T h e  c o e f f i c i e n t s  o f  t h e r m a l  e x p a n s i o n  o f  t h e  i n n e r  
a n d  o u t e r  l a y e r  m o n o l i t  i c  m a t e r i a l s  be  ween 25 a n d  1000°C 
were m e a s u r e d  a s  8 .4x10-2/0C a n d  7 . 8 ~ 1 0 - ~ / O C ,  r e s p e c t i v e l y .  
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T a b l e  3 
C a l c u l a t e d  C o m p r e s s i v e  S t r e s s e s  a n d  P r e d i c t e d  S t r e n g t h s  

a .  

b .  

d .  
C .  

e, 

f .  

B -  

h .  

O u t e r  l a y e r  t h i c k n e s s .  T o t a l  t h i c k n e s s  of a l l  b a r s  
i s  6mm. 
T r a n s f o r m a t i o n - i n d u c e d  s t r e s s e s  f r o m  E q u a t i o n  ( 1  1 .  
T e m p e r a t u r e - i n d u c e d  s t r e s ses  f r o m  E q u a t i o n  ( 2 ) .  
F a i l u r e  from t h e  s u r f a c e  a s s u m i n g  a n  o u t e r  l a y e r  s t r e n g t h  

F a i l u r e  f r o m  the t e n s i l e  r e g i o n  i m m e d i a t e l y  b e l o w  t h e  
i n t e r f a c e  u s i n g  E q u a t i o n  ( 3 )  a n d  a n  i n n e r  l a y e r  s t r e n g t h  
o f  506  MPa. 
A s s u m i n g  t r a n s f o r m a t i o n - i n d u c e d  s t resses  a r e  t h e  o n l y  
s t r e s ses  p r e s e n t ,  
A s s u m i n g  t e m p c r a t u r e - i n d u c e d  s t r e s s e s  a r e  t h e  o n l y  
s t r e s s e s  p r e s e n t .  
A s s u m i n g  b o t h  t r a n s f o r m a t i o n  a n d  t e m p e r a t u r e  s t r e s s e s  
a r e  p r e s e n t .  

o f  538 M P ~  ( s e e  'Fab iz  2). 

T h e  lower t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  o f  t h e  o u t e r  r n a t e r i a l  
w o u l  d 1. e a d  t o  t, ern p e  r a t u r e-  i n d 1.1 c e d  r e s i d u a 1 c om p r e s s i v e 
s t r e s s e s  i n  t h e  o u t e r  l a y e r  g i v e n  by 

w h e r e  tX1 a n d  o(2 a r e  t h e  c o e f f i c i e n t s  o f  therma ' l  e x p a n s i o n  
o f  t h e  o u t e r  a n d  i n n e r  l a y e r s .  r e s p e c t i v e l y .  a n d A T  i s  
t h e  t e m p e r a t u r e  d i f f e r e n c e  o v e r  w h i c h  t h e  s t r e s s e s  e x i s t .  
A s s u m i n g  a t e m p e r a t u r e  g r a d i e n t  o f  1000°C, the  c a l c u l a t e d  
t e m p e r a t u r e - i n d u c e d  r e s i d u a l  s t r e s s e s  a r e  g i v e n  i n  T a b l e  
3. A s  i n  t h e  c a s e  of s u r f a c e  f a i l u r e  i n  t r a n s f o r m a t i o n - i n d u c e d  
s t r e s s e s ,  t h e  r e s i d u a l .  c o m p r e s s i v e  s L r e s s e s  d e c r e a s e  a s  
t h e  o u t e r  J a y e r  t h i c k n e s s  i n c r e a s e s .  

A s  r e p o r t e d  p r e v i o u s l y [ l  I ,  i f  f a i l u r e  o c c u r s  f rom 
w i t h i n  t h e  r e g j o n  o f  c o m p r e s s i v e  t e n s i l e  s t r e s s e s  ( i . e . ,  
j u s t  b c l o l s  t h e  i n t e r f a c e  o f  t h e  o u L e r  a n d  i n n e r  l a y e r s ) ,  
t h e  p r e d i c t e d  f a i l u r e  s t r e s s  i s  g i v e n  a s  

rf = (bfo - C t ) d / d z  ( 3 )  
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DEPTH OF SURFACE GRINDING, 6 (p’d 

F i g u r e  5 .  S t r a i n  D e t e r m i n a t i o n  i n  t h e  O u t e r  L a y e r  o f  Al2O3- 
1 0 Z r 0 2  b a r s  ( s o l i d  c i r c l e s - i n n e r  l a y e r  m o n o l i t h i c  
( c o d e  A ) .  o p e n  c i r c l e s - o u t e r  l a y e r  m o n o l i t h i c  
( code  B), t r i a n g l e s - c o d e  C ,  squares-code  D, 
d i a m o n d s - c o d e  E ,  a n d  i n v e r t e d  t r i a n g l e s - c o d e  
F ) .  

w h e r e  rfo i s  t h e  f a i l u r e  s t r e s s  o f  t h e  i n n e r  m a t e r i a l .  
A s  shown i n  T a b l e  3 t h i s  s t r e n g t h  i n c r e a s e s  w i t h  i n c r e a s i n g  
o u t e r  l a y e r  t h i c k n e s s ,  s i m i l a r  t o  t h e  t r e n d  o b s e r v e d  i n  
T a b l e  2 .  S i n c e  f a i l u r e  i n  v e r y  few s p e c i m e n s  i n i t i a t e d  
f r o m  w i t h i n  t h e  t e n s i l e  r e g i o n ,  i t  i s  o b v i o u s  t h a t  e i t h e r  
t h e  s t r e s s  d i s t r i b u t i o n  i s  more c o m p l i c a t e d  t h a t  a s s u m e d ,  
o r  g r i n d i n g  f l a w s  c o n t r o l l e d  f a i l u r e .  S i n c e  g r i n d i n g  w a s  
i d e n t i c a l  i n  b o t h  m o n o l i t h i c  a n d  l a y e r e d  b a r s  i t  a p p e a r s  
t h a t  t h e  1 5 0 - 1 8 0  MPa i n c r e a s e  i n  s t r e n g t h  i s  d u e  to t h e  
t r a n s f o r m a t i o n -  i n d u c  e d s t r e s s e s  . If t h e  t e m p e r  a t  u r e s t r e s se s 
were s i g n i f i c a n t ,  a s  c a l c u l a t e d  i n  T a b l e  3 ,  t h e  s t r e n g t h  
would  n o t  be h i g h  f o r  Code F b a r s .  It i s  t h e r e f o r e  a n t i c i p a t e d  
t h a t  t h e  s t r e n g t h  i n c r e a s e  d u e  t o  t h e  c o m p r e s s i v e  s t r e s s e s  
w i l l  b e  r e t a i n e d  t o  t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e .  H i g h  
t e m p e r a t u r e  m e a s u r e m e n t s  w i l l  be  made on b a r s  h a v i n g  l a y e r s  
o f  e q u a l  t h i c k n e s s .  

F r a c t u r e  t o u g h n e s s  f o r  t h e  m o n o l i t h i c  i n n e r  l a y e r  
m a t e r i a l  ( A 1 2 O 3 - 1 0  V O ~ .  % Z r O z ( 2 . 6  m o l e  Y2O3))  was measured  
u s i n g  i n d e n t a t i o n [ 3 . 4 ] -  m u l t i p l e - f l a w  i n d e n t a t i o n L 5 1 ,  d o u b l e  
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c a n t i l e v e r  beam ( D C B )  a n d  s h o r t - r o d C 6 1  t e c h n i q u e s .  T h e  
a g r e e m e n t  w a s  g o o d  b e t w e e n  t h e  d i f f z r e n t  t e c h n i q u e s  w i t h  
v a l u e s  o f  3 . 8 9  I 0.45[31, 3.76 4. 0 .46C41,  4 . 0 6 [ 5 1 ,  4.58(DCB), 
a n d  4.00 0 . 3 6 ( s h o r t - r o d )  MPa-ml /* .  F r a c t u r e  t o u g h o e s s  
f o r  t h e  m o n o l i t h i c  o u t e r  l a y e r  m a t e r i a l  w a s  m e a s u r e d  b y  
a l l  of  t h e  a b o v e  t e c h n i q u e s ,  e x c e p t  t h e  s h o r t - r o d  m e t h o d ,  
w i t h  r e s u l t i n g  v a l u e s  o f  4.44 i 0.34[31 4.40 + 0 . 3 2 [ Q I ,  
4.82[51, a n d  4.09 r?l 0.09(DCB) MPa-m1/2 .  S i n c e  f r a c t u r e  
t o u g h n e s s ,  K I ~ ,  i s  a m a t e r i a l  p r o p e r t y ,  i t  i s  i n d e p e n d e n t  
o f  r e s i d u a l  . s t r e s s e . s .  T h e  a p p a r e n t  t o u g h n e s s ,  K I ~ P  a s  
i n e a s u r e d  by  i n d e n t a t i o n  o r  b y  a t e c h n i q u e  i n  w h i c h  t h e  
f l a w  size i s  much l e s s  t h a n  t h e  r e s i d u a l  z o n e  s i z e ,  h o w e v e r ,  
i n c r e a s e s  w i t h  i n c r e a s i n g  c o m p r e s s i v e  r e s i d u a l  s t r e s s e s  
a s  

a 

(4) 

K . ~  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  d u e  t o  r e s i d u a l  
s ' i r e s s e s b l  . The a p p a r e n t  t o u g h n e s s  will t h e r e f o r e  i n c r e a s e  
w i t h  i n c r e a s i n g  c r a c k  l c n g t h [ 9 , 1 0 ]  f o r  sur face  c r a c k s  c o n t a i n e d  
\ d e l l  w i t h i n  t h e  o u t e r  l a y e r  r e g i o n  a n d  i s  g i v e n  by 

w h e r e  c i s  t h e  c r a c k  r a d i u s .  T h e  d a t a  i n  T a b l e  2 a r e  f o r  
c r a c k s  a p p r o x i m a t e l y  1 5 0  m i c r o m e t e r s  i n  l e n g t h  ( c  = 7 5  
m i c r o n s ) .  The a p p a r e n t  t o u g h n e s s .  a s  m e a s u r e d  by t h e  m u l t i p l e  
f l a w  t e c h n i q u e I 5 1 ,  i n c r e a s e s  s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  
r e s i d u a l  s t r e s s e s  ( s e e  F i g u r e  6). i n  a g r e e m e n t  w i t h  t h e  
W C - C o  s y s t e m  p r e v i o u s l y  s t u d i e d [ - / ] .  T h e  d i f f i c u l t y  i n  
p o l i s h i n g  t h e  l a r g e  b a r s  p r e v e n t e d  t h e  a c q u i s i t i o n  o f  m o r e  
d a t a  v i a  t h e  m u l t i p l e  i n d e n t  t e c h n i q u e .  No d a t a  were o b t a i n e d  
f o r  c o d e  C b a r s  s i n c e  t h e  i n n e r  l a y e r  w a s  e x p o s e d  a f t e r  
r e m o v i n g  o n l y  50 m i c r o n s  d u r i n g  g r i n d i n g  a n d  p o l i s h i n g .  
S i n c e  a p p a r e n t  t o u g h n e s s  c h a n g e s  w i t h  c r a c k  l e n g t h  a n d  
t h e  m a g n i t u d e  o f  r e s i d u a l  s t r e s s e s  p r e s e n t ,  o n e  s h o u l d  
b e  c a r e f u l .  t o  d i s t i n g u i s h  i t  f r o m  t h e  m a t e r i a l  p r o p e r t y .  
H o w e v e r ,  h i g h e r  a p p a r e n t  t o u g h n e s s  s h o u l d  l e a d  t o  improvement 
i n  h e a t  e n g i n e s  c o m p o n e n t s  e x p o s e d  t o  c o n t a c t  l o a d i n g  o r  
'cherrnal  s h o c k .  

M o n o l i t h i c  a n d  t h r e e  l a y e r  AlzO3-10 v o l  % Zi-02 spec i roens  
w e r e  p r e s s e d ,  s i n t e r e d .  a n d  H I P p e d  a s  b e f o r e 1 2 1  f o r  u s e  
i n  h i g h  t e m p e r a t u r e  t e s t i n g .  S p e c i m e n s  a p p r o x i m a t e l y  3 
mm x 4 mm x 50 [rim w i l l  b e  t e s t e d  a t  e l e v a t e d  t e m p e r a t u r e s  
w i t h  a l l  t h r e e  l a y e r s  o f  t h e  " s a n d w i c h "  b e i n g  o f  e q u a l  
t h i c k n e s s .  T h i s  g e o m e t r y  w a s  c h o s e n  b a s e d  o n  t h e  g o o d  
r o o m  c e m p e r a t u r e  s t r e n g t h  o f  t h e  c o d e  F s p e c i m e n s  ( s e e  
T a b l e  2 ) .  E l e v a t e d  t e m p e r a t u r e  4 - p o i n t  b e n d  t e s t i n g  a t  
5 0 Q ° C ,  7 5 O o C ,  a n d  1000°C w i l l  b e g i n  i n  A p r i l .  
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F i g u r e  6 .  A p p a r e n t  T o u g h n e s s  I n c r e a s e s  With  I n c r e a s i n g  
R e s i d u a l  C o m p r e s s i v e  S t r e - -  s.,es. 

-- S t a t u s  of Mileshmes  

T h e  f o l l o w i n g  m i l e s t o n e  w a s  s c h e d u l e d  f o r  c o m p l e t i o n  
i n  t h i s  r e p o r t i n g  p e r i o d .  

M i l e s t o n e :  C o m p l e t e  t h e  room t e m p e r a t u r e  c h a r a c t e r i z a t i o n  
( i . e . ,  p h a s e  d e t e r m i n a t i o n .  t h e r m a l  e x p a n s i o i i  c o e f f i c i e n t  
d e t e r m i n a t i o n ,  r o o m  t e m p e r a t u r e  s t r e n g t h  a n d  t o u g h n e s s  
t e s t i n g .  a n d  e v a l u a t i o n  o f  p o r o s i t y )  o f  m o n o l i t h i c  a n d  
l a y e r e d  Al203-IOZrO2. 

T h e  m i l e s t o n e  was c o m p l e t e d  w i t h  r e s u l t s  a s  summar ized  
a b o v e .  A l l  o t h e r  m i l e s t o n e s  a r e  on s c h e d u l e .  
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m e c t i o n  Molded Composites 
M. A .  Janney (Oak Ridge 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 g o a l s  o f  t h i s  a c t i v i t y  a r e  t w o f o l d :  (1) t o  e v a l u a t e  t h e  a b i l i t y  
o f  advanced ceramic-ceramic  carnposi tes t o  be i n j e c t i o n  molded and p r o -  
cessed u s i n g  s t a n d a r d  wax- and/or polymer-based b i n d e r  systems; and ( 2 )  t o  
deve lop  advanced complex-shape fo rming  t e c h n o l o g i e s  t h a t  w i l l  e l i m i n a t e  
some o f  t h e  prob lems a s s o c i a t e d  w i t h  wax- and polymer-based b i n d e r  systems 
such as  l o n g  b i n d e r  removal t i m e s ,  c r a c k i n g ,  and l o w  green s t r e n g t h .  

T e c h n i c a l  p r o q r e s s  

Work t h i s  p e r i o d  focused on two ma jo r  e f f o r t s :  (1) r h e o l o g y  o f  S i c  
wh iske r -a lum ina  s l u r r i e s ,  and ( 2 )  e s t a b l i s h i n g  t h e  Ceramic Technology 
Powder C h a r a c t e r i z a t i o n  L a b o r a t o r y .  

S1 u r ry  s t u d i e s  

W h i s k e r - r e i n f o r c e d  ceramic  compos i tes  show g r e a t l y  improved f r a c t u r e  
toughness and the rma l  shock r e s i s t a n c e ,  so t h e y  a r e  e x c e l l e n t  c a n d i d a t e  
m a t e r i a l s  f o r  use i n  advanced h e a t  eng ines .  Among t h e  b i g g e s t  unknowns 
w i t h  r e s p e c t  t o  t h e s e  m a t e r i a l s  a r e  t h e  e f f e c t s  o f  t h e  presence o f  
w h i s k e r s  on t h e  p r o c e s s i n g  o f  t h e  m a t e r i a l s .  To h e l p  de te rm ine  t h o s e  
e f f e c t s ,  an i n v e s t i g a t i o n  i n t o  t h e  r h e o l o g y  o f  water-based s l u r r i e s  o f  
a lumina-Sic w h i s k e r  s l u r r i e s  was conducted .  S p e c i f i c a l l y ,  we were 
i n t e r e s t e d  i n  t h e  e f f e c t s  t h e  w h i s k e r s  m i g h t  have on b o t h  f u l l y  d i s p e r s e d  
and f u l l y  f l o c c u l a t e d  s l u r r i e s  i n c l u d i n g  t h e  e f f e c t s  o f  w h i s k e r  c o n t e n t  
and t o t a l  volume p e r c e n t  s o l i d s .  

d i s p e r s e d  s l u r r i e s  c o u l d  be ach ieve2  by u s i n g  s t a n d a r d  p rocedures  and 
s t a n d a r d  a d d i t i v e s  ( e . g . ,  Darvan 7, 
However, i t  was f u r t h e r  observed t h a t  d i f f e r e n t i a l  s e t t l i n g  o f  t h e  S i c  and 
Al,Q, occu r red ;  t h i s  c o u l d  be p r e v e n t e d  by f l o c c u l a t i n g  t h e  system 
( a c h i e v e d  by a d j u s t i n g  t h e  ptl t o  -6 ) .  

P r e v i o u s  work  on t h e  A1203-SiC w h i s k e r  system showed t h a t  reasonab ly  

c i t r i c  a c i d ,  and Carbowax?). 

~ M a t e r i a l s  ______ and ...._ methods. __ The f o l l o w i n g  m a t e r i a l s  and p rocedures  were 
used i n  t h i s  i n v e s t i g a t i o n .  
a lum ina  w i t h  azzrage p a r t i c l e  s i z e  abou t  0 .5  pm. The S i c  w h i s k e r s  were 
Tateho SCW-1s; 
l o n g .  The w h i s k e r s  were c leaned  i n  c o n c e n t r a t e d  HC1, t h e n  washed w i t h  
d e i o n i z e d  w a t e r  u n t i l  t h e  pti o f  t h e  wash s o l u t i o n  was abou t  7 .  T h i s  p r o -  
cedure  removed most o f  t h e  i r o n  and n i c k e l  c o n t a m i n a t i o n  i n  t h e  w h i s k e r s  
(Fe -300 ppm, N i  -200 pprn, as  r e c e i v e d ;  Fe a b o u t  -20 ppm, N i  -30 ppm, 
a f t e r  wash ing) .  

The a lum ina  was A lcoa  A16SG,z  a c a l c i n e d  a- 

t h e y  were 0.25 t o  0.50 p m  i n  d i a m e t e r  and 10 t o  20 prn 

* RT V a n d e r b i l t  Corp. ,  Norwa lk ,  Conn. 
?Union Carb ide  Corp., Danbury, Conn. 
zA lcoa ,  I n c . ,  P i t t s b u r g h ,  Pa. 
** Tateho Chemical Co., L t d . ,  Japan. 
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Darvan 7 and c i t r i c  a c i d *  were used*as d i s p e r s a n t s ,  and 1N HC1" and 
10% tetramethylammonium h y d r o x i d e  (TMAH) 
Three d i f f e r e n t  s l u r r y  p r e p a r a t i o n  methods were used i n  t h i s  i n v e s t i g a -  
t7on ;  t h e y  a r e  summarized i n  T a b l e  1. Method 1 was t o  mix  t h e  w h i s k e r s  
and a lum ina  i n  w a t e r ,  add TMAH t o  a d j u s t  t o  a pW o f  11, t h e n  s o n i c a t e  w i t h  
a 300-W probe? f o r  a b o u t  3 rn-in t o  a c h i e v e  m i x i n g  and d i s p e r s i o n .  
2 was t o  mix  t h e  a lum ina  and w h i s k e r s  i n  a s o l u t i o n  o f  0.125% Darvan 7 and 
0.06% c i t r i c  a c i d  (based an  t h e  w e i g h t  o f  S i c  and a lumina) .  
t h e s e  s l u r r i e s  was t y p i c a l l y  10.2 k 0.1. The s l u r r i e s  were t h e n  s o n i c a t e d  
f o r  about, 3 min  t o  m i x  and d i s p e r s e .  
w h i s k e r s  i n  w a t e r  (pt i  -9.5 t o  IO), s o n i c a t e  abou t  3 min  t o  
a d j u s t  t o  pH 6 w i t h  1N HC1 t o  cause f l o c c u l a t i o n .  The r h e o l o g i c a l  p r o p e r -  
t i e s  o f  t h e  s l u r r i e s  were measured w i t h  a Rheomet r ics  RFS 8400 f l u i d s  
s p e c t r o m e t e r * #  A p a r a l l e l  p l a t e  t e s t  geometry was used w i t h  a gap o f  
1.8 mm between p l a t e s .  T h i s  l a r g e  gap  was chosen t o  t r y  t o  assu re  t h a t  
con t inuum c o n d i t i o n s  were approx imated d u r i n g  t e s t i n g ,  even w i t h  t h e  p re -  
sence o f  t h e  l o n g  (20-pm) w h i s k e r s .  
d e t e r m i n e  " e q u i l i b r i u m  f l o w  cu rves "  for. t h e  s l u r r i e s  under  test. 
i n v o l v e d  s h e a r i n g  t h e  sample a t  c o n s t a n t  s t r a i n  r a t e  u n t i l  a c o n s t a n t  
s t r e s s  was reached,  and t h e n  measur ing  t h a t  s t r e s s .  T y p i c a l  t i m e s  t o  
r e a c h  a c o n s t a n t  s t r e s s  were: Method 1, SO sec; Method 2, 30 sec; Method 
3, 2 m in .  S t r a i n  r a t e s  f rom 0.5 t o  519 sec-' were used. 

were used f o r  pH ad jus tmen t .  

Method 

The pH of 

Method 3 was t o  m ix  t h e  a lum ina  and 

R h e o l o g i c a l  measurements were rnade t o  
T h i s  

........................................ R e s u l t s  and D i s c u s s i o n .  . . The t h r e e  methods o f  s l u r r y  p r e p a r a t i o n  
d e s c r i b e d  above produced t h r e e  v e r y  d i f f e r e n t  r h e o l o g i e s  i n  t h e  s l u r r i e s .  
Method 1 produced somewhat f l u i d  s l u r r i e s ;  Method 2 produced v e r y  f l u i d  
s l u r r i e s ;  and Method 3 produced v e r y  t h i c k  s l u r r i e s .  They are d i s c u s s e d  
i r r  t u r n  below. 

Method 1 - F i g u r e  1 shows t h e  f l o w  c u r v e s  f o r  s l u r r i e s  made by 
Method 1. The f l o w  b e h a v i o r  appears t o  be anomalous i n  t h a t  t h e  shear 
s t r e s s e s  decrease w i t h  i n c r e a s i n g  w h i s k e r  c o n t e n t .  One wou ld  t h i n k  t h a t  
the w h i s k e r s  wou ld  i n c r e a s e  the  shear s t r e s s e s  r e q u i r e d  f o r  f l o w .  There  
i s ,  however, a reasonab le  e x p l a n a t i o n .  A t  pH 11, A16SG should have a z e t a  
p o t e n t i a l  o f  abou t  -10 mV. ( A I S S G  has a p o i n t  o f  z e r o  z e t a  p o t e n t l a l  o f  
abou t  9 .5  t o  1 0 . )  A z e t a  p o t e n t i a l  o f  such sma l l  magn i tude wou ld  be 
expec ted  t o  p roduce a f l o c c u l a t e d ,  p s e u d o p l a s t i c  o r  p l a s t i c  s l u r r y ,  w 
i s  obse rved  t o  be t h e  case i n  F i g .  1. On t h e  o t h e r  hand, the S i c  
w h i s k e r s ,  w h i c h  a r e  expec ted  t o  have a s i l i c a  s u r f a c e ,  s h o u l d  have a 
l a r g e ,  n e g a t i v e  z e t a  p o t e n t i a l ,  say abou t  -60 mV, a t  pH 11 and s h o u l d  f o r m  
a s t a b l e ,  f l u i d  s l u r r y ;  t h i s  i s  observed q u a l i t a t i v e l y .  An a d d i t i o n a l  
f a c t o r  i s  t h e  s o l u b i l i t y  o f  s i l i c a ,  w h i c h  i s  l ow  a t  a c i d i c  and n e u t r a l  pM, 
b u t  w h i c h  i n c r e a s e s  r a p i d l y  above pH 10. Fu r the rmore ,  i t  i s  w e l l  
e s t a b l i s h e d  t h a t  s o l u b l e  s i l i c a  s p e c i f i c a l l y  adsorbs  on a lumina  under  
b a s i c  c o n d i t i o n s  t o  fo rm a s i l i c a  l a y e r  on t h e  a lum ina  s u r f a c e .  
t h e  f o l l o w i n g  s c e n a r i o  wou ld  e x p l a i n  t h e  decrease i n  shear s t r e s s  observed 
w i t h  i n c r e a s i n g  S i c  w h i s k e r  c o n t e n t :  a s  t h e  w h i s k e r s  a r e  added t o  t h e  a l u -  
mina s l u r r y ,  s i l i c a  f rom t h e  s u r f a c e  o f  t h e  w h i s k e r s  d i s s o l v e s  i n  t h e  

Hence, 

* F i s h e r  S c i e n t i f i c  C o . ,  P i t t s b u r g h ,  Pa. 

TModel 300, F i s h e r  S c i e n t i f i c  Co., P i t t s b u r g h ,  Pa. 

ZRheometr ics,  I n c . ,  P isca taway,  N.J. 
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T a b l e  1. Summary o f  s l u r r y  p r e p a r a t i o n  methods 

Method 
Number 

R h e o l o g i c a l  
c o n t r o l  A d d i t i v e (  s )  M i  x i  ng 

1 N a t u r a l  charge on TMAH" t o  pH 11 S o n i c a t i o n  
a f t e r  pH 
a d j u s t m e n t  

s o l i d  a t  pH 11 

2 Charge on p a r t i c l e  Darvan 7, S o n i c a t i o n  
s u r f a c e  due t o  c i t r i c  a c i d  
absorbed 
d i s p e r s a n t s  

3 F l o c c u l a t i o n  a t  pH 6 1N tic1 to pH 6 S o n i c a t i o n  
p r i o r  t o  
pH ad jus tmen t ;  
s p a t u l a  a t  pH 6 

"Tetramethylammonium h y d r o x i d e .  

ORNL-DWG 86-1903 
200 

+ -  0 %  
3+ - 10 % 
x - 2 0 %  

v ) -  
v) a 0  E 1601  

0' I I I I 

0 5 10 15 2 0  25 

S t r a i n  rate ( l / s e c >  

F i g .  1. Adding S i c  w h i s k e r s  t o  a lum ina  s l u r r i e s  a t  pH 11 lowered  t h e  
v i  s c o s i  t y  o f  t h e  sl u r r i e s .  
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pH-11 water ,  then adsorbs on t h e  s u r f a c e  o f  the  alumina; t h i s  changes the 
ze t a -po ten t i a l  o f  the  alumina p a r t l c l e s  from about -10 mV t o  ahout -60 mV, 
which, i n  t u r n ,  lowers the v i s c o s i t y  o f  the s l u r r y  o f  alumina and S i c  
whlskers with r e spec t  t o  t h a t  o f  pure alumina. 

Method 2 Method 2 produced very f l u f d  s l u r r i e s  a s  shown i n  
F i g s .  2 t h r o u g h  5.  A t  25 v o l  X s o l i d s ,  F i g s .  2 and 3 ,  t he  s l u r r i e s  had 
v i s c o s i t i e s  below 2 p o i s e ,  even with 30% S i c  whiskevs. The s l u r r i e s  
became pseudoplas t ic  with a s  l i t t l e  a s  §% w h i s k e r s ;  both the  p l a s t i c  
v i s c o s i t y  ( s l o p e  o f  t he  .I-? curve at-, h i g h  T)  and t he  apparent  y i e l d  p o i n t  
( T ~ )  increased with increas ing  whisker conten t .  

even with no whiskers added, a small y i e l d  poin t  w s  ohserved (-5 
dyne/cm2). Second, t he  r e l a t i v e  changes i n  shear s t ress  were smaller  a t  
40 vo? 74 bol idr ;  than at, 2 5  vol 9; solids. For example, a t  a s t r a i n  r a t e  of  
50 sec- ' ,  adding 30% S j @  w h i s k e r s  increased the shear s t ress  from about 3 
t o  t o  a b u t  18 dyne/cm? for' the 25 vol  % s o l i d s  s l u r r y  ( 6 x  i n c r e a s e ) ;  f o r  
t h e  40 vol % solids s l u r r y ,  t he  sane a d d i t i o n  i n c r e a s d  the shcar s t ress  
ft-w about  40 t o  about, 88, only a 2x  i nc rease -  Why t h e  w h l s k e r s  should 
have a g r e a t e r  r -e ld t ivs  e f f e c t  a t  25 v o l  7; s o l i d s  t h a n  at. 40 yo1 % s o l i d s  
i s  n o t  imnediately c l e a r .  I t  inay be that. i t  i s  t h e  abso lu te  increase  i n  
shear  s t r e s s  t h a t  i s  important and iTst t h e  r e l a t i v e  e f f e c t s ,  o r  i t  may be 
t h a t  "crowd<ng" e f f e c t s  e x i s t  a t  40 vol % so l i 'ds  t h a t  do n o t  exist .  a t  25 
vol % sol i 'ds .  Evidence f o r  "crwd-ingiR e f f e c t s  i s  shown in  F i g .  4 ,  which 
shows a l a rge  increase  in shear  s t r e s s  between 30 and 40% whiskers.  T h i s  
i s  t o  be cornpar@d w i t h  the  ve ry  modest i nc reases  i n  shear s t r e s s  between 
0 ,  20, and 30% whiskers (40% t o t a l  s o l i d s )  shown in F i g  5.  

h iqh ly  f loccu la t ed .  Adding whiskers  had a much more marked e f f e c t  on 
t h e s e  f loccu la t ed  s l u r r i e s  than on t h e  disper-sed s l u r r i e s  d i scussed  above. 
I n  &he f loccu la t ed  s l u r r i e s ,  wh iske r  e f f e c t s  were observed a t  whisker 
l o a d i n g s  a s  low a s  2% ( F i g .  6 ) .  The whiskers appear  t o  have two  e f f e c t s :  
f i r s t ,  they decrease t h e  shear  s t r e s s  a t  low s t r a i n  r a t e ;  then ,  they 
incrco.se t he  shear  s t r e s s  a t  high s t r a i n  r a t e ,  Such behavior i s  a t  f i r s t  
m o s t  confus ing ,  By visua l  inspec t ion  i n  t he  beakers ,  t h e  s l u r r i e s  w i t h  
wh:skers appear  t o  be more viscous than those without  whiskers.  Why then 
t h i s  s t range  behavior? We be l i eve  t h e  cause i s  s l i p  a t  t h e  wall o f  the 
rheometer. An  unusual f l o w  was observed  i n  t h i s  mater ia l  when i t  was 
bea'nq t e s t e d .  A t  low s t r a i n  ra tes ,  t h e  mater ia l  simply r o t a t e d  as a d i s k  
in  t h e  gap between t h e  p a r a l l e l  p l a t e s ;  a l l  the shear  occurred a t  the 
i n t e r f a c e  between the t o p  p l a t e  and the t e s t  sample. 
r a t e s ,  shear  occurred both i n  t he  i n t e r f a c i a l  l aye r  and i n  the  bulk o f  the  
m a t e r i a l .  
determined.)  Some s o r t  of "phase separa t ion"  i s  thought t o  be respons ib le  
f o r  t h i s  s l i p  phenomenon. 
can be quan t i f i ed  by t e s t i n g  t h e  mater ia l  with g r e a t e r  and l e s s e r  gap  
heights between the  p a r a l l e l  p l a t e s .  These and a t h e r  analyses  a re  i n  
progress and will be repor ted  in  t h e  next semiannual r e p o r t .  

A t  40 vol % s o l i d s ,  rcaewhat d i f f e r e n t  hehavior  was observed. F i r s t ,  

Method 3 - A t  pH 6 ,  t he  s l u r r i e s  w i t h  and without  whiskers were 

A t  h i g h  s t r a i n  

(The po in t  of t r a n s i t i o n  out  o f  p l u g  flow has n o t  y e t  been 

The p a r t i c u l a r  na ture  o f  such s l i p  phenomena 

Summary. F l i ~ i d  s l u r r i e s  were achieved v ia  s tandard  a d d i t i v e s  and 
s t a n d d r d  ceramic process ing .  The impl ica t ions  o f  work completed so f a r  
a r e  t h a t  whisker-containing s l u r r i e s  process in  a manner analogous t o  
p l a in  alumina s l u r r i e s  a t  up t o  40 vol % s o l i d s  and u p  t o  40% whiskers .  
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25  v o l  % SOLIDS 
(fully dispersed) 

ORNL-DWG 86-1904 

20 4 5 %  

15 10 % 

10 

5 

0 
8 18 20 30 4a 50 6 0  

S t r a i n  r a t e  (l/sec) 

F i g .  2.  Add ing  S i c  w h i s k e r s  t o  f u l l y  d i s p e r s e d ,  25 v o l  % s lurr ie s  
i n c r e a s e d  t h e i r  v i s c o s i t i e s  and induced  p s e u d o p l a s t i c i t y .  

2 5  V O ~  % S O L - i D S  
(fully d i s p e r s e d )  

QRNL-DWG 86-1905 
2 . 0  n 

(I) 
VI 
.r. 

c3 1.5  
n 

...A 

x 1.0 
+' 
VI 

u 
VI 

. 7- 

0 .5  

> 0.0 
..-- 

I - -  0 %  
x - 18 % 
n - 3 0 %  

- 
0 10 2 0  30 4 0  5El 6 0  

S t r a i n  r a t e  ( l / s e c )  

F i g .  3 .  Adding  30% S i c  whiskers t o  a 25 v o l  % alumina s l u r r y  raised 
i t s  v i s c o s i t y  o n l y  s l i g h t l y .  
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4 0  vol % SOLIDS 
(fully d i s p e r s e d ]  

ORN L-DWG 86-1906 
30Q r ..... 

M -  2 5 5  
M E  

Fig.. 4 .  Shear s t r e s s  i n c r e a s e d  r a p i d l y  b e t w w n  30% and 407; S i c  
?sd h i s k e r add i f-, i 0 n s . 

4 0  vcll % SQLIBS 
(fully d i s p e r s e d )  

2 0  

I I I I I I 
E3 113 2 0  30 4Q 50 68 

S t r a i n  r a t e  (l/see) 

F i g .  5 .  
whisker- a d d l t i o n s .  

Shear s t ress  increased slowly between 8% and 30% S i c  
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2 5  v o l  % SOLIDS @ p H  6 

OR N L-DWG 86-1 908 
1000 

0 
0 S 10 15 2 0  

S t r a i n  r a t e  (l/sec) 
Flow c u r v e s  f o r  2% and 3% S i c  w h i s k e r  s l u r r i e s  i n d i c a t e  F i g .  6. 

s l i p  a t  t h e  w a l l .  

F l o c c u l a t e d  s l u r r i e s  e x h i b i t e d  b e h a v i o r  c o n s i s t e n t  w i t h  "wall s l i p "  
o r  "phase s e p a r a t i o n "  a t  w h i s k e r  c o n t e n t s  as  l ow  a s  2%. 

A t  pH 11, i n  t h e  absence o f  o t h e r  a d d i t i v e s ,  t h e  v i s c o s i t y  o f  
S iC-wh iske r -con ta in ing  s l u r r i e s  was l o w e r  t h a n  t h a t  o f  t h e  p l a i n  a lum ina  
s l u r r y .  D i s s o l u t i o n  o f  s i l i c a  and i t s  subsequent a d s o r p t i o n  on t h e  a?u-  
mina, wh ich  i n c r e a s e d  i t s  n e g a t i v e  charge,  i s  p o s t u l a t e d  t o  e x p l a i n  t h i s  
phenomenon. 

Powder c h a r a c t e r i z a t i o n  l a b o r a t o r y  

A f u l l  d e s c r i p t i o n  o f  t h e  i n s t r u m e n t s  i n c l u d e d  i n  t h e  l a b o r a t o r y  was 
g i v e n  i n  t h e  p r e v i o u s  semiannual r e p o r t .  S ince  then ,  t h e  O i g i l a b  FTS40 
F o u r i e r  T rans fo rm I n f r a r e d  Spect rometer  was r e c e i v e d  and i s  o p e r a t i o n a l ,  
the l a r g e  p a r t i c l e  s i z e  m o d i f i c a t i o n  t o  t h e  Leeds and N o r t h r u p  M j c r o t r a c  
p a r t i c l e  s i z e  a n a l y z e r  was r e c e i v e d  and i s  o p e r a t i o n a l ,  and s p e c i f i c a t i o n s  
were w r i t t e n  f o r  t h e  s o i l  mechanlcs t r i a x i a l  t e s t  u n i t .  I n  a d d i t i o n ,  
m o d i f i c a t i o n s  t o  OUT e x i s t i n g  d i l a t o m e t e r  have been o r d e r e d  w l t h  f unds  
f r o m  o t h e r  programs t o  p e r m i t  comple te  a n a l y s i s  o f  s i n t e r e d  dens i ty  and 
r a t e  o f  d e n s i f i c a t i o n  as f u n c t i o n s  o f  t i m e  and tempera tu re  (up t o  21OO"C, 
i n  r e d u c i n g  o r  n e u t r a l  atmospheres), i n c l u d i n g  d e t e r m i n a t i o n  o f  optimum 
r a t e - c o n t r o l l e d  s i n t e r i n g  pa ths .  

S t a t u s  o f  m i l e s t o n e s  

No a c t i v i t y .  

P u b l i c a t i o n s  

None. 
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1.2.4 S i l i c a t e  M a t r i x  

Mullite-SIC Whisker Composites 
Solomon Musikant  (General E l e c t r i c  Co., Space Systems D i v i s i o n )  

Object ive/Scope 

The o b j e c t i v e  o f  t h i s  program i s  t o  develop h i g h  toughness, 
h i g h  s t rength ,  r e f r a c t o r y  ceramic m a t r i x  composites which a r e  
amenable t o  low cos t ,  near  n e t  shape fo rming  f o r  a p p l i c a t i o n  t o  
automot ive engines. 

I n  t h i s  program, t h e  General E l e c t r i c  Company, Space Systems 
D i v i s i o n ,  i s  pursu ing  t h e  development o f  S i c  whisker  r e i n f o r c e d  
m u l l i t e  ( 3  A1203 2 Si02)  m a t r i x  ceramic composite. I n  a d d i t i o n ,  
t h e  enhancement o f  t h e  m u l l i t e  m a t r i x  f r a c t u r e  toughness b y  t h e  
i n c o r p o r a t i o n  o f  t r a n s f o r m a t i o n  toughening by a d d i t i o n s  o f  Zr0.5 
Hf0.502 i s  proposed. T h i s  m u l l i t e  m a t r i x  composite can meet a 
v e r y  s i g n i f i c a n t  need i n  t h e  ceramic heat  engine technology. That 
s p e c i f i c  need i s  f o r  a low thermal c o n d u c t i v i t y ,  h i g h  s t rength ,  
tough, hard  and wear r e s i s t a n t  ceramic w i t h  i n t r i n s i c a l l y  good 
thermal shock r e s i s t a n c e .  The i n t r i n s i c a l l y  good thermal shock 
r e s i s t a n c e  i s  due t o  m u l l i t e ' s  moderate ly  low modulus o f  e l a s t i c i t y ,  
30 X 106 p s i  (207 GPa), and r e l a t i v e l y  low c o e f f i c i e n t  o f  thermal 
expansion (CTE), 5 X 10"6/"C, as w e l l  as good l e v e l s  o f  s t r e n g t h .  
The thermal c o n d u c t i v i t y  i s  low, be ing  approx imate ly  equal t o  t h a t  
o f  Zr02. Since t h e  c o e f f i c i e n t  o f  thermal expansion (CTE) i s  about 
h a l f  t h a t  o f  o f  Zr02, m u l l i t e  exper iences f a r  lower  thermal s t resses  
than Zr02 when exposed t o  t h e  same thermal g r a d i e n t .  

S i m i l a r l y ,  i n  comparison t o  alumina, m u l l i t e  i s  i n t r i n s i c a l l y  
s u p e r i o r  w i t h  r e s p e c t  t o  thermal shock because o f  m u l l i t e ' s  lower  
CTE and lower  modulus o f  e l a s t i c i t y .  Any m a t r i x  w i t h  a h i g h  CTE 
tends t o  have lower  r e s i s t a n c e  t o  thermal shock. 

The i n i t i a l  a im o f  t h e  i n v e s t i g a t i o n  i s  t o  prepare a composite 
w i t h  f r a c t u r e  toughness o f  > 4.0 MPa 

I n  o r d e r  t o  achieve t 5 i s  goal ,  we have i n i t i a t e d  i n v e s t i g a t i o n  
o f  m u l l i t e - S i C  whiskers composi t ions w i t h  v a r y i n g  parameters. 
The major  s teps i n  t h i s  i n v e s t i g a t i o n  a r e  as f o l l o w s :  

1. Prepare m u l l i t e / S i C  whisker  composi t ions u s i n g  f i n e  p a r t i c l e  
s i z e  m u l l i t e  powder. Whisker composi t ions may range between 
15 and 30 w t  %. Whiskers may be m i l l e d  f o r  s i z e  r e d u c t i o n  
b e f o r e  i n c o r p o r a t i n g  i n t o  a ba tch  composi t ion.  

2. I n v e s t i g a t e  s i n t e r i n g  a i d s  which w i l l  a s s i s t  i n  composite 
consol  i d a t i o n .  

3. I n v e s t i g a t e  t h e  a d d i t i o n  o f  a t r a n s f o r m a t i o n  toughening 
agent, Z r o  5Hf0 502, t o  m u l l i t e - S i C  composi t ions t o  enhance 
t h e  f r a c t u i e  to ighness  o f  t h e  m a t r i x  m a t e r i a l .  

4. C o n s o l i d a t i o n  methods i n c l u d e :  
( a )  
( b )  Hot i s o s t a t i c  p r e s s i n g  ( H I P ) .  
( c )  

m. 

Cold i s o s t a t i c  p r e s s i n g  and s i n t e r i n g .  

Cold i s o s t a t i c  p r e s s i n g  (CIP), s i n t e r i n g ,  and h o t  
i s o s t a t i c  p r e s s i n g  ( H I P ) .  
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5 .  Explore the application of coating materials t o  whiskers 
t o  control the bonding strength o f  whisker t o  matrix; 
incorporating diffusion bar r ie rs  a t  the whisker/matrix 
in te r face  t o  minimize chemical reactions between the matrix 
and  whisker. 

6 .  Characterize the composites f o r  mechanical, physical, 
chemical and thermal properties a t  room temperature and  
a t  elevated temperatures. 

Technical uroaress 

MATERIALS AND PROCEDURE 

The primary objective of the current program i s  t o  develop 
a dense (>95% theoret ical  densi ty)  mu1 1 i te-Si C composite, having 
high f rac ture  toughness and  h igh  f lexural strength a t  room as well 
as elevated temperatures, using net shape processing w i  t h o r i t  
resort ing t o  hot pressing. 

D u r i n g  this reporting period (1st ha l f  FY1986), o f  th i s  two-year 
program,  technical e f f o r t s  were focussed on preparing highly 
de ii s i f i e Ir mu 1 1 i t e - S i f: v s k e r  composites by hot isostat . ic  pressing 
(HIP'ing) of sintered composite b f l l e t s .  As reported in the prior 
senii-annual report ,  i t  was found t h a t  mullitelSiC whisker (70/30 
weight %) composites, prepared by cold i s o s t a t i c  pressing (CIP'ing) 
followed by s inter ing i n  a i r ,  yielded ayprox. 90-91% derise material 
with or  without a s in te r ing  a i d .  In general ,  a sintered compos-ite 
density needs t o  be impraved t o  > 95% ( w i t h  no open porosity) i n  
order for  containerless HIP'ing o f  these material t o  be success fu l .  
For a net shape process, such a containerless HIP'iny procedure 
i s  preferred.  However, i f  h i g h  enough densi ty  of material i s  not 
achieved a f t e r  s in te r ing ,  encapsulation or  canning of t h e  material 
in a refractory metal, such a s  Flo or l ib  or a g lass ,  such a s ,  Vycor 
o r  fused s i l i c a  i s  necessary for H I P ' i n g .  

In  our f i r s t  attempt a t  IIIP'ing we used an  88% dense rnullite/SiC 
whisker composite (70/30 wt 7;) s intered a t  1650°C/3 hrs. The sample 
was encapsulated in a molybdcnum (Mo . foi l ,  0.005" th ick)  capsule 
by electron beam ( E B )  weldfng and then HIP 'ed  a t  1500°C, 15 KST, 
1/2 hour. Figinre 1 shows the mo1ytrdenum capsule before and a f t e r  
HIP'ing. As seen, the capsule embrittled and fa i led  w i t h  110 
measurable increased densif icat ion of the specimen. 

Several mullite-SiC whisker composite samples were then HIP'ed 
a f t e r  each material was vacuum encapsulated i n  a Vycor or  s i l i c a  
glass  (sometimes referred t o  as fused q u a r t z  g lass )  tube. lhey 
are  described i n  Tab le  I a n d  photographs  o f  the composite pieces 
a s  encapsulated o r  canned inside Vycor fused q u a r t z  capsules 
a re  shown in Figure 2. As shown, some of the samples, p r i o r  t o  
glass  encapsulation, w e w  wrapped i n  a Saf f i l  ceramic f i b e r  paper 
( A I  2 O 3 - 5 ~ % S i O 2 ,  IC1 Chemical Corp.  ) while others  were surrounded 
by a mulli te powder which had been cold i s o s t a t i c a l l y  pressed in 
place. The objective o f  these wraps was to minimize s t resses  on 
t h e  capsule due t o  s h a r p  edges o f  the specimens. These g l a s s  en- 

- 
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capsulated samples were HIP 'ed a t  1650"C, 10 K S I ,  1/2 hour.  Only  
one specimen, w i t h  a composi t ion o f  m u l l i t e / S i C  whiskers/Nb205, 
70/30/10 we igh t  r a t i o  (#1 i n  Table I, # 1 V  i n  F i g u r e  2) ,  was 
e f f e c t i v e l y  d e n s i f i e d  t o  about 98% t h e o r e t i c a l  d e n s i t y  a f t e r  H I P ' i n g .  
It i s  b e l i e v e d  t h a t  H I P ' i n g  o f  o t h e r  specimens was unsuccessful  
because o f  t h e  f a i l u r e  o f  g l a s s  cans o r  capsules d u r i n g  heat  up. 

I n  t h e  n e x t  H I P  runs, twe lve  specimens o f  s i n t e r e d  m u l l i t e -  
S i c  wh isker  composites were h o t  i s o s t a t i c a l l y  pressed (HIP 'ed)  
a t  Gorham I n t e r n a t i o n a l  Inc. ,  Gorharn, Maine. Three H I P  procedures 
were fo l lowed.  Four o f  these composite specimens were vacuum 
encapsulated i n  n iob ium (Nb-1 w/o Z r )  cans by hel ium-arc we ld ing  
technique. Nb powder was used as a separa tor  between t h e  Nb can 
and t h e  ceramic b i l l e t  i n  these cans. Four o t h e r  samples were 
vacuum encapsulated i n  Vycor g l a s s  capsules and t h e  remain ing f o u r  
samples were HIP 'ed w h i l e  p laced i n s i d e  a s i l i c a  g l a s s  powder 
surrounded i n  a g r a p h i t e  c r u c i b l e .  I n  a l l  cases, H I P  c o n d i t i o n s  
were 16OO0C, 30 Ksi  argon, 0.5 hour.  Table 11, specimens Nos. 
2-13, shows t h e  composi t ions,  p rocess ing  methods and f i n a l  d e n s i t y  
o f  t h e  HIP 'ed  specimens. F igures  3 t o  5 show photographs o f  t h e  
specimens a f t e r  H I P ' i n g ,  The p i c t u r e s  show n iob ium meta l  cans 
c o n t a i n i n g  t h e  f i r s t  group o f  specimens, t h e  second group o f  f o u r  
composite specimens a l r e a d y  taken o u t  o f  t h e  Vycor g l a s s  cans and 
t h e  t h i r d  group o f  f o u r  s m a l l e r  specimens s t i l l  i n s i d e  s o l i d i f i e d  
s i l i c a  g l a s s  mel ts .  

A s  shown i n  Table 11, o n l y  one specimen (No. 6, 
mul l i te /SC9/Glass I = 70/30/20, p a r t s  by w t . )  o u t  o f  f o u r ,  
encapsulated i n  Vycor g l a s s  cans, d e n s i f i e d  t o  <95% t h e o r e t i c a l  
d e n s i t y .  It i s  b e l i e v e d  t h a t  f o r  t h e  o t h e r  specimens, t h e  Vycor 
g l a s s  capsules f a i l e d  b e f o r e  reach ing  H I P  c o n d i t i o n s .  

Among specimens HIP'ed i n s i d e  s i l i c a  g l a s s  m e l t s ,  two composite 
samples c o n t a i n i n g  (mul l i te/SCS/Glass I and mul l i te /SC9/Glass 11, 
85/15/15, p a r t s  by wt . )  showed h i g h  d e n s i t i e s  (approx. 97-98% 0 f  
t h e o r e t i c a l ) .  I n  t h e  case o f  t h e  n iob ium metal  cans, H I P ' i n g  o f  
t h e  samples was success fu l  w i t h o u t  any f a i l u r e  o f  t h e  cans; however, 
e x t r a c t i o n  o f  t h e  specimens o u t  o f  these meta l  cans was d i f f i c u l t  
because t h e  specimen sur faces  were s t r o n g l y  bonded t o  t h e  Nb. 
A lso,  t h e  n iob ium meta l  powders used t o  f i l l  i n  t h e  spaces between 
t h e  sarnp?e and t h e  meta l  can (0.0625'' w a l l )  s i n t e r e d  i n t o  a hard  
and s t r o n g  

The meta l  j a c k e t s  o f  t h e  Nb cans were c u t  o f f  and usable 
p o r t i o n s  o f  t h e  b i l l e t s  s e l e c t e d  f o r  f l e x u r e  bars.  The HIP'ed 
b i l l e t s  w i t h  d e n s i t i e s  >95% o f  t h e o r e t i c a l  were then f a b r i c a t e d  
i n t o  f l e x u r e  bars  f o r  mechanical t e s t .  These a r e  redesignated 
and composi t ions a r e  l i s t e d  w i t h  t h e  new b i l l e t  Nos. on Table 111' 
f o r  convenience o f  re fe rence.  

I n  regard  t o  H I P ' i n g  procedures, we b e l i e v e  t h a t  a l l  t h r e e  
encapsu la t ion  techniques a r e  usable.  It i s  p o s s i b l e  t h a t  t h e  
powdered g l a s s  approach as an encapsu la t ion  technique w i l l  prove 
t o  be t h e  most c o s t  e f f e c t i v e  o f  these t h r e e  methods. However, 
f o r  t h e  remainder o f  t h i s  program we have decided t o  c o n t i n u e  w i t h  
the  Nb canning technique as t h e  most r e l i a b l e  f o r  t h e  purposes 
o f  t h e  c u r r e n t  s tudy.  However, t h e  s e p a r a t i n g  powder i n i t i a l l y  

mass, thus  t h i c k e n i n g  t h e  c a n ' s  w a l l .  
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selected,  Nb, will be replaced w i t h  a S i c  powder/whisker mix i n  
future  runs. 

MECHANICAL TESTING 

Mechanical tes t ing  on th i s  study was performed a t  GE - Research 
and Development Center. An experimental set-up f o r  high temperature 
four-point bend tes t ing  has been constructed. An overall schematic 
of the arrangement i s  shown i n  Figure 6.  cooling jackets  a re  
provided a t  the t o p  and bottom t o  protect the load c e l l  and other 
metal hardware. A photograph o f  the apparatus i s  given i n  Figure 
7 while the four point ,  S i c ,  load f i x t u r e  i s  seen i n  Figure 8. 
A photograph of the lower cooling jacket  i s  provided i n  Figure 
9.  

Four point bend t e s t s  have been conducted on mull i te  and mull i te  
S i c  composite specimens machined t u  the Type B specimen dimensions 
of MIL-SYD-1942 (MR) ,  3 mm X 4 mm X 45 mm. Two such specimens 
are  shown i n  Figure 10. 

Fracture t e s t i n g  of the mullite specimens i s  intended t o  provide 
a basetine from which the improvement by whisker addition can be 
judged. Mechanical t e s t  data on the unreinforced mull i te  and the  
Sic whisker reinforced mulli te m a t r i x  composites i s  shown i n  Table 
IV. The b i l l e t s  from which the mulli te t e s t  bars were cut were 
prepared from the same Bai kowski inul  1 i t e  st.arting powder wi thoert 
AI203 additions and consolidated by sintering i n  a i r .  

The best specimens come from b i l l e t s  L 1  and L7. Weight change 
upon thermal soak a t  100O0C/10O hrs f o r  these two b i l l e t s  was 
negligible as shown on Table V .  I n  addi t ion,  a flexure specimen 
from b i l l e t  L7 tes ted a t  900°C provided an MOR higher than one 
of the two specfinens tes ted a t  room temperature. Measurement o f  
modulus o f  e l a s t i c i t y  o f  L 1  and L7 a t  room temperature showed values 
of 236.6 GPa and 221 GPa (average o f  two),  respectively.  In 
a d d i t i o n ,  f o r  L7,  displacement measurenient a t  800°C indicated very 
l i t t l e  change i n  modulus of e l a s t i c i t y  a t  800°C. 

The remaining b i  1 l e t s  revealed e i t h e r  poor  strength or poor 
thermal s t a b i l i t y  upon h e a t i n g  t o  800°C: o r  upon thermal soak, as 
indicated i n  Table IV. 

Fracture toughness d a t a  i s  a l so  given i n  Table IV. All data 
presented i s  based on multiple indent, 4 paint f lexure,  technique 
except f o r  the specimen from b i l l e t  L 1  where the s ingle  indent 
technique was employed. Based on the t e s t  data t o  da te ,  the most 
promising approach i s  t h e  use o f  Nb505 i n  the range o f  5 w/o as  
an addi t ive.  

XRD RESULTS 

The composites # L 1  a n d  #L7 were analyzed by x-ray d i f f rac t ion  
(Figure 11). This XRD data showed the presence o f  iiiullite a n d  
S i c  phases i n  L 1  and mull i te ,  S i c  and NbC phases i n  L7 material .  

The Nb2O5 evidently reac ts  with t h e  S i c  t o  form NbC probably 
degrading the whiskers to  some extent.  Future runs will  attempt 
t o  coat the whiskers w i t h  carbon t o  a c t  a s  a s a c r i f i c i a l  layer 
t o  the NbC forming  reaction and a l so  t o  modify the i n t e r f a c i a l  
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bond s t r e n g t h  between t h e  whiskers and t h e  m a t r i x .  

MICROSTRUCTURES 

The S i c  whiskers a f t e r  m i l l i n g  and c l e a n i n g  a r e  shown i n  F igure  
12. Most o f  t h e  shot  has been e l i m i n a t e d  and a r e l a t i v e l y  broad 
d i s t r i b u t i o n  of l e n g t h s  i s  e v i d e n t  i n  t h i s  micrograph. Micrographs 
o f  L1, L3, L6, L7 and LlO a r e  shown, r e s p e c t i v e l y ,  i n  F igures  13, 
14, 15, 16 and 17. These show f r a c t u r e  sur faces  o f  shards o f  
m a t e r i a l .  I n  a l l  cases, good d i s t r i b u t i o n  o f  t h e  whiskers i n  t h e  
m a t r i x  i s  e v i d e n t .  

F igure  18 shows a f r a c t o g r a p h  f rom a m u l l i  t e  (unrein.for-ced) 
f l e x u r e  b a r  r e v e a l i n g  a t y p i c a l  p o l y c r y s t a l l i n e  f r a c t u r e  sur face  
w i t h  r i v e r  p a t t e r n s .  

Fractograph of a f l e x u r e  b a r  taken from b i l l e t  L7 i s  seen 
i n  F igure  19. The f r a c t u r e d  whiskers a r e  v i s i b l e  as c i r c u l a r  
f e a t u r e s  and t h e r e  i s  an e x t e n s i v e  network o f  m i c r o c r a c k i n g  i n  
t h e  f r a c t u r e  sur face .  L7 e x h i b i t e d  t h e  h i g h e s t  f l e x u r a l  s t r e n g t h s  
o f  t h e  specimens t e s t e d  t o  date.  

One can s a f e l y  say t h a t  by v i r t u e  o f  t h e  mic rocrack ing  i n  
t h e  L7 f r a c t u r e  sur face  i n  c o n t r a s t  t o  t h e  pure m u l l i t e  f r a c t o g r a p h  
( F i g u r e  18) t h a t  much more energy i s  b e i n g  asborbed i n  L7 d u r i n g  
f r a c t u r e  because o f  t h e  l a r g e  amount o f  f r e e  sur face  area be ing  
created.  There i s  s t i l l  room, however, f o r  cons iderab le  improvement 
i n  t h e  L7 t y p e  m a t e r i a l .  There i s  l i t t l e  S I C  whisker  p u l l o u t  which 
means t h a t  t h e  S i c  whiskers f r a c t u r e d  s h o r t l y  a f t e r  the m a t r i x  
f a i l e d .  Micromechanical a n a l y s i s  i n d i c a t e s  t h a t  l a r g e  a d d i t i o n a l  
amounts o f  energy can be absorbed i n  some whisker  p u l l o u t  can be 
achieved . 
-. Work i n  progress 

I n  o r d e r  t o  improve t h e  mechanical performance o f  t h e  m u l l i t e /  
S i c  whisker  composites severa l  approaches a r e  be ing  implemented. 
These i n c l u d e :  

1. Increased S i c  whisker  conten t .  
2. Increased comminution o f  powders t o  achieve sub-micron 

3. A d d i t i o n a l  powder p r e p a r a t i o n  t o  min imize o r  e l i m i n a t e  

4. 

p a r t i c u l a t e s .  

coarse p a r t i c u l a t e s .  
I n v e s t i g a t i o n  o f  g r a p h i t e  c o a t i n g s  on S i c  whiskers t o  
( a )  i n h i b i t  r e a c t i o n  o f  S I C  w i t h  Nb2O5 s i n t e r i n g  a i d  
( b )  reduce i n t e r f a c i a l  bonding between t h e  whisker  and 

t h e  m a t r i x .  
5. I n v e s t i g a t i o n  o f  n o n - o x i d i z i n g  s i n t e r i n g  atmospheres, 

argon o r  n i t r o g e n ,  and/or pack ing  t h e  green body i n  S i 6  
powder as a p r o t e c t i o n  a g a i n s t  o x i d a t i o n  o f  t h e  S i c  
whiskers.  
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The composi t ions o-f seven b i l l e t s  c u r r e n t l y  i n  p r e p a r a t i o n  
a r e  g i v e n  i n  Table V I .  I n  a l l  cases t h e  S i c  c o n t e n t  i s  30 w/o 
o f  t h e  t o t a l .  The r a t i o n a l e  f o r  these s e l e c t i o n s  f o l l o w s :  

R 1  T h i s  i s  t h e  base l i ne ,  c o n t a i n i n g  o n l y  Baikowski  m u l l i t e  
and uncoated S i c  whiskers.  

R 2  S i m i l a r  t o  R 1  w i t h  t h e  i n c l u s i o n  o f  4.7 w/o Nb205 as a 
s i n t e r i n g  a i d .  

R3 S i m i l a r  t o  R 1  w i t h  t h e  a d d i t i o n  o f  Zr0.5Hf0.502 as a t r a n s -  
f o r m a t i o n  toughening agent. 

R4 S i m i l a r  t o  R 1  except  t h a t  p a r t  o f  t h e  m u l l i t e  i s  rep laced  
w i t h  Glass I as a s i n t e r i n g  a i d  and s u f f i c i e n t  A1203 t o  
c o n v e r t  t h e  Glass I t o  m u l l i t e  by a d d i t i o n a l  heat  t rea tmen t  
a f t e r  H I P ' i n g ,  i f  needed. 

R5 S i m i l a r  t o  W2 w i t h  one h a l f  t h e  Nb2O5 con ten t .  

R6 S i m i l a r  t o  R2 w i t h  l e s s  S ic  wh iske r  c o n t e n t .  

R? S i m i l a r  t o  R 3  w i t h  t h e  a d d i t i o n  o f  Nb$3 as a s i n t e r i n g  
a i d .  

The d e t a i l s  o f  t h e  p rocess ing  o f  these b i l l e t s  ( e . g .  wh iske r  
c o a t i n g  and s i n t e r i n g  atmospheres) w i l l  be m o d i f i e d  as i n d i c a t e d  
by  t h e  r e s u l t s  o f  4 and 5 above. 

S ta tus  o f  M i les tones  
-lll__l 

Table V I1  l i s t s  t h e  M i l e s t o n e  schedule f o r  t h i s  s tudy.  
M i l e s t o n e  3.3.1 i s  p a r t i a l l y  complete and i s  c u r r e n t l y  b e i n g  
emphasized i n  the  program. 

M i l e s t o n e  3.3.3 has been i n i t i a t e d  and w i l l  be f u r t h e r  developed 
as more mechanical t e s t  r e s u l t s  become a v a i l a b l e .  

P u b l i c a t i o n s  -..-.....-__I_ 

A paper "Devcl oprnent o f  Mu1 1 i te /S iC  Whisker Composites f o r  
A p p l i c a t i o n  i n  t h e  Ceramic Technology f o r  Advanced Heat Engine 
Program " by  S .  Musikant,  S .  Samanta, P .  A r c h i t e t t o  & E.  Fe ingold,  
was presented i n  t h e  10 th  Annual Conference on Composites and 
Advanced Ceramic M a t e r i a l s ,  January 19-24, 1986, Cocoa Beach, FL, 
sponsored by t h e  Eng ineer ing  Ceramics D iv . ,  Am. Ceramic Soc ie ty .  



147 

W
 

F
 

E? m
 

v
)
 

W
 
L
 

m
 

m
 

W
 

Q
 

v, 

7
 

E 

- il in 
P

I 

k
 

aY 

4
 

h
 

m
 



TABLE I (CONTINUED) 

VACUUM ENCAPSULATION OF COMPOSITES 
I N  A GLASS FOK HEP'ING 

ps i ,  and sintered a t  1570"C/3 Hrs; 
then HXP'ed a t  165Q°C/90 KSI/+ h r  

NOTE: *Only sample densified t o  a h i g h e r  density (approx. 98%) 

M = Baikowski mullite, 193 CR 

Other Materials - same as I n  Table 11 

( 1 - weight r a t io  o f  components 

Saf f i l  Paper - A l ~ O 3 - 5 w X  Si02 fibrous paper w i t h  low content o f  binder (IC1 Chemical Corp.) 



MULLITE-Sic WHISKER COMPOSITES 
(SINTERE D 6 HIP'E D] 

BILLET 
DESIGNATION 

SPECIMEN (PARTS BY WEIGHT) DENSITY IN 
NO. MULLITE Sic WHISKER GLASS I GLASS I1 Nb2O5 A1203 PROCESSING CONDITIONS (% THEORETICAL) REMARKS TABLE I11 

1 

2 

3 

4 

5 

6 

7 

a 

9 

10 

70 30 

75 30 

70 30 

70 30 

70 30 

70 30 

70 30 

70 30 

85 15 

85 15 

20 

20 

25 

15 

- 

20 

20 

15 

10 

5 

Planetary ball milled (PEM) 
wet, 5 minutes, dried, 
deagglomerated and then 
CIP'ed at 55 K S I .  sintered 
at 167OoC/3 hours and then 
HIP'ed at 16OO0C/19 KSI/0.5 hr. 

Same as above up to sintering 
step; then HIP'Jd at 160C°C/ 
30 KS!/0.5 hour 

08 

97.9 

99.4 

90.2 

96.2 

98.9 

96.5 

90.9 

97.9 

98. i 

97.4 

HIP'ed without' 
encapsulation 

HIP'ed inside 
Nb metal can 

HIP'ed in Vycor 
glass can 

HIP'ed in Nb 
metal can 

HIP'ed i n  Vycor 
glass can 

" 

HIP'ed i n  Nb 
metal can 

HIP'ed i n  silica 
glass powder melt 

1 

L1 

c-l 
P 
co 

L3 

14 

L5 

L6 

L7 



T A B L E  I ?  (CONTINUED) 

SPECiMEN (PARTS B Y  UEIGtiT) 
NO.  MULLITE S t C  N H I S K E R  GLASS I GLASS I 1  Flb705 Ai705 PROCESSING CONDITIONS 

DENSITY 
( X  T H E O R E T I C A L )  REMARKS 

11 80 20 84.4 HIP'ed i n  Vycor 
glass  can 

12 70 30 10 Mullite and g16ss powder f i r s t  80.3 HIP'ed i n  Si l ica  
b;ended together i n  ?EM f a r  15 
minutes and then b.lenced f o r  another 
35 mlnutes wiih wh iskeys  added; 
batct. then  C:P'ed a: 55 KSI and 
s intered a t  167OoC/3 h r s  and  then 
tliP'ed a t  16OOoC/?0 KSI/0.5 H r  

glass  powder melt 

IO 80.0 13 70 30 

*Specfmen No. 1 6;?'ed a t  GE 
A l i  others  HIP'& a t  Gorhae 

NOTE : - 
Sintered and HIP'ed bi'i'iets: 2k" X 'I" X 1" (Nos. 1-8); 1" X 1" X 1" (Nos. 9-13) 

Raw Materlals Used: 

Mullte - New. deagglomratcd mull i te  (193 CR) from Baikowski Carp. 

S i c  Whiskers - S i L A R  SC-9 f r o m  AFlCO Metals Co. 
Mashed dna cleaned by suspending the whiskers i n  deionized water and t h e n  
decanting the blackish scum, f loatables  and f ine  p a r t i c l e s  i n  the top 
aqueous layer ;  gooa whiskers, se t t led  a t  the bottom, were then dr ied,  and 
planetary ball milled f o r  4 hour. 

Nb2O5 -- 325 mesh, Kenametals Co. 

Glass I - SiO2/A1203. 95/5 rnole X ,  melted and ground, -325 mesh 

Glass I f  - SiO2/AI203, 85/15 manole 

A1203 - 38-900 grade, h'orton Co. 

melted and ground, -325 msh 



TABLE 111 

MULLITE-Sic WHISKER COMPOSITES 
jSINTERED I HIP'EDL 

COMPOSITION. PERCENT BY WEIGHT 
BILLET DENSITY H I P  CANNING 

NO. MULLITE Sic WHISKER GUSS I GLASS I 1  Nb2O5 Alp03 PROCESSING CONDITIONS ( X  THEORETICAL) NONE Nb VYCCR 

1 58.3 25 16.7 - Planetary b a l l  m i l l e d  97.9 X 
(PBM) wet. 5 minutes, 
d r i ed  , deaggl omerated 
and then CIP'ed a t  55 
KSI, s intered a t  167OoC/ 
3 hours and then HIP'ed 
a t  16OO0C/19 KS1/0.5 hr. 

L 1  70 30 Same as above up t o  
s in te r i ng  step ; then 
HIP'ed a t  16OO0C/ 
30 KSI/0.5 hour 

L3 41.7 17.9 11.9 - 28.5 

L4 44.6 19.1 - 12.7 23.6 

L5 

I 

0 

58.3 25 16.7 - u - 
L7 66.7 28.6 - 4.8 - 

NOTE : - 
Sintered and HIP'ed b i l l e t s :  

Raw Hater ia ls  Used: 

2%" X 1" X 1" 

Hulllte - New, deagglomerated mullite (193 CR) from Baikowskl Corp. 

99.4 

98.2 

98.9 

96.5 

97.9 

S i c  Yhiskers - SILAR SC-9 from ARC0 HetaIs Co. 
Washed and cleaned by suspending the whiskers in deionized water and then 
decanting the b lack ish scum, f loatable5 and f i n e  p a r t i c l e s  i n  the top  
aqueous layers; good whiskers. se t t l ed  a t  the bottom, were then dried, and 
planetary b a l l  m i l l e d  f o r  b hour. 

Nb& -- 325 mesh, Kenametals Co. 

Glass I - SiO2/Al2O3. 95/5 mole X .  melted and ground, -325 mesh 

Glass 11 - Si02/A1203, 85/15 mole X .  melted and ground, -325 mesh 

A1203 - 38-900 grade. Norton Co. 

X 

X 

X 

X 

X 



TABLE IY 

MECHANICAL PROPERTIES OF COMPOSITES - 

800°C - ARGON 
BILLET SPECIMEN RT-MODULUS OF RUPTURE RT-ELASTIC MODULUS MODULUS OF RUPTURE RT-KIc  

NO. NO. MPa Ks i GPA MPsi MPa Ks 1 MPa m COMMENl 

1 1 
2 
3 
4 
A'lG OF 4 
5* 

282.3 
276.2 
233.1 
307.5 
274.6 
393.3 

41.0 
40. I 
33.5 
44.6 
39.9 
57.0 

Mu:lite/SiC Whisker/NbzO~j 70/30/20 P a r t s  by 
Height 
Specimens f r ac tu red  during heat up t o  OOO°C/ 
Argon. 
Severe surface p i t t i n g  during 1000°C/lOO hr 
soak i n  a i r ,  

L l  1** 546.0 79.2 
2** 596.3 86.5 
AYO o f  2 571.2 02.8 
4*** 377.4 54.7 236.5 34.3 

~ 

Mullite/SiC whisker 70/30 - p a r t s  by weight 

L3 1 30D.3 43.5 205.0 29.7 
2 304.0 44.1 222.0 32.2 
AVG OF 2 302.2 43.8 224.0 31.0 
A 217 31.5 
B 219 31.9 
AVG 3F 2 218 31.7 

Contains 6-1 s i n t e r i n g  a i d  w i t h  A1203 
add i t ive  . 

L4 1 318.8 46.2 210.5 31.7 
2 281.7 4G.8 228.0 33. a 
AVG OF 2 300.3 43.5 223.3 32.4 
7 206.5 29.9 

~- 

Contains G-I? s i n t e r i n g  a id  w i t h  A1203 
add i t i we. 

15 1 492.6 28.0 153.6 22.3 
2 159.4 32.1 153.4 22.2 
AYG OF 2 176.1 25.5 i53.5 22.2 

Contains 6-1 s i n t e r i n g  aid without alumina 
additive. Specimen f r ac tu red  during heat up t o  
800°C/Argon. Specfmens f r ac tu red  during lOOO"C/ 
100 hr - soak i n  a i r e  2.4 



TABLE IY (CONTINUED) 

800'C - ARGON 
BILLET SPECIMEN RT-MODULUS OF RUPTURE RT-ELASTIC WOULUS MODULUS OF RUPTURE RT-KIc 

NO, NO. MPa Ms 5 GPa MPs i MPa Ks i MPa m COMMENT 

L6 1 100.1 14.5 129.7 18.8 
2 140.8 20.4 114.8 16.6 
AVG OF 2 120.5 17.5 122.3 17.7 

Contains G-i sintering aid without alumina 
additive. 

L7 1 448.5 65.0 211.8 30.7 Mullite/SiC whisker/Nb205: 70/30/5 
33.5 p a r t s  by weight. 2 315.1 45.7 231.2 

AVG OF 2 381.5 55.4 221.5 32 .1  
3 316.6 15 .9  

^ ^  

M I  1 170.5 
2 
AYG OF 2 

181.3 26.3 
162.8 23.6 
172.1 25.0 

Sampl e fabricated from Bai kowski mu1 1 i t e  193CR 
powder as received. 
30 min. in 

c.. 
C I P ,  sintered 1600"C/ 

- -  
2.2 w 

NOTES 

A l l  flexure bars 3 m X 4 mn x 45 m 
4 Point 40/20 nm span  (as indicated on Figure 6) unless otherwise noted. 

* 3 Point bend 40 m outer span with single load point a t  30/10 mn position. 

** 3 Point bend 12.7 m outer span (3  mn X 4 mn cross-section) 

*** 4 Point bend 17.7W7.62 mn span ( 3  mn X 4 mn cross-section) 
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TABLE V I  

MULLITE-Sic WHISKER COMPOSITES 

COMPOSITION, PERCENT BY NEIGHT 

No. Mullite A Nb205 ZrOz- HfO2 Glass I 81 203 Sic Whisker 
(1: 1 m l a r )  

1 70.0 -- -- -- -- 30.0 

2 653 4.7 -- -- -- 30.0 

3 56.0 

4 35.5 

14.0 

-- 
-- -- 30.0 

10.2 24.3 30.0 

5 67.6 2.4 -- -- -- 30.0 

6 85.3 4.7 -- -- -- 10.0 

7 52.2 4.7 13.1 -- -- 30.0 

I_ NQTE: M u l l i t e  A - Baikowski mullite, 193CR/Norton Alumina, 38-900 
85/15 V% (81.W18.2 W % ) ;  calculated A1203/Si02 = 74.0/26.0 W% 

- Si02/A1203, 95/5 mole % (91.8/8.2 W%) Glass I 
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TABLE Y I I  

Bevelcpmenc ob Ceramic Xa~rrix Compositae for Application in the Ceramic 

Technology for Advanced Hear Engine Program - Nullite Si C k"hiskcr CC3~1ip03ite6 

Subcontract 8QX-002118C 

Mlesrone Schedule 

Task 

1. Feasibility dersonrtration 

1.1 Establlsh performanee goals 

1.2 Fabricate initial specimens 

1.3 Characterize initial specimens 

2 ,  Develop process flow sheets 

2.2 

3.0 

3-1 

Fabricate initial liquid phase sintered specimens 

Fabricate initial RIP specimens 

FabriCatc! improved liquid phase sintered specimens 

Fabricate improved RIP spachnrns 

Select best process for optimization 

LWvelop optinired process 

Wcment optimized process flow sheet for intermediate 

level of optimization 

Document process flov sheet for final l e v e l  of 

optimization 

Property rneasurewntc 

Characterize microstructure of each stage of process 

development 

Initial 

improved 

Date - 

5/3/85 

9/6/05 



157 

3.2 

3.3  

4.3.1 

3.3,2 

3 " 3 . 3  

3 . 3  4 

4 L c 

2 ! I d 85 
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3Q 44 6Q 
S A F F I L  JACKET 

1Q 
C I P ' D  M U L L I T E  JACKET 

QUARTZ CAPSULE QUARTZ CAPSULE QUARTZ CAPSULE QUARTZ CAPSULE 

I 

d - 
1v 

S A F F I L  J A C K E T  
VYCOR CAPSULE 

3v 
VYCOR CAPSULE 

G V  
C I P ' D  M U L L I T E  J A C K E T  
VYCOR CAPSULE 

4v 
C 0 LLAPSE D 
VYCOR CAPSULE 

F I G U R E  2 GLASS ENCAPSULATED SAMPLES 
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FIGURE 3 HIP'ED NIOBIUM METAL CANS WITH COMPOSITE SPECIMEN INSIDE 

FIGURE 4 COMPOSITE SAMPLES HIP'ED I N  VYCOR GLASS CANS 
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i \ 
. .? 

FIGURE 5 HIP'ED COMPOSITE SPECIMENS INSIDE SILICA GLASS MELTS 
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INSTRON UPPER FRAME 

cool 

I------ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
L A _  

-COOLING JACKET 

4 
h. ,SILICON CARBIDE ROD 

L 
L 

1 
I 
I 
I 

I i--- I 
I sic 1 I HO;DER 

DOOR 

SILICON CARBIDE 

FIGURE 6 HIGH TEMPERATURE MECHANICAL TEST 
SET-UP - SCHEMATIC 
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I .. 

FIGURE 7 INSTRON TEST FRAME AND H I G H  TEMPERATURE FURNACE 
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I I 

FIGURE 8 H I G H  TEMPERATURE ( S i c )  4 -POINT 
FLEXURE FIXTURE I N  FURNACE 

I 

FIGURE 9 COOLING JACKET TO PROTECT LOAD CELL 
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FIGURE 10 M U L L I T E - S i c  WHISKER FLEXURE BAR ( U P P E R )  
MULLITE FLEXURE BAR (LOWER) 



1 I 1 1 I '7-7 

Ll  I # L 1  - BOTTOM 1 '1 I m = MULLITE 

m #L7  - TOP I 
I 

i s c  = S i c  
nc  = NbC 

! 
1 0 m 

rn nc sc 

"1 m 

, .  
nc .! 

I 

rn 
m 

! 
I 

I 

1 TWO - THETA (DEGREES) 

0- +-- -_ 

FIGURE 11 

1 I I I I c5.0 30.0 35.0 -3.0 45.0 50.0 5 f . O  €0.0 I 65.0 I 70.9 I 

X-RAY DIFFRACTION PATTERNS OF COMPOSITES 
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I 

m 
A 

FIGURE 12. S i c  WHISKERS 1/2 HR PLANETARY B A L L  M I L L E D ,  
WASHED & CLEANED 
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i- 

- 
10KV X10000 1U 0 0 3  

i 

3 

FIGURE 13B FRACTURE SURFACE SAME SPECIMEN AS BELOW 

1 ' 10KV X5000 10u 2 > 8  

FIGURE 13 A FRACTURE SURFACE M U L L I T E - S i c  
(70/30, WT X )  COMPOSITE NO. L1 
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L 

FIGURE 1 4 ~  FRACTURE SURFACE (SAME AS BELOW) 

4 

itrg 

D 
1 U  005 GE I 

FIGURE 1 4 A  FRACTURE SURFACE M U L L I T E - S i c  WHISKER-GLASS I - ALzO3 
(70/30/20/48 PARTS BY WEIGHT) SPECIMEN NO. L3 
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---I.. . -- w w 

FIGURE 1 5  FRACTURE SURFACE M U L L I T E - S i c  WHISKER-GLASS I 
(70/30/20 PARTS BY WEIGHT) SPECIMEN NO. L6 
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L 

10U 007 I ~ b ' l C J  UCI2I2I2 GE 

FIGURE 16B FRACTURE SURFACE (SAME AS BELOW) 

I 

P 
L 

- 
18KV X10800 1u 0 1 1  GE 

FIGURE 16A FRACTURE SURFACE M U L L I T E - S i c  WHISKER-Nb205 
(70/30/5 PARTS BY WEIGHT) COMPOSITE NO. L 7  
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4 

10KV X 4088 

FIGURE 17 FRACTURE SURFACE M U L L I T E - S i c  WHISKER-GLASS- I1  
8 5 / 1 5 / 1 5  PARTS BY WEIGHT SPECIMEN NO. L10 
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F I G U R E  18 FRACTURE SURFACE MULLITE 



-1 

------- 
F I G U R E  19 F R A C T U R E  S U R F A C E  C O M P O S I T E  N O .  7 
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1.4 JOINING 

1.4.1 Ceramic-Metal J o i n t s  

Active-Metal Brazing of PSZ to Iron 
S. A.  Dav id  (Oak Ridge N a t i o n a l  Labora to ry )  

Object ive/scope 

The o b j e c t i v e  o f  t h i s  t a s k  i s  t o  develop s t r o n g  r e l i a b l e  j o i n t s  con- 
t a i n i n g  ceramic components f o r  a p p l i c a t i o n  i n  advanced h e a t  engines. 
P r e s e n t l y ,  t h i s  work i s  focused on t h e  j o i n i n g  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  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  p i e c e s  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  t o  c a s t  i r o n  p i s t o n  caps i n  o r d e r  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  uncooled d i e s e 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  f o r  FY 1986 w i l l  be t o  improve t h e  i n t e g r i t y  o f  
z i r c o n i a - t o - c a s t - i r o n  j o i n t s ,  t o  assess t h e  mechanical p r o p e r t i e s  o f  such 
j o i n t s  a t  room temperature and e l e v a t e d  temperature ( p r i m a r i l y  by shear 
t e s t i n g ) ,  and t o  i n v e s t i g a t e  t h e i r  thermal  ag ing  behav io r .  

J o i n t s  o f  t h i s  arrangement w i l l  

Techn ica l  p roq ress  

Bo th  a c t i v e - s u b s t r a t e  b r a z i n g  and a c t i v e - f i l l e r - m e t a l  b r a z i n g  have 
been used t o  make j o i n t s  o f  z i r c o n i a  t o  c a s t  i r o n  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 .  For a c t i v e - s u b s t r a t e  b r a z i n g  t h e  z i r c o n i a  su r faces  were coa ted  
w i t h  0.6 pm o f  t i t a n i u m  p r i o r  t o  b r a z i n g .  
m o d i f i e d  c o a t i n g  procedure t h a t  r e s u l t e d  i n  p o r o s i t y - f r e e ,  h i g h - s t r e n g t h  
bond zones a f t e r  b r a z i n g .  
nium o r  c a s t  i r o n  w i t h  vacuum grade BVAg-18 f i l l e r  meta l  (Ag-30Cu-1OSn) i n  
a m u f f l e  fu rnace  f i t t e d  w i t h  an alumina tube  t h a t  was evacuated t o  a 
p ressu re  o f  7 x 10''' Pa b e f o r e  t h e  hea t  c y c l e  commenced. The maximum tem- 
p e r a t u r e  exper ienced d u r i n g  t h i s  b r a z i n g  c y c l e  was 735OC. 

known as Incusi l -15ABA. 
nominal compos i t i on  o f  Ag-23.5Cu-14.5In-1.25Ti by we igh t .  The manufac- 
t u r e r  adv i sed  t h a t  t h e  b r a z i n g  temperature range was 750 t o  77OoC, t h a t  
t h e  a l l o y  would wet uncoated ceramics and c a s t  i r o n ,  and t h a t  ceramic sur-  
f aces  should be p o l i s h e d  b e f o r e  b r a z i n g .  Our e v a l u a t i o n  o f  Incusi l -15ABA 
suggested t h a t  775OC was t h e  l o w e s t  temperature a t  which good bonding t o  
z i r c o n i a  c o u l d  be ob ta ined .  These r e s u l t s  w i l l  be d i scussed  below. The 
d e t a i l s  o f  t h e  b r a z i n g  c y c l e  used f o r  t h e  I n c u s i l  f i l l e r  meta l  were iden-  
t i c a l  t o  those  used f o r  BVAg-18 except  f o r  t h e  maximum temperature.  

a t  25 and 400OC. The shear t e s t  apparatus has been d e s c r i b e d  i n  p r e v i o u s  
r e p o r t s .  
apparatus a t  25OC and t h e  e n t i r e  assembly was heated t o g e t h e r .  
was done i n  a i r  and commenced as soon as t h e  temperature s t a b i l i z e d  a t  
4OOOC. 

The t i t a n i u m  was d e p o s i t e d  by a 

The coa ted  z i r c o n i a  was brazed t o  e i t h e r  t i t a -  

A c t i v e - f i l l e r - m e t a l  b r a z i n g  was done w i t h  a newly a v a i l a b l e  a l l o y  
T h i s  a l l o y  i s  produced by GTE-Wesgo and has a 

Shear t e s t i n g  was used t o  e v a l u a t e  t h e  s t r e n g t h  o f  t h e  b raze  j o i n t s  

For  t h e  4OOOC t e s t s ,  specimens were p l a c e d  i n  t h e  t e s t i n g  
T e s t i n g  
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To t e s t  t h e  e f f e c t i v e n e s s  o f  t h e  m o d i f i e d  c o a t i n g  procedure used f o r  
t h e  a c t i v e  s u b s t r a t e  process,  j o i n t s  o f  z i r c o n i a  t o  t i t a n i u m  and z i r c o n i a  
t o  c a s t  i r o n  were made f o r  room temperature shear t e s t i n g .  Only  one j o i n t  
w i t h  t i t a n i u m  was made and t e s t e d  a t  room temperature.  The shear f r a c t u r e  
s t r e n g t h  o f  t h i s  j o i n t  was 251 MPa, compared w i t h  a f r a c t u r e  s t r e n g t h  of 
140 MPa f o r  t e s t s  o f  s i m i l a r  j o i n t s  made w i th  p r e v i o u s  procedures.  
Examinat ion o f  t h e  f r a c t u r e  s u r f a c e  o f  t h i s  specimen i n d i c a t e d  t h a t  t h e  
f r a c t u r e  p l a n e  a l t e r n a t e d  between t h e  i n t e r f a c e  o f  z i r c o n i a  and f i l l e r  
meta l  and t h a t  o f  t i t a n i u m  and f i l l e r  m e t a l .  
t h i s  b raze  j o i n t .  A c r o s s  s e c t i o n a l  v iew o f  a r e g i o n  where f r a c t u r e  
o c c u r r e d  a l o n g  t h e  t i t a n i u m  s u r f a c e  i s  shown i n  F i g .  1. T h i s  v iew  shows 
t h a t  c o n s i d e r a b l e  d e f o r m a t i o n  o f  t h e  bond zone o c c u r r e d  w i t h o u t  any 
s e p a r a t i o n  a t  t h e  z i r c o n i a  su r face .  Three z i r c o n i a - t o - c a s t  i r o n  a c t i v e -  
s u b s t r a t e  b raze  j o i n t s  were made w i t h  t h e  m o d i f i e d  c o a t i n g  procedure and 
shear t e s t e d  a t  room tempera tu re .  The s t r e n g t h  va lues  o f  t hese  j o i n t s  
were 189, 194, and 191 MPa. These va lues  a r e  about  35% h i g h e r  than  t h e  
s t r e n g t h  va lues  o f  i d e n t i c a l  j o i n t s  made w i t h  t h e  o r i g i n a l  p rocess ing .  
Examinat ion o f  t h e  f r a c t u r e d  specimens i n d i c a t e d  t h a t  t h e  p l a n e  of f r a c -  
t u r e  was about one-hal f  t h rough  t h e  copper e l e c t r o p l a t i n g  and about one- 
h a l f  t h r o u g h  t h e  z i r c o n i a  j u s t  below t h e  b raze  i n t e r f a c e .  There was no 
i n d i c a t i o n  t h a t  f a i l u r e  was a s s o c i a t e d  w i t h  t h e  t i t a n i u m  c o a t i n g  a p p l i e d  
t o  t h e  z i r c o n i a .  The o b s e r v a t i o n s  made on a l l  f o u r  o f  t hese  j o i n t s  i n d i -  
c a t e  t h a t  e l i m i n a t i n g  p o r o s i t y  improved t h e i r  s t r e n g t h  and promoted adhe- 
s i o n  t o  t h e  z i r c o n i a  su r faces .  

No p o r o s i t y  was observed i n  

M22286 

ia 

, 
'. 

I 

F i g .  1. E l e c t r o n  micrograph o f  c r o s s  s e c t i o n  o f  z i r c o n i a - t o - t i t a n i u m  
shear t e s t  specimen. F r a c t u r e  l o c a t i o n  was t h e  i n t e r f a c e  between t h e  bond 
zone and t h e  t i t a n i u m .  
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E v a l u a t i o n  o f  t h e  a c t i v e - f i l l e r - m e t a l  a l l o y  I n c u s i l - 1 5  ABA f i r s t  con- 
s i s t e d  o f  e s t a b l i s h i n g  a s u i t a b l e  b r a z i n g  temperature.  For o u r  p rocess ing  
equipment and procedures t h i s  temperature was determined t o  be 775OC. 
Once t h i s  was e s t a b l i s h e d  severa l  braze j o i n t s  were made and shear t e s t e d  
a t  room temperature.  
suggest t h a t  much s t r o n g e r  z i r c o n i a - t o - c a s t - i r o n  j o i n t s  a r e  formed w i t h  
unpo l i shed  z i r c o n i a  c o n t r a r y  t o  t h e  manu fac tu re r ' s  recommendation. 
Table 1 a l s o  shows t h a t  u s i n g  copper-coated c a s t  i r o n  w i t h  unpo l i shed  z i r -  
c o n i a  can f u r t h e r  improve shear s t r e n g t h .  

These r e s u l t s  a r e  p resen ted  i n  Table 1, and t h e y  

Table 1. Shear s t r e n g t h  o f  z i r c o n i a - t o - c a s t - i r o n  braze j o i n t s  
made w i t h  I n c u s i l - 1 5  ABA b raze  f i l l e r  metal  

Specimen Pad 
Shear 

Bar s t r e n g t h  
( M P 4  

MCB-60 Unpol i shed ZrO, Uncoated Fe 127 
MCB-61 Unpol ished ZrO, Cu-coated Fe 165 
MCB-62 P o l i s h e d  ZrO, Uncoated Fe 77 
MCB-63 P o l i s h e d  ZrO, Cu-coated Fe 11 

To study these b r a z i n g  approaches i n  more d e t a i l ,  a s e r i e s  o f  
z i r c o n i a - t o - c a s t - i r o n  b raze  j o i n t s  was made and shear t e s t e d  a t  25 and 
400OC. Three d i f f e r e n t  j o i n t  arrangements were used: 

1. t h e  a c t i v e - s u b s t r a t e  process (AS) u s i n g  t i t an ium-vapor -coa ted  
z i r c o n i a ,  copper -p la ted  c a s t  i r o n ,  and Ag-30Cu-1OSn b raze  a l l o y ;  

2. t h e  a c t i v e - f i l l e r - m e t a l  process (AF) u s i n g  uncoated z i r c o n i a  and 
c a s t  i r o n ,  and I n c u s i l - 1 5  ABA b raze  a l l o y ;  and 

3.  t h e  same approach as (2 )  b u t  w i t h  copper-coated c a s t  i r o n  (AF-AS). 

The r e s u l t s  o f  t hese  t e s t s  a r e  g i v e n  i n  Tab le  2. I n  a d d i t i o n ,  each o f  t h e  
f r a c t u r e d  specimens was examined i n  a scanning e l e c t r o n  microscope so t h a t  
m i c r o s t r u c t u r a l  f e a t u r e s  c o u l d  be c o r r e l a t e d  w i t h  shear t e s t  behav io r .  
T h i s  a n a l y s i s  produced t h e  f o l l o w i n g  obse rva t i ons .  

de fo rma t ion ,  w i t h  f r a c t u r e  o c c u r r i n g  i n  t h e  z i r c o n i a  beneath t h e  b raze  
i n t e r f a c e .  The j o i n t  t e s t e d  a t  4OOOC f r a c t u r e d  a t  t h e  z i r c o n i a  s u r f a c e  
a p p a r e n t l y  by debonding o f  t h e  t i t a n i u m  c o a t i n g .  C ross -sec t i ona l  v iews o f  
t h e  c a s t - i r o n  b a r s  f rom these braze j o i n t s  a r e  shown i n  F i g .  2. For  b o t h  
25 and 4OO0C, f r a c t u r e  occu r red  i n  t h e  v i c i n i t y  o f  t h e  i n t e r f a c e  between 
z i r c o n i a  and bond zone. A t  25OC t h e  f r a c t u r e  p a t h  was m a i n l y  th rough  t h e  
z i r c o n i a  below t h e  i n t e r f a c e  as evidenced by t h e  l a r g e  z i r c o n i a  f ragments 
s t i l l  adher ing t o  t h e  bond zone. A lso,  t h e  f i l l e r  metal  shows s igns  o f  a 
l a r g e  shear s t r a i n .  
debonding a t  t h e  i n t e r f a c e  between t h e  z i r c o n i a  and t h e  o r i g i n a l  t i t a n i u m  
vapor c o a t i n g .  Very l i t t l e  o f  t h e  z i r c o n i a  adhered t o  t h e  bond zone, and 
t h e  f i l l e r  meta l  does n o t  appear t o  have deformed much. 

1. The a c t i v e - s u b s t r a t e  j o i n t  t e s t e d  a t  25OC underwent c o n s i d e r a b l e  

The j o i n t  t e s t e d  a t  4OOOC a p p a r e n t l y  f r a c t u r e d  by 
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Table 2.  Shear t e s t  r e s u l t s  f o r  z i r c o n i a - t o - c a s t - i r o n  braze j o i n t s  

I n t e r f a c e  Techniques 
Test  

temperature 
("C) 

Shear s t r e n g t h  
( MPa 1 

25 188 Z r O  - Fe AS 
Zr0,-Fe AS 400 91 
Zr0,-Fe 
Z r O  - Fe 

AF 
AF 

25 
400 

126 
20 

165 ZrO, - Fe AF-AS 
ZrO, - Fe AF-AS 400 140 

25 

aAS = a c t i v e - s u b s t r a t e  process, AF = a c t i v e - f i l l e r - m e t a l  process. 

ORNL PHOTO 1482-86 

25°C 400°C 

F i g .  2. E l e c t r o n  micrographs o f  c ross  s e c t i o n s  o f  z i rcon ia - to -cas t -  
J o i n t s  were made by i r o n  bond zones a f t e r  shear t e s t i n g  a t  25 and 4OOOC.  

a c t i v e - s u b s t r a t e  b r a z i n g .  
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2. Bo th  a c t i v e - f i l l e r - m e t a l  brazes f r a c t u r e d  a t  t h e  braze i n t e r f a c e  
j u s t  above t h e  z i r c o n i a  surface, w i t h  t h e  bond zones showing l i t t l e  s i g n  o f  
p l a s t i c  de fo rma t ion .  The m i c r o s t r u c t u r e s  o f  t hese  j o i n t s  a r e  s i m i l a r  and 
a r e  shown i n  F i g .  3. 

showed s i g n s  o f  p l a s t i c  de fo rma t ion  i n  t h e  bond zones. 
t h a t  t hese  j o i n t s  a p p a r e n t l y  broke a t  t h e  i n t e r f a c e  between z i r c o n i a  and 
f i l l e r  me ta l .  However, c l o s e r  i n s p e c t i o n  revea led  t h a t  t h e  specimen 
t e s t e d  a t  4OOOC a c t u a l l y  b roke  i n  t h e  bond zone above t h e  z i r c o n i a  sur-  
f ace .  A l s o  shown i n  F i g .  4 i s  t h a t  t h e  I n c u s i l  f i l l e r  meta l  has r e a c t e d  
e x t e n s i v e l y  w i t h  t h e  copper c o a t i n g .  Comparison w i t h  F i g .  3 i n d i c a t e s  
t h a t  t h e  r a t i o  o f  s i l v e r - r i c h  ( l i g h t )  phase t o  copper - r i ch  (da rk )  phase i n  
t h e  bond zone was decreased by u s i n g  t h e  copper c o a t i n g .  
bond zone m i c r o s t r u c t u r e  may be p a r t l y  r e s p o n s i b l e  f o r  t h e  b e t t e r  s t r e n g t h  
o f  t h i s  j o i n t  a t  400OC. 

Based on t h i s  a n a l y s i s ,  i t  can be concluded t h a t  a l l  t h r e e  b r a z i n g  
approaches can produce s t r o n g  ( f r a c t u r e  s t r e n g t h  I 100 MPa) z i r c o n i a - t o -  
c a s t - i r o n  j o i n t s  a t  25OC, b u t  t h a t  j o i n t  s t r e n g t h  may decrease s i g n i f i -  
c a n t l y  a t  400OC. The a c t i v e - f i l l e r - m e t a l  j o i n t  made w i t h  copper-coated 
c a s t  i r o n  had t h e  h i g h e s t  s t r e n g t h  a t  4OOOC (140 MPa) and was t h e  l e a s t  
a f f e c t e d  by inc reased  t e s t  temperature.  
t e r i s t i c s  o f  these j o i n t s  i s  c o n t i n u i n g .  

3 .  Bo th  a c t i v e - f i l l e r - m e t a l  j o i n t s  made w i t h  copper-coated c a s t  i r o n  
F i g u r e  4 shows 

T h i s  change i n  

I n v e s t i g a t i o n  o f  t h e  charac- 

ORN L PHOTO 148086 

. 1 

?b%& 

25°C *- 400" C 

F i g .  3. E l e c t r o n  micrographs o f  c r o s s  s e c t i o n s  o f  z i r c o n i a - t o - c a s t - i r o n  
bond zones a f t e r  shear t e s t i n g  a t  25 and 400OC. 
f i l l e r - m e t a l  b r a z i n g  w i t h  Incusi l -15ABA. 

J o i n t s  were made by a c t i v e  
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ORNL PHOTO 1478-86 

r I 1 

s e .  ' 4  

, 1 0 T u  
25°C 400°C 

F i g .  4 .  E l e c t r o n  m ic rog raphs  o f  c r o s s  s e c t i o n s  o f  z i r c o n i a - t o - c a s t - i r o n  
bond zones a f t e r  shear t e s t i n g  a t  25 and 4 0 0 O C .  
Incus i l -15ABA and copper -coated  c a s t  i r o n .  

J o i n t s  were made w i t h  

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  No. 141104 was completed. 

P u b l i c a t i o n s  

None. 



2.0 MATERIALS DESIGN METHODOLOGY 

INTRODUCTION 

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 w i t h i n  

The subelements i n c l u d e  macromodeling and micromodel ing o f  

t h e  work breakdown s t r u c t u r e  (WBS). It c o n t a i n s  t h r e e  subelements: 
(1) Three-Dimensional Modeling, (2)  Contact  I n t e r f a c e s ,  and ( 3 )  New 
Concepts. 
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  s t a t i c  and dynamic i n t e r f a c e s  
between ceramics and between ceramics and a l l o y s ,  and advanced s t a t i s t i c a l  
and des ign approaches f o r  d e s c r i b i n g  mechanical behav io r  and f o r  employing 
ceramics i n  s t r u c t u r a l  des ign.  

The 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 i n c l u d e  de termin ing  a n a l y t i c a l  techniques f o r  p r e d i c t i n g  s t r u c t u r a l  
ceramic mechanical behav io r  f rom 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 ,  
t r i b o l o g i c a l  behav io r  a t  h i g h  temperatures,  and improved methods f o 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  o f  s t r u c t u r a l  ceramics.  Success i n  
meet ing these o b j e c t i v e s  w i l l  p r o v i d e  U.S. companies w i t h  methods f o r  
o p t i m i z i n g  mechanical 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 ,  f o r  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  develop ing a p r o p e r l y  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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2.2 CONTACT INTERFACES 

2 .2 .1  S ta t ic  Interfaces 

High-Temperature CoatYnR Studv t o  Reduce Contact Stress Damage of Ceramics 
3 .  L. Schienle ( G a r r e t t  Turbine Engine Company) 

Ohjective/scope 

The objective o f  this  research prograhn i s  to develop coating compo- 
s i t ions  and procedures t h a t  will yitlld long term adherence and reduce or 
eliminate contact-stress damage to si l icon n i t r ide  (Si3Nd) and sil icon 
carbide (SIC) ceramics. Prior studies have detmnined t h a t  Si3N4 
and Sic ceramics are susceptible to contact-stress damage a t  cerainic- 
ceramic and ceramic-metal interfaces in heat engines. Subsequent 
stindies have demonstrated a reduction or eliininatiovl o f  contact-str2ss 
damage to these ceramics u s i n g  plasma-sprayed oxide coatings, b u t  the 
coating adherence vdas n o t  adequate f o r  long tern use. 

This program u t i l i ze s  an a l ternate  cr~ating :nethod, electron beam 
physical vapor deposi tion (Eg-PVD), as t h e  coating process because of 
high control of cornposi t i o n ,  thickness, and inorphology. Three substrate 
rnateridls w r e  selected fo r  this  study: reaction-bonded Si3N4 (HdSN),  
sintered Si3N4 (SSN), and sintered Sic (SSC). 

The present prograin score consists of four technical tasks t o  he 
conducted over 31 months: 

o 
o Task 2 - Advanced Pretreatment and Coating S t u d i e s  
o Task 3 - Contact Stress  Testing and Friction Measurement 
o 

Task 1 - Coating Adherence and Characteristics Investigation 

Task 4 - Post-Contact Strength Pleasurernent 

Technical progress 

During th i s  reporting period (October 1, 1985 through March 31, 
1986),  Task 3 ,  Contact Stress  Tec>ting and Friction Measurement, was 
in i t ia ted .  The emphasis o f  Task  3 i s  t o  establish the baselin: flexural 
strengths and the f r ic t ion  character is t ics  for  uncodted and coated sub- 
s t ra tes .  D u r i n g  testing t o  establish the f r ic t ion  character is t ics ,  the 
specimens will be exposed to contact s t ress  conditions. The effect  of 
contact s t ress  on these specirnens will be evaluated in Task ‘I, Post- 
Contact Strength Measurement. 

Experiinental procedures 

Materials. The substrate inaterials uti l ized i n  t h i s  investigation are 
reaction-bonded s i l icon n i t r ide  ( K B S N ) ,  sintered sil icon n i t r ide  (SSN), 
and sintered s i l icon carbide (SSC). The RBSN and SSN are RBN104 and 
Code 2 SSN respectively from the RiZesearch Cas t ing  Company, Torrance, 
California, and the SSC i s  sintered alpha S i c  (SASC) from the Carbor- 
undum Company, Niagara Fal ls ,  New York. Bi l le t s  o f  these inaterials have 
been cut into 2 x 0.250 x 0.125 inch t e s t  bars and longitudinally ground 
w i t h  a 320-gri t diamond wheel. 

The coating/substrate systems selected for  evaluation in Task 3 are 
shown i n  Table 1. 
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Table 1. Task 3 coating/substrate systeins. 

Ttiese coating/substrate systems were selected based on Task 2 adherence 
evaluations. The pretreatments selected yielded the best EB-?VU z i r -  
conia coating adherence f o r  t h e i r  respective substrates4.  The pre- 
t reatdents  are  b r i e f l y  described below. 

CV1) alumina coatings approxiinately 2 lnicron thick are  applied a t  
92OC a t  Kennanietal ' s  Phil ip  M. McKenna Laboratory, Greensburg, Pennsyl- 
vania. The specimens are  subsequently hedt t reated i n  a i r  a t  12OOC for  
2 hours  to s t a b i l i z e  the inter layer  pr ior  t o  EB-PVD coating. 

CVU A 1 N  coatings approxiinately 2 t o  3 inicrun thick are deposited a t  
t i .A.  Technologies, San Diego, California,  u s i n g  a f luidized bed. 

Sol-gel alurnina coatings approxiinately 0.5 micron thick are applied 
by Signal Research Center, Des Plaines, I l l i n o i s .  The substrates  are 
dipped i n  alurnina sol,  a i r  dried, then calcined i n  a i r  for 2 hours a t  
12ooi: * 

Laser machining i s  conducted a t  GTEC using a 1 .2  kw C O 2  laser  in a 
pulsed mode t o  texturize the substrate  surface t o  form a a a t r i x  of cavi- 
t i e s .  

An EB-PVD coating of zirconia s tab i l ized  with 20-percent y t t r i a  i s  
u t i l i zed  f o r  a l l  systems in Table 1. This coating i s  applied by 
Temescal, derkeley, California,  a t  1800F t o  a thickness of 75 t o  125 
tnicrons. A typical coating rnicrostructure resul t ing froin basel ine pro- 
cessing procedures i s  i l l u s t r a t e d  i n  Figure 1. After EB-PVLJ coating, 
the specimens receive lOO-hour/lZOOC s t a t i c  a i r  heat-trzatinents t o  
s t a b i l i z e  the coating/substrate interfaces .  

Characterization. Flexural testing t o  es tab l i sh  baseline s t rengths  wil l  
be conducted a t  room temperature, l O O O C ,  and 1375C ( s t a t i c  a i r  atmos- 
phere) i n  four-point bending. Coated substrates  wil l  be tes ted with the 
coated s ide o f  the specimen in tension. 

Fr ic t ion character izat ion will  be conducted u s i n g  l ine  contact 
tes t ing ,  which involves s l id ing  a l ine  contact load across the specimen 
surface. Figure 2 i l l u s t r a t e s  the t e s t  r i g  t o  be used f o r  t h i s  task.  
W i t h  t h i s  apparatus, a norrnal force i s  applied t o  the specimen through a 
(lead weight load system while a tangential force is applied through d i s -  
placement of the crosshead. Uncoated specimens will  be tes ted w i t h  nor- 
Lnal loads o f  4.5, 11.4,  and 22.7 kg .  Prior experience w i t h  RBSN and SSC 
on an e a r l i e r  contact t e s t  r i g  suggests these loads s u f f i c i e n t  t o  induce 
contact s t r e s s  dainage t o  bare surfaces. The applied normal loads f o r  
tes t ing  coated specimens w i  1 1  be selected based on preliininary contact 
testing t o  be conducted under Task 3. All contact tes ted specimens 
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COLUMNAR 
ZrOp 

DENSE 
Z r O p  

RBSN 
SUBSTRATE 

ZrOp-20% Y2O3 ON RBSN 

Figure 1. The baselim3 codL i r i J  i s  graded Frolii derisz a t  the 
interface to i01ii~iinar. 

(except preliminary) will be subsequently flexural tested for  strength 
under Tdsk 4,  Post-Contact Strength Measurements, t o  deterinine contact 
danage resistance. 

Substrate pretreatment and coating s ta tus  

Substrate pretreatment and coating i s  proyressing. Substrate pre- 
treatment for Task 3 i s  nearing completion. EB-PVD zirconia coating i s  
fa l l ing  behind schedule and delaying the program. Seventy-two o f  the 
total  504 specimens t o  receive EB-PVD coatings have been coated t o  date. 
The pretreatment and coating s ta tus  for  each of the s i x  systems shown i n  
Table 1 i s  discussed in the following paragraphs. 

Ut$$;'/"; , 4 ~ 1 0 ~ / ; + P V ~  ;;U'. dne-hundred t e s t  bars  of HdSN dere coated 
w i  1 L a urnina. t i g  y-four of these bars Nere heat treated i n  a i r  a t  
12002 f o r  2 hours and subsequmtly sent to  Teinescal f o r  CB-PVD rirconid 
coating. Sixteen specimens were retained. 

RdSN/i'VD AlFJ/EU-P'dU Zr01. Eiyhty-four t es t  bars  of KUSN were sent t o  
G.A. Technologies for C V D  Alii codting. Forty bars have been coated and 
subsequently sent t o  Ternescal f o r  EU-PVU zirconia coating. The 44 bars 
re.naininy will be coated d u r i n g  the next reporting period. 

SSN/Sol-qel A l & / i B - P V U  ZrU?. One hundred bars o f  SSN were coated , d i t h  
sol-gel alulnina. Eighty-four were sent t o  Teinesc3.1 for E U - ? V I )  zirconia 
coating. Sixteen specimens viere retained. 
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INSTRON BASE 

F i g u r e  2. G a r r e t t ' s  l i n e  c o n t a c t  r i g  was used t o  assess 
c o a t i n g  adherences. 

Laser Machined SSN/ES-PVD ZrO7. E i g h t y - f o u r  SSN t e s t  ba rs  were l a s e r  
machined ( t e x t u r i z e d )  on one f a c e  and subsequent ly  sen t  t o  Temescal f o r  
E3-PVD z i r c o n i a  coa t ing .  T h i r t y - s i x  o f  these specimens have been coated 
and heat  t r e a t e d  t o  date.  A d d i t i o n a l  s u b s t r a t e s  were l a s e r  machined t o  
eva lua te  t h e  e f f e c t  o f  l a s e r  machining on s t r e n g t h .  

SSC/Sol-gel A1703/EB-PVD ZrO2. One hundred ba rs  o f  SSC were coated w i t h  
s o l - g e l  alumina. E igh ty - fou r  were sent  t o  Temescal f o r  EB-PVD z i r c o n i a  
c o a t i n g .  

Laser Machined SSC/EB-PVD ZrO7. E igh ty - fou r  SSC t e s t  ba rs  were l a s e r  
machined on one face and subsequent ly sen t  t o  Ternescal f o r  EB-PVD z i r -  
c o n i a  c o a t i n g .  T h i r t y - s i x  of these specimens have been coated and hea t  
t r e a t e d  t o  date.  A d d i t i o n a l  s u b s t r a t e s  were l a s e r  !nacliined t o  eva lua te  
t h e  e f f e c t  o f  l a s e r  machining on s t r e n g t h .  



Results 

7- 

Temperature RBSN SSN ss c 
25C 296.9 +31.9(10) 591.7 k66.9(10) 286.2 *25.5(10) 
lO0OC 360.7 +17.9(6) 611.0 *51.0(6) 271.7 *20.7(5) 
1375C 319.3 +52.4(6) 133.8 f6.2(6) 295.2 f11.7(6) 

i . 

Strength Testing. Strength testing (f lexural)  of the as-machined sub-  
s t r a t e s  has been completed. The strengths are tabulated in Table 2. 
These strengths will be used as the baseline for  Tasks 3 and 4 of the 
current program. 

Table 2. Average strength (MPa) of as-machined substrates. 

(Parentheses indicate number o f  bars tes ted)  

I + 
SSN ssc 

Strength, Reduction, Strength, Reduction, 
Temperature MP a % MP a % 

25C 450.3 f30.3(8) 23.8 204.8 f16.6(7) 28.4 
lO0OC 502.8 +56.6(4) 17.7 224.1 f 7.6(4) 17.5 
1375C 111.0 f 6.9(4) 17.0 225.2 +13.1(4) 13.6 

t 

Temperature 

25C 
lO0OC 
1375C 

Strength, Reduction, 
MP a % 

220.0 +9.7(4) 23.1 

273.1 f131.1(3) 7.0 
241.4 22.8 (3) 11.1 



188 

F i g u r e  3. Laser machin ing of SSC s u b s t r a t e s  
r e s u l t e d  i n  s p a l l i n g  on edges. 

F i g u r e  4. Some specimens were l e f t  u n t r e a t e d  
a t  t h e  edges t o  e l i m i n a t e  s p a l l i n g .  
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F r i c t i o n  Charac te r i za t i on  (Contact  St ress Test ing) .  Contact s t ress  
t e s t i n a  was i n i t i a t e d  cm as-machined subs t ra tes  t o  e s t a b l i s h  a base l ine  
f o r  sibsequent t e s t s  on ZrU2 coated specimens. The room te inperatwe 
and lOOOC t e s t i n g  has been completed. The 1375C t e s t i n g  i s  c u r r e n t l y  i n  
progress. The r e s u l t s  v i 1 1  be discussed i n  the  nex t  repo r t .  

Suinmary 

o Substrate pretredt inent and coa t ing  i s  progressing. Seventy- 
two o f  the t o t a l  504 speciinens t o  rece ive  EB-PVD coat ings  have 
been coated. 

o S t rength  t e s t i n g  o f  as-machiried subs t ra tes  has been completed. 
o St rength t e s t  r e s u l t s  froin l ase r  :nachined SSN and SSC suggests 

l ase r  machining s i g n i f i c a n t l y  reduces subs t ra te  s t rength.  
o Contact t e s t i n g  o f  as-machined subs t ra tes  i s  i n  progress. 

Status o f  irli les tonos 

o Tasks 1 and 2 are coinplet? 
o Task 3 i s  behind schedule due t o  de lays i n  coa t ing  the  speci -  

o 
mens 
Task 4 may be delayed due t o  delays i n  Task 3 

Pub1 i c a t i o n s  

A paper, "High Temperature Coat ing Study t o  Reduce Contact St ress 
Oaliiage o f  Ceramics", was presented a t  the  23rd Automotive Technology 
kve lop inent  Contractors  Coord inat ion Neet i ng i n  Dearborn, Michigan i n  
October 1985. Th is  paper i s  expected t o  be publ ished i n  the  proceedings 
o f  t h i s  meeting. 
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2.2.2 Dynamic Interfaces 

Studies of Dynamic Contact of Ceramics and Allovs for Advanced Heat Engines 
K .  F. Dufrane and W .  A. Glaeser (Battelle Columbus Division) 

Ob jective/Scope 

The objective of the study is to develop mathematical models of the 
friction and wear processes of ceramic interfaces based on experimental 
data. The supporting experiments are to be conducted at temperatures 
to 650 C under reciprocating sliding conditions reproducing the loads, 
speeds, and environment of the ring/cylinder interface of advanced engines. 
The test specimens are to be carefully characterized before and after 

to the model. The results are intended 
ems 

testing to. provide detailed input 
to provide the basis for identify 
limiting the development of these 

ng solutions to the tribology prob 
eng i nes. 

Technical Progress 

Apparatus 

The apparatus uses specimens of a simple flat-on-flat geometry, which 
facilitates procurement, finishing, and testing. The apparatus reproduces 
the important operating conditions of the pistonhing interface of advanced 
engines. The specimen configuration and loading is shown in Figure 1. 
The contact surface of the ring specimen is 3.2 x 19 mn. A crown with 
a 32 mn radius is ground on the ring specimen to insure uniform contact. 
The ring specimen holders are pivoted at their centers to provide self- 
alignment. A chamber surrounding the specimens is used to control the 
atmosphere and contains heating elements to control the temperature. 
The exhaust from a 4500 watt diesel engine is heated to the operating 
temperature and passed through the chamber to provide an atmosphere simi- 
lar to that of actual diesel engine service. 
conditions is presented in Table 1. 

A summary of the testing 

Mater i als 

Monolithic alpha silicon carbide and three zirconia compounds were 
selected for the cylinder specimens. 
monolithic ceramics (cut from the sides of the cylinder specimens) and 
plasma-sprayed coatings of metals and ceramics. 
materials are presented in Table 2. 

The ring specimens consisted of 

The compositions of the 
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Table 1. Summary of Testing Conditions 

Sliding Contact: Dual flat-on-flat 
"Cylinder" Specimens: 

"Ring" Specimens: 
12.7 x 32 x 127 rnm 
3.2 x 19 x 19 mm 

Motion : Reciprocating, 108 m stroke 
"Ring" crown radius: 32 mtn 

Speed: 500 to 1500 rpin 
Load: to 950 N 

Ring Loading: to 50 N/mm 
Atmosphere: 

Measurements: 
Diesel exhaust or other gases 
Friction and wear (after test) 

Table 2. Cylinder and Ring Specimens 

Mater i a1 Abbrev i at i on Nominal Composition 

Magnesia Partially Stabil- MPSZ 3 . 3  weight % MgO, 
ized Zirconia 

Yttria Partially Stabilized YPSZ 3 mole % Y203, bal 
ized Zirconia ZrO, 

3 weight % Hf02, 
bal ZrOp 

Alumina Transformation 
Toughened Zirconia 

Sintered Alpha Silicon 
Carbide 
Plasma Sprayed Metallic, 
T400 

Plasma Sprayed Ceramic 
M130 
Plasma Sprayed Metallic, 
M501 

L 

ATTZ 2 mole % Y 0 , 20 
weight & A'i233, 
bal ZrOp 

Si C Sic 

T400 0.28 No, 0.34 N i ,  
0.09 Cr, 0.01 Fe 
0.02 Si, bal Co 

M130 0.13 Ti02, 0.87 
A1903 

L 3  

M501 0.3  Mo, 0.12 Cr, 
0.025 6, 0.03 Fe 
0.0075 C, bal Ni 

Plasma Sprayed Intermetallic, P312 N MoSi2 
P312 M 
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Load i 
>-$ Flat "cylinde?' 

specimens 
Figure I.. Test specimen configuration and loading. 

Experiments with no Lubrication 

A series of experiments was run with the plasma-sprayed rings against 
alpha silicon carbide at 1000 rpm, with diesel exhaust atmosphere, tem- 
peratures from 290 to 540 C, and ring loadings from 1.6 to 7.7 N/mm. 
Mith the exception of M501, all of the plasma-sprayed coatings spalled 
off the A I S 1  401 SS base metal in less than 3 minutes of operation. The 
coefficients of friction were high, with values froin 0.2 to 0.6 typically 
recorded. The M501 withstood 20 minutes o f  sliding successfully. How- 
ever, the wear depth on the rings was 0.15 m and the coefficient of fric- 
tion varied between 0.3  and 0.6. Examination o f  the surfaces revealed 
that a coating of M501 had transferred to the alpha silicon carbide and 
the sliding was actually occurring on self-mated M501. 
survived a short period of operating against YPSZ, but the coefficient 
of friction and wear were similar to that experienced with sliding against 
alpha silicon carbide. 
tion, and frequent coating bonding failures indicated that plasma sprayed 
rings were unlikely to be able to operate unlubricated for extended peri- 
ods as rings in advanced heat engines. 

Unlubricated self-mated yttria partially stabilized zirconia (YPSZ) 
also proved incapable of extended service for advanced heat engines. 
The coefficient of friction was high ( t o  0.6) and the ring specimens wore 
0.05 mm in 3 minutes o f  operation. The surface o f  both the cylinder and 
ring specimens were extensively cracked. The edges of the ring specimens 
were chipped away in series of stair-step cracks following the original 

The 61501 also 

The high wear rates, high coefficients o f  fric- 



193 

surface cracks. 
of friction observed during the unlubricated sliding experiments, the 
application of the ceramics studied in unlubricated sliding contact does 
not appear feasible. 

With the aggressive wear mechanisms and high coefficients 

Experiments with Lubrication 

The potential benefits of lubrication to the sliding performance 
of ceramics were examined beginning with an SAE 10 mineral o i l  at room 
temperature. 
of 500 to 1000 rpm. 
1 hour, produced a coefficient o f  friction ranging from 0.13 to 0.16. 
The coefficient of friction was reduced by the presence of mineral o i l  
from the 0.6 measured during dry sliding, but the ring wear depth was 
a relatively high 0.27 mm during the one hour of operation. The high 
wear rate was caused by the phenomenon of thermo-elastic instability (TEI) 
observed throughout the experiment. As shown in Figure 2, the TEI was 
visible as hot spots and streaks on the cylinder specimens. During slid- 
ing, local areas of the surface expand from frictional heating and thereby 
begin to carry higher portions o f  the applied load. 
materials properties, sliding speed, and coefficient of friction, if the 
heat in the local areas is not dissipated fast enough, the local areas 
continue to expand and thereby carry most of the sliding load. 
the locally protruding areas are subject t o  wear, the load is transferred 
to nearby areas heated and expanded by the therrnal disturbance. 
fore, the locally heated regions traverse across the width of the mating 
surfaces. The temperatures developed by TEI can be sufficiently high 
t o  emit visible radiation, which was the case for the YPSZ, Figure 2. 
Because o f  the rapid local heating to high temperatures, the surface is 
subject to cracking from thermal shock, Figure 3 .  The local cracked areas 
s p a l l ,  leaving visible shallow pits. The pitted regions enlarge with 
further running, which appears to be the primary wear mechanism. 
imposed on the cracks and pits are wear grooves apparently caused by debris 
trapped between the ring and cylinder specimens. 

Examination o f  the worn YPSZ surfaces by scanning electron micro- 
scopy (SEM) provided further details o f  the wear process and cracking. 
Surface smearing, debris compaction, and microcracking i s  evident in addi- 
tion to the major crack pattern in the SEM micrograph shown i n  Figure 4. 
The major wear grooves visible in Figure 3 are observable in detail in 
the SEM micrograph shown in Figure 5 .  The upper left portion i s  an area 
o f  material removed in a wear groove. The spacing of the cracks i s  smal- 
ler in the groove region. The groove was probably caused by wear debris 
trapped between the ring and cylinder. Such debris would cause high con- 
tact stresses, subsurface lateral fracture, and an intensified thermal 
shock crack pattern. The cracks in the groove are also wide; apparently 
debris was released as the edges were being broken down. 
evident in the higher (ungrooved) area. 
removal on a much finer scale than the spalling and major grooving from 
trapped wear debris. The wear occurs by superficial attrition of a very 
thin plastically deformed layer. This may be the dominant wear mechanism 
in the absence of thermal shock. X-ray diffraction analysis comparing 
the worn and unworn areas showed the crystal structure to be mostly face 

The four monolithic ceramics were run self-mated at speeds 
The YPSZ, operated at a ring loading of 9 N/mm for 

Depending on the 

Since 

There- 

Super- 

Smearing is 
This type of wear causes material 
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Figure 2. Thermo-elastic instability on self-mated YPSZ with 
mineral oi 1 1 ubri cation. 

Figure 3. Cracking, spalling, and wear grooves on YPSZ 
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Figure 4. Surface smearing and cracking on YPSZ 

Figure 5. Detail of wear groove on YPSZ 
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centered cubic. 
in the small percentage of the monoclinic phase. 

of thermal shock damage, but did not elimina?e it entirely. 
is an SEM micrograph taken on an YPSZ specimen lubricated with MoS . 
The smeared layer was identified to be MoS , while the diagonal baad was 
uncovered zirconia. The uncovered band coltai ned thermal -shock cracks, 
but no spalling was observed. 

TEI was also observed in experiments using mineral oil lubrication 
with self-mated magnesia partially stabilized zirconia (MPSZ) and self- 
mated alumina transformation toughened zirconia (ATTZ). 
the most sensitive of the three zirconias. The coefficient of friction 
was 0.12 and the ring wear rate was equivalent to that observed with the 
YPSZ. The surface cracking and spalling were also similar to that observed 
on the YPSZ. 

Similar experiments with alpha silicon carbide resulted in no visi- 
ble TEI. Since TEI is speed sensitive, the operating speeds were varied 
from 500 to 1500 rpm with applied ring loads from 12 to 18 N/mm. 
coefficient of friction decreased from an initial value of 0.07 to 0.04. 
The lower values were apparently the result of hydrodynamic lubrication 
after the ring specimens wore to the correct geometry. The worn surface 
o f  one of the ring specimens i s  shown in Figure 7 with details in Figure 8 .  
No thermal cracks were visible and the surface was becoming polished. 
The pores were primarily the remains of pits from the original finish- 
ing. Surface smearing and fine abrasion is visible in Figure 8. The 

The primary difference caused by wear was a decrease 

Lubrication of self-mated YPSZ with MoS greatly reduced the severity 
Figure 6 

The MPSZ was 

The 

Figure 6. YPSZ wear surface lubricated w i t h  MoS2. 
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Figure 7. Polished wear surface o f  S i c  

Figure 8. Details o f  wear process on S i c  
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abrasion scraches were interrupted in some locations, which suggests an 
effect of grain orientation on resistance to scratching. 
primarily the remains of pits from the original finishing. 
after 4 hours of operation was 0.025 mm. 
mildly worn in isolated polished areas. 

With the marked difference in performance between the zirconias and 
the alpha silicon carbide, experiments were conducted to explore the effects 
of ring specimens having much higher thermal conductivity in sliding con- 
tact with the zirconias. Hard-chromium-plated mild steel ring specimens 
were run against the (YPSZ) at room temperature with SAE 10 lubricant. 
The measured fr ction coefficient was 0.2 and TEI was observed. Even 
though the meta lic ring specimens had a much high thermal conductivity 
than the zircon a ring specimens in the previous experiments, the local 
heat generation on the zirconia cylinder specimens resulted in the forma- 
tion of visible hot spots. The 0.05 mn chromium layer was worn off the 
mild steel, and the surface of the zirconia experienced thermal cracking. 
Similar results were obtained with magnesia partially stabilized zirconia 
cylinder specimens and chromium-plated ring specimens. As in the self- 
mated experiments, the magnesia partially stabilized zirconia was more 
prone to TEI. 

partially stabilized zirconia cylinder specimens produced early failures 
of the silicon carbide specimens. 
to the ring specimen fractures. The friction coefficient was 0.1, which 
was lower than measured with the chromium plated ring specimens, but there 
was no evidence o f  hydrodynamic lubrication. 

Successful sliding performance occurred with silicon carbide cylin- 
der specimens and yttria partially stabilized zirconia ring specimens. 
The friction coefficient was 0.05 to 0.09 and no TEI was observed. The 
ring specimens experienced a slight amount of wear, but the wear was appar- 
ently to a geometry suitable for forming hydrodynamic lubricant films. 
The ring specimens were highly polished and free of thermal cracking except 
near the edge of one specimen. These results suggest that the thermal 
properties of the cylinder specimen are more important than those of the 
r i ng specimen . 

The pores were 
The ring wear 

The cylinder specimens were 

Two experiments with silicon carbide ring specimens and niagnesia 

TEI was observed on the zirconia prior 

Discussion 

The experiments under conditions approaching those of advanced engines 
have shown that the ceramics and coatings studied are not capable of oper- 
ation in dry sliding contact. High friction and high wear limit the prac- 
tical application of these materials without lubrication. 

In experiments with mineral oil lubrication at room temperature, 
the coefficients of friction were reduced markedly, but the onset of TEI 
caused surface cracking and spalling in the monolithic zirconias. Alpha 
silicon carbide, which did not experience TEI over the speed range of 
interest, had no surface cracking and developed polished wear areas. 
Previous studies analyzing TEI showed that a critical speed exists for 
sliding materials above which nonuniform contact areas of high pressure 
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and temperature occur and move under the l’nfluence o f  thermal expansion 
and wear’,’. A simplified expression developed for the critical speed i s :  

where 

\Icr = cr- i t ica  sliding velocity,  

Y = thern1a-I conductivity, 
Y = c o e f f i c  ent of friction, 
a = coefficient o f  thermal expansion, 
E = Young’s modulus, 

z = w i d t h  o f  s l ider ,  
P = density, 
c = specific heat,  

k E thermal c l i f f u ~ i ~ i t y  (K/pc) 

u s i n g  t h i s  ex ression, the critical velocities presented in Table 3 were 
c a 1 cu 1 ated . 

Table 3 ,  Calculated Critical Velocities far Self- 
Ceramics at Rooin Temperature 

I 

_1_1- 

Coefficient o f  Friction, 
Measured w i t ?  SAE 10 v 

Mater-i a1 Mineral O i  1 c w ;  

YPSZ 0.13 8.9 

MPSZ 0.12 8.3 

ATTZ 0.12 15 

Sic 0.87 11.00 

S i  3N4 0.12 239 
0,08 530 

(assumed values) 
..-.~-I--.--- .-- .___ .--.-.__-- ~ 

The average specimen speed a t  508 rprn is 180 cm/s and at 1500 rpm is 
540 cm/s. As shown in Table 3 ,  the  critical speeds for zirconia are well 
below the ring specimen speed a t  500 rpm. 
calculated critical speed of the three zirconias, was the  least prone 
t o  TEI. In contrast to the zirconias, the calculated critical speed for 
S i c  is well above the r i n g  specimen sliding speed even at 1500 rpm, which 
i s  consistent with no evidence o f  TEI in the experiments w i t h  Sic. 
comparison purposes, the critical speeds for Si N4 were calculated for  
two coefficients o f  friction. 
the zirconias and the Sic. 

The ATPZ, which had the highest 

For 

The critical spe$ds are between those of 
On this basis, Si3N4 may a lso  be a candidate 
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t o  avoid the surface cracking problems associated with TEI i n  the practi-  
cal speed range for advanced engines. 

The coefficient of f r ic t ion  i s  the primary variable that  can be rnodi- 
fied t o  effect  beneficial increases i n  the c r i t i c a l  speed. Hoivever, for 
the YPSZ, a coefficient of f r ic t ion o f  0.04 increases t h e  c r i t i c a l  speed 
to  only 94 crn/s. A value o f  0.01 resul ts  in a c r i t i c a l  speed o f  1500 
cm/s, which would be in the practical range. Such low coefficients o f  
f r ic t ion  require hydrodynamic lubricant films generated by a viscous f luid 
between surfaces o f  the correct geoinetry. Sliding systems t h a t  require 
the coefficient of f r ic t ion  t o  be below boundary-lubrication values o f  
0.1 t o  avoid T E I  are l ikely t o  be sensit ive t o  surface damage because 
o f  the inevitable disruptions o f  t h e  hydrodynamic f.iIiils during s tar t ing,  
stopping, and br ief  periods o f  starvation or overload. Therefore, cnateri- 
a l s  with higher c r i t i c a l  speeds (influenced strongly by the thermal d i f -  
fusivi ty)  are l ikely t o  be the least  susceptible t o  damage resulting 
from TEI .  
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2 . 3  NEW CONCEPTS 

Advanced Statistic$* 
W .  P. E a t h e r l y  (Oak Ridge N a t i o n a l  Labora to ry )  

Object ive/scope 

Flaws i n  b r i t t l e  m a t e r i a l s ,  i n c l u d i n g  g r a p h i t e ,  determine t h e  t e n s i l e  
o r  f l e x u r a l  s t r e n g t h ,  and i n  many cases a r e  bimodal i n  d i s t r i b u t i o n .  Two 
l a r g e  bod ies  o f  d a t a  a r e  a v a i l a b l e ,  one on an aerospace g r a p h i t e  (N3M) ,  
t h e  o t h e r  on a s t r u c t u r a l  n u c l e a r  g r a p h i t e  (H451). The f i r s t  d a t a  s e t  
r e p r e s e n t s  430 t e n s i l e  s t r e n g t h s  i n  s e t s  o f  seven p e r  b i l l e t ,  t h e  second 
c o n t a i n s  some 1200 p o i n t s  i n  s e t s  o f  e i g h t  and f o u r .  No comparable s e t  of 
d a t a  e x i s t s  on any o t h e r  b r i t t l e  ceramic.  

d i s t r i b u t i o n  a t t r i b u t a b l e  t o  omnipresent background f l a w s  o f  s i z e  com- 
p a r a b l e  t o  t h e  g r a i n  s i z e ,  and so -ca l l ed  d i s p a r a t e  f l a w s  i n t r o d u c e d  d u r i n g  
manufacture and o f  much l a r g e r  s i z e .  The background f l a w s  a r e  i n d i r e c t l y  
a c c e s s i b l e  f rom measurements o f  son ic  a t t e n u a t i o n ,  t h e  d i s p a r a t e  f laws a r e  
d i r e c t l y  a c c e s s i b l e  by son ic  r e f l e c t i o n . '  The background f l a w  f i e l d  shows 
a W e i b u l l  behav io r  when v a r i a b i l i t y  i n  s t r e n g t h  due t o  bulk d e n s i t y  i s  
removed, w i t h  an n-value o f  18 f o r  t h e  h i g h - q u a l i t y  aerospace m a t e r i a l  and 
o f  7 f a r  t h e  more modest q u a l i t y  n u c l e a r  m a t e r i a l .  

We rev iew  t h e  c u r r e n t  s t a t u s  o f  t h e  l a r g e r  d a t a  base on H451 g r a p h i t e  
as an i n d i c a t i o n  o f  t h e  behav io r  o f  a t  l e a s t  one t y p e  o f  b r i t t l e  m a t e r i a l .  
The d a t a 2  a v a i l a b l e  t o  us comprises a s tudy o f  t h r e e  p r o d u c t i o n  runs,  
r e p r e s e n t i n g  14, 56, and 28 c y l i n d r i c a l  b i l l e t s .  From t h e  c e n t r a l  a x i s  o f  
each b i l l e t ,  12 specimens were e x t r a c t e d ,  8 a x i a l  and 4 t r ansve rse ,  w i t h  
s t r e s s  volumes d e f i n e d  by d iamete rs  6 .35  mm and l e n g t h s  23 mm. We i n c l u d e  
here t h e  a x i a l  specimen a n a l y s i s  o n l y ,  w l t h  r e s u l t s  which a r e  n e a r l y  iden-  
t i c a l  f o r  t h e  t r a n s v e r s e  specimens. 

The two d a t a  s e t s  show a common c h a r a c t e r i s t i c ,  a bimodal s t r e n g t h  

Technica l  proqress 

We assume i n  t h j s  s e c t i o n  t h e  r e a d e r ' s  f a m i l i a r i t y  w i t h  t h e  genera l  
s t a t i s t i c a l  princs 'ples i n v o l v e d .  F o r  those n o t  concerned, t h e  r e s u l t s  a r e  
summarized i n  t h e  conc lud ing  s e c t i o n  below. 

The r e s u l t s  o f  a p r o v i s i o n a l  v a r i a n c e  a n a l y s i s  f o r  t h e  t h r e e  l o t s  
o f  g r a p h i t e  a r e  g i v e n  i n  t h e  f i r s t  p a r t  o f  Table 1 .  The two s t a t i s t i c a l  
parameters3 c h a r a c t e r i z i n g  t h e  sample d i s t r i b u t i o n s  a r e  sg and 8: 

--I-..---__._.__.- * These s t u d i e s  suppor ted j o i n t l y  by t h e  Ceramic Technology f o r  
Advanced Heat Engines P r o j e c t  and t h e  HTGR Technology Program. 
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where s$ i s  t h e  w i t h i n - b i l l e t  v a r i a n c e  and SA i s  t h e  b e t w e e n - b i l l e t .  
v a r i a n c e  f o r  t h e  sample, u$ and a2 t h e  same f o r  t h e  p o p u l a t i o n .  
degrees  o f  freedom f o r  t h e  mean sum o f  squares f o r  a$ i s  v 2  and f o r  t h e  
remas'nder o f  t h e  p a r t i t i o n e d  sum ( S c h e f f e ' s  MSA] i s  v I .  A l s o  g i v e n  a r e  
t h e  mean s t r e n g t h s  m f o r  thsl l o t s .  

Two t e s t s  f o r  homogeneity were cons ide red ,  t h e  Rar t1e t . t  t e s t  i n  i t s  
x' form and the F o s t e r  Q - t e ~ t . ~  The l a t t e r  t e s t  was r e j e c t e d  because o f  
i t s  l a c k  o f  s e n s i t i v i t y  t o  l a r g e  v a l u e s  a f  s3 u n l e s s  t h e s e  a r e  f a r  o f f  
t h e  expec ted  x ' - d i s t r i b u t i o n .  T h i s  f l a w  appears i n h e r e n t  Lo t h e  Q - t e s t .  
The c r i t e r i o n  f o r  honogene i t y  i n  t h e  R a r t l e t t  t e s t  i s  t h a t  t h e  observed 
s t a t i s t i c  K be l e s s  t h a n  t h e  upper a t h  c r i t i c a l  p o i n t  f o r  t h e  x 2  d i s t r i -  
b u t i o n ,  and i n  t h e  F o s t e r  t e s t  t h a t  t h e  observed s t a t i s t i c  Q be l e s s  t h a n  
t h e  a t h  c r i t i c a l  p o i n t  o f  t h e  q - d i s t r i b u t i o n .  She r e a d e r  i s  r e f e r r e d  t o  
r e f .  4 f o r  t h e  fo rms o f  K and Q.  We e l e c t e d  t o  use  u = 0.05 f o r  the 
c r i t i c a l  p o i n t .  C l e a r l y ,  t h e  comple te  d a t a  s e t s  do n o t  s a t i s f y  e i t h e r  
c r i t e r i o n  f o r  g r a p h i t e  l o t s  472 and 478, and t h a t  f o r  l o t  482 does so o n l y  
m a r g i n a l l y .  

t i o n  o f  w i t h i n - b i l l e t  s t r e n g t h s ,  these  being mnore c r i t i c a l  t han  t h e  
The f s' rst. was the  Kom1 gorov-Srn?; r n o v  s i n g l e  s t a -  

t i s t i c  t e s t  ( a p p l i e d  a t  t h e  80% l e v e l ] ;  t h e  second, the  c o r r e l a t e d  t h i r d -  
f o u r t h  riromeirt t e s t .  The r e s u l t s  o f  t h e  f o r m e r  are a l s o  givers i n  ] a b l e  1 
under  t h e  head ing  '"14- S t e s t . "  
w i  11 be d i  scussed l a t e r .  

t h e  sonic; r e s u ?  t s ,  the d i s p a r a t e  f l a w  s t r e n g t h s  w e r e  i s o l a t e d  by r e j e c t i o n  
of l o v - l y i u ! g  o u t 1  i e r s .  Data " r e j e c t i o n "  was accoiripl i s h e d  on the  b a s i s  o f  
N a i r  and S t u d e n t i z e d  Range t *es ts , '  the one t o  t e s t  f o r  l o w - 7 y i n g  o u t l i e r s  
and the  o t h e r  f o r  k u r t o s i s .  We a l s o  used t h e  cmmon r e s t r j c t i o n  f o r  small 
d a t a  s e t s :  i f  t h e  i d t h i n - b i l l e t  d a t a  s i i bse t  r e q u i r e d  remroval of mor2 t han  

datum, t he  e n t i r e  subset  w s  re.ject.ed. The c h o i c e  o f  r i s k  (a) For 
t hese  c r i t e r i a  i s  somwhat  a r b i t r a r y ,  s i n c e  t he  u n d e r l y i n g  d i s t r i b J t i o n  o f  
flaws; must be c o n t i n u o u s  and t h e  d i c h o t o m i z a t i o n  i n t o  d i s p a r a t e  and 
background f l a w s  i s  i t s e l f  a r b i t i - a r y .  
and 0.10 f o r  t h e  Range t e s t  were s u f f i c i e n t  t o  o b t a i n  v a r i a n c e  homoye- 
n e i t y .  
Table 2.  

g i v e n  i n  t h e  second p a r t  o f  T a b l e  3 f o r  t h e  t r u n c a t e d  d i s t r i b u t i o n s .  
P a r t i a l l y  f i l l e d  c e l l s  ( i . e . ,  b i l l e t s  f o r  wh ich  l e s s  than e i g h t  specimens 
were a v a i l a b l e )  were t w a t c d  as " f i l l e d "  by l e a v i n g  t h e  mean and v a r i a n c e  
unchanged b u t  i n c r e a s i  ng t h e  degrees  o f  f reedom a r b i  t r a r i  l y  . 
t h e  meails and E ' - tes t  on 8 ,  t h e  t h r e e  l o t s  a r e  d i f f e r e n t .  

i s a l a t e d  o r  f r om r e j e r t e d  subsets ,  wewe now t a k e n  t o  r e p r e s e n t  specimefis 
w i t h  d i s p a r a t e  f l a w s ,  For  b r e v i t y ,  we c o n s i d e r  o n l y  t h e  c o l l e c t i v e  
r e s u l t s  from a l l  t h r e e  l o t s .  For t h e  specimen volume employed, t h e  p r o b a -  
b i l i t y  o f  occur rence  o f  a d i s p a r a t e  f l a w  i s  3.4% (26  f l a w e d  specimens f rom 
a t o t a l  p o p u l a t i o n  o f  774).  B j n o m i a l  a n a l y s i s  i nd i ' ca ted  a s l i g h t .  c a r r e l a -  
t i o n  e f f e c t ,  t h a t  i s ,  a tendency t o  f i n d  m u l t i p l e  d i s p a r a t e 5  wSthin a 
b i l l e t .  

The 

Two t e a t s  were a l s o  u t i l i z e d  t o  de te rm ine  n o r m a l i t y  o f  t h e  d i s t r i b u -  

een--bi  11 e t  v a l  ues.  

The rmrnent t e s t s  ~ t = e  u n s a t i s f a c t o r y  and 

A n t i c i p a t i n g  b i m o c h l i t y  i n t o  w e l l - s e p a r a t e d  peaks as i n d i c a t e d  f r o m  

T h e  c h o i c e s  c: = 0.05 f o r  t h e  N a i r  

The number o f  " r e j e c t e d "  d a t a  p o i n t s  and subsets  a r e  g i v e n  i n  

The r e s u l t s  o f  the v a r i a n c e  a n a l y s i s  arid t h ?  homogeneity t e s t s  a r e  

By t - t e s t  o n  

The r e j e c t e d  da ta ,  t o  Lhe e x t e n t  t h e y  contaip-red low o u t l i e r s  whether  
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Table 1. One-way v a r i a n c e  analyses and homogeneity 
t e s t s  b e f o r e  and a f t e r  t r u n c a t i o n  

F u l l  d i s t r i b u t i o n s  Truncated d i s t r i b u t i o n s  

Lot:  472 478 482 472 478 482 
. .. 

m, MPa 12.2 13.6 11.1 12.2 13.8 10.8 
p s i  1779 1979 1615 1771 2013 1570 

sw, MPa 1.42 1.70 1.57 1.07 1.46 1.43 
p s i  207 247 228 156 213 208 

% 3.29 1.62 1.98 5.52 2.30 2.51 

13 55 27 12 51 26 
98 392 196 91 364 189 

K 37.5 108.7 37.6 15.0 68.0 28.9 
x 2  ( V I )  22.4 9 3 . 3  40.1 21.0 68.7 38.9 

Q 0.127 0.027 0.049 0,099 0.025 0.1350 
g(n, ,n2 0.103 0.024 0.049 0.112 0.027 0.050 

K-S T e s t  17.894 1.176 1.139 0 670 0.759 0.907 

Table 2. R e j e c t i o n  o f  d a t a  
t o  achieve homogeneity 

E n t i r e  b i l l e t ,  8 d a t a  
S i n g l e  datum -_l_l.-i 

( o u t l i e r s )  ( range) 
( o u t 1  i e r )  L o t  

472 3 
478 7 
482 3 

0 
3 
0 

Table 3. Pa ramete r i za t i on  o f  d i s p a r a t e s  

Dis tance,  mean below b i l l e t  mean 5.3 MPa (768 p s i )  
Standard d e v i a t i o n  
C o r r e l a t i o n  c o e f f i c i e n t  0.9931 

0.92 MPa (133 p s i )  

The s t r e n g t h s  o f  t h e  26 d i s p a r a t e  specimens were n o r m a l l y  d i s t r i b u t e d ,  
a not  e n t i r e l y  s u r p r i s i n g  r e s u l t  i n  t h a t  they were i d e n t i f i e d  by t h e i r  
d i s t a n c e  f rom t h e  n o r m a l l y  d i s t r i b u t e d  b i l l e t  means. 
g i v e n  i n  Table 3. 

The parameters a r e  
The moment c o r r e l a t i o n  c o e f f i c i e n t  R i s  t h a t  f o r  
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s t r e n g t h  d e f i c i e n c y  ve rsus  argument o f  t h e  c u m u l a t i v e  normal d i s t r i b u t i o n  
f u n c t i o n  u s i n g  t h e  f o r m u l a  CP = (Si - 3)/(8n + 5) f o r  t h e  sample cunrula- 
t i v e .  Were, R has no s t a t i s t i c a l  s i g n i f i c a n c e  b u t  i s  p r e s e n t e d  o n l y  t o  
i n d i c a t e  t h e  e x c e l l e n t  l i n e a r i t y  o f  t h e  c u m u l a t i v e  p l o t .  I n  f a c t ,  as  mgn- 
t i o n e d  above, t h i s  and a l l  o t h e r  d i s t r i b u t i o n s  i n  t h e  a n a l y s i s  w ~ r e  Les ted  
f o r  g o o d n e s s - o f - f i t  b y  t h e  Kolrnogorov-Smirnov t e s t  a t  î = 0 85. ,411 t r u n -  
c a t e d  d i s t r i b u t i o n s  f o r  bo th  t h e  i n d i v i d u a l  s t r e n g t h s  and the  b i l l e t  means 
s a t i s f i e d  t h i s  c o n d i t i o n .  

The d i s t r i b u t i o n s  were s l i g h t l y  p l a t y k u r t i c  t o  bpglrs w i t h ,  and, 
a l t h o u g h  t r u n c a t i o n  removed t h e  skewness, i t  a l s o  i n c r e a s e d  t he  k u r t o ~ i s .  
For  purposes  o f  e s t a b l i s h i n g  t o l e r a n c e  l i m i t s ,  however, t h i s  w i l l  l e a d  t o  
a c o n s e r v a t i v e  p r e d i c t i o n .  Thc p l a t y k u r t i c  n a t u r e  o f  t h e  d i s t r i b u t i o n s  
canno t  o b v i o u s l y  be r e m o v d  by  o u t l i e r  t r u n c a t i o n  and t h u s  the  c o r r e l a t e d  
moment t e s t s  a r e  n o t  usab le .  

Conclusions 

S 

d 

Ne m y  now summarize o u r  r e s u l t s  by s t a t i n g  t h a t  t h e  d i s t r - i b u t i o n  o f  
trengths f o r  a p r o d u c t i o n  l o t  may be c h a r a c t e r i z e d  by t h r e e  n o m d :  
i s t r i b u t i o n s .  The numer i ca l  v a l u e s  f o r  the parameters  i n v o l v e d  w i l l ,  o f  

course, be a f f e c t e d  by t h e  specimen s t ress  volume. The t h r e e  el ist i - ibu- 
t i o n s  a r e  those f o r  (1) t h e  b i l l e t  m a n  s t r e n g t h  w;th i n h e r e n t  v a r i a b i l i t y  
g i v e n  b y  t h e  s t a n d a r d  d e v i a t i o n  (see t h e  second p a r t  o f  Tab le  1) 

(2)  t h e  v a r i a b i l i t y  w i t h i n  a b i l l e t  g i v e n  by t h e  s tandard  d e v i a t i o n  
( T a b l e  1); and ( 3 )  an a d d i t i o n a l  d i s t r i b u t i o n  due t o  d i s p a r a t e  f l a w s  
w i t h  mean l y i n g  5 . 3  MPa (768 p s i )  b e l o w  t h e  b i l l e t  mean, s t a n d a r d  
d e v i a t i o n  0 .92  MPa (133 p s i ) ,  and o c c u r r i n g  f o r  3.4% o f  t h e  specimiiens 
( T a b l e  3 ) .  
o f  d i s p a r a t e s .  Rather ,  t he  l o w - s t r e n g t h  b i l l e t s  mast. be re jec ted  a t  a 
h i g h e r  t o l e r a n c e  l e v e l .  

U n f o r t u n a t e l y ,  t h e  specimens used he re  were d e s t r o y e d  before t h i s  
a n a l y s i s  was pe r fo rmed .  
i d e n t i f i e d  h e r e  a s  o u t l i e r s  d i d  i ndeed  c o n t a i n  l a r g e  d i s p a r a t e  f l a w s ,  b u t  
any o t h e r  e x p l a n a t i o n  wou ld  be fot-ced. I f  o u r  exper ience  w i t h  aerospace 
g r a p h i t e s  can be used a s  a gu ide,  we wou ld  expec t  t h a t  abou t  70%. more 
o f  t h e  o u t l i e r  f r a c t u r e  s u r f a c e s  would c o n t a i n  an i d e n t i f i a b l e  d i s p a r a t e  
flaw.6 

One o b v i o u 5 l y  does n o t  r e j e r t  h i g h - s t r e n g t h  b i l l e t s  because 

It i s  now i m p o s s i b l e  t o  v e r i f y  t h a t  t h e  specimens 

M o d e l i n g  t h e  s t a t i s t i c s  

It i s  r e l a t i v e l y  r a r e  i n  s t a t i s t i c s  t h a t  a s i t u a t i o n  e x i s t s  where t h e  
s t a t i  s t i c a l  d i s t r i b u t i o n  i s  known a b  iniim’o and nonconformance of t h e  d a t a  
t o  t h e  s t a t i s t i c  can be a t t r i b u t e d  t o  a f a u l t y  exper imen t .  Obvious and 
somewhat t r i v i a l  examples o f  known d i s t r i b u t i o n s  a r i s e  i n  t h r o w i n g  d i c e  o r  
draw ing  c a r d s .  The overwhe lming  p r a c t i c a l  s i t u a t i o n  i s  t h a t  a data  base 
comes i n t o  e x i s t e n c e ,  an u n d e r l y i n g  d i s t r i b u t i o n  i s  hypo thes i zed ,  and 
g o s d n e s s - o f - f i t  t e s t s  are employed t o  r e a c h  a d e c i s i o n  as  t o  whether  the 
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* 
cho ice  o f  u n d e r l y i n g  d i s t r i b u t i o n  i s  a p p r o p r i a t e .  Q u i t e  c l e a r l y ,  addi -  
t f o n a l  d a t a  o r  new t ypes  o f  exper iments may prove t h e  i n i t a ' a l  c h o i c e  o f  
u n d e r l y i n g  d i s t r i b u t i o n  t o  be i n a p p r o p r i a t e  o r  incomplete.  Only when 
massive numbers o f  d a t a  p o i n t s  e x i s t  and o n l y  when they  a r e  taken under a 
v a r i e t y  o f  c o n d i t i o n s  can we b e g i n  t o  say w i t h  con f idence  t h a t  t h e  under- 
l y i n g  d i s t r i b u t i o n  f u n c t i o n s  a r e  known. We w i s h  now t o  c o n s i d e r  what 
i n f e r e n c e s  can be drawn f rom t h e  above d a t a  s e t .  

The background f l a w  f i e l d  

We f i r s t  appeal t o  another  d a t a  s e t 7  beyond t h a t  t r e a t e d  by t h e  
va r iance  a n a l y s i s .  I n  a c a r e f u l l y  c o n s t r u c t e d  exper iment ,  Kennedy sought 
t o  e s t a b l i s h  t h e  We ibu l l  c h a r a c t e r  o f  t h e  H451 t e n s i l e  s t r e n g t h s .  
t h i s  purpose a d e n s i t y  c o r r e c t i o n  i s  r e q u i r e d .  

g r a i n e d  s p e c i a l t y  m a t e r i a l s  t o  ex t reme ly  coarse-gra ined e l e c t r o d e  s tock,  
t h e r e  has been shown t o  e x l s t  a s t r o n g  c o r r e l a t i o n  between s t r e n g t h  and 
d e n s i t y  f o r  specimens w i t h j n  a g i v e n  b i l l e t .  T h i s  i s  n o r m a l l y  expressed 
i n  t h e  form o f  a Knudsen equat ion,  v i z ,  

Fo r  

Over a number o f  commercial g r a p h i t e s  spanning t h e  range o f  f i n e -  

where uo i s  t h e  u l t i m a t e  s t r e n g t h  a t  d e n s i t y  p o  and u i s  t h e  s t r e n g t h  a t  
d e n s i t y  p .  I f  one i s  concerned w i t h  e s t a b l i s h i n g  t h e  W e i b u l l  c h a r a c t e r  of 
t h e  s t r e n g t h ,  t hen  t h e  v a r i a b i l i t y  due t o  d e n s i t y  must f i r s t  be removed. 

r e q u i r e s  t h e  v a l i d a t i o n  o f  two r e l a t i o n s .  The f i r s t  i s  t h e  r e l a t i o n s h i p  
between va r iance  u 2  and mean p a t  any volume, g i v e n  by t h e  c o e f f i c i e n t  o f  
v a r i a t i o n  (COV) 

The es tab l i shmen t  o f  We ibu l l  s t a t i s t i c s  i n  t h e i r  usual  f o r m u l a t i o n  

where m i s  t h e  W e i b u l l  exponent. The second r e l a t i o n s h i p  i s  

and d e f i n e s  t h e  s h i f t  o f  mean v a l u e  w i t h  volume V, t h e  "weakest - l ink"  
e f f e c t .  
s t r e s s  volume r a t h e r  than  a rea . )  I t  i s  t h e  COV r e l a t i o n s h i p  which i s  
c l e a r l y  s e n s i t i v e  t o  t h e  d e n s i t y  c o r r e l a t i o n  th rough  t h e  t o t a l  v a r i a n c e  
u2 r a t h e r  than  t h e  d e s i r e d  va r iance  due t o  W e i b u l l  e f f e c t s  alone. Upon 
c o r r e c t i o n ,  Kennedy demonstrated t h a t  b o t h  these  r e l a t i o n s  a r e  s a t i s f i e d  
w i t h  m 1 7 .  

(We assume t h a t  t h e  background f l a w s  a f f e c t  t h e  specimen th rough  

* Our o n l y  o t h e r  a l t e r n a t i v e  would be t o  use a Bayesian methodology. 
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T h i s  r e s u l t  r a i s e s  two q u e s t i o n s :  I n  t h e  v a r i a n c e  a n a l y s i s  and i t s  

I f  d i s p a r a t e s  t r u l y  e x i s t ,  why do n o t  t h e y  
b i m o d a l i t y ,  we assumed normal d i s t r i b u t i o n s ;  how can t h i s  be v a l i d  i f  even 
one o f  t h e  modes i s  W e i b u l l ?  

d e n s i t y  c o r r e l a t i o n ,  i f  n o t  removed by  c o r r e c t i o n  t o  a r e f e r e n c e  d e n s i t y ,  
w i l l  mask t h e  W e i b u l l .  U n f o r t u n a t e l y ,  t h i s  canno t  be demonst ra ted  conc lu -  
s i v e l y  . f o r  o u r  l a r g e  d a t a  s e t  s i n c e  specimen d e n s i t i e s  were n o t  measured. 
We answer t h e  second q u e s t i o n  p o s i t i v e l y  i n  t h a t  o v e r  some t h r e e  volume 
decades i n  w h i c h  t h e  volume e f f e c t s  were sought ,  t h e  specimens were 
s m a l l e r  o r  comparable t o  those  used i n  t h e  l a r g e  d a t a  s e t .  Hence, t h e  
chances o f  f i n d i n g  a d i s p a r a t e  f l a w  were smal l  o r  n e g l i g i b l e .  

t h e  background f l a w s  i s  W e i b u l l  w i t h  exponent abou t  7 u n l e s s  f u r t h e r  d a t a  

e i b u l l ?  We answer t h e  f i r s t  q u e s t i o n  p o s i t i v e l y  i n  t h a t  .the 

We t h u s  a c c e p t  t h e  c o n c l u s i o n  t h a t  t h e  u n d e r l y i n g  d i s t r i b u t i o n  f o r  

imp1 i e s  Gtherw i  se. 

The d i s p a r a t e  f l a w s  

To e s t a b l i s h  t h e  d i s t r i b u t i o n  f o r  t h e  d i s p a r a t e  f l a w s ,  we ha 
r e c o u r s e  excep t  hypotheses I. no s p e c i f i c  r e l e v a n t  d a t a  e x i s t .  We 
c o n s t r u c t  a model based on t w o  assumpt ions :  

1. D e f i n i n g  a base c e l l  volume T a s  s u f f i c i e n t  t o  c o n t a i n  e 
d i s p a r a t e  f l a w  or  none. Then t h e  number o f  d i s p a r a t e  f l a w s  c o n t a  
an a r b i t r a r y  l a r g e r  volume V i s  b i n o m i a l l y  d i s t r i b u t e d  o v e r  T. 

2. I f  t h e  a r b i t r a r y  volume V c o n t a i n s  N volumes T .  t h e n  t h e  

e no 
s h a l l  

t h e r  one 
ned i n  

1 a r g e s t  
f l a w  on t h e  average w i l l - b e  t h e  l o w e s t  ( f i r s t )  o r d e r  s t a t i s t i c  
N - f o l d  sampl ing  o f  a normal d i s t r i b u t i o n .  ( A t  t h i s  p o i n t  we c o n t i n u e  t o  
assume t h a t  t h e  normal d i s t r i b u t i o n s  found  f rom on t h e  v a r i a n c e  a n a l y s i s  
o f  t h e  l a r g e  d a t a  base a r e  v a l i d . )  

f o r  an 

We w i l l  n o t  concern  o u r s e l v e s  w i t h  t h e  mathemat ics  but w i l l  p roceed 
d i r e c t l y  t o  t h e  c o n c l u s i o n s ,  and t h e s e  a r e  a l m o s t  t o t a l l y  dominated  b y  
assumpt ion  1. A s  t h e  s t r e s s  volume sf t h e  specimen i n c r e a s e s ,  t h e  number 
o f  specimens c o n t a i n i n g  no f l a w s  r a p i d l y  d e c w a s e s ,  and we i n c r e a s i n g l y  
sample o n l y  t h e  d i s p a r a t e  mode. The l a r g e  d a t a  base r e p r e s e n t s  specimens 
o f  s t r e s s  volume 728 m m 3 .  
( say  17.2-mm diam by 68.4-rnm l e n g t h ) ,  t h e n  t h e  f r a c t i o n  o f  specimens con- 
t a i n i n g  one o r  more d i s p a r a t e  f l a w s  i n c r e a s e s  f rom 3.4% t o  abou t  51%. 
T a k i n g  o u r  l a r g e  d a t a  base t o  have a mean t e n s i l e  s t r e n g t h  o f  12.4 MPa 
(1800 p s i ) ,  i f  no d i s p a r a t e  f l a w  e x i s t e d ,  t h e  r e s u l t  o f  i n c r e a s i n g  t h e  
specimen s i z e  t w e n t y f o l d  w i t h  d i s p a r a t e s  reduces  t h e  mean s t r e n g t h  t o  
9.6 MPa (1390 p s i ) .  
o f  specimens w i t h  d i s p a r a t e  f l a w s ,  and o n l y  abou t  4% due t o  t h e  f a c t  t h a t  
some o f  t h e  specimens c o n t a i n e d  more t h a n  one f l a w .  

These r e s u l t s  a r e ,  o f  cou rse ,  e a s i l y  g e n e r a l i z e d  s i n c e  t h e y  a r e  a 
p r o d u c t  d i s t r i b u t i o n  o f  t h e  b i n o m i a l  and o r d e r  s t a t i s t i c s .  We a r e  l e d  t o  
t h e  c o n c l u s i o n  t h a t  t h e  e x i s t e n c e  o f  a b imoda l  d i s t r i b u t i o n  w i t h  t h i s  t y p e  
o f  model l e a d s  t o  e x t r e m e l y  r a p i d  s t r e n g t h  r e d u c t i o n s  as  t h e  u n i a x i a l  
s t r e s s  volume i n c r e a s e s .  We do n o t  a s  y e t  have t h e  d a t a  base t o  t e s t  t h i s  
model. 

l a r g e  d a t a  bases an g r a p h i t e ,  we suggest  s i m i l a r  models w i l l  a p p l y  t o  
b r i t t l e  ce ramics  i n  g e n e r a l .  

I f  we i n c r e a s e  the  volume by a f a c t o r  o f  20 

O f  t h i s  r e d u c t i o n ,  96% i s  due t o  t h e  i n c r e a s e d  number 

W h i l e  t h e  above r e s u l t s  a r e  e x t r e m e l y  t e n t a t i v e  and a r i s e  f r o m  two 
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Advanced S t a t  i s t - i c a l  Concep t s  of Fracture in B r i t t l e  M a t e r i a l s  
C .  A .  Johrisan and W. T. P~.ZG-~Genera l  ITEXFi-E-Corporate R&D) 

T h e  d e s i g n  a n d  a p p l i c a t i o n  o f  r e l i a b l e  l o a d - b e a r i c g  
s t r u c t u r a l  c o m p o n e n t s  f r o m  c e r a m i c  m a t e r i a l s  r e q u i r e s  a 
d e t a i l e d  u n d e r s t a n d i n g  of t h e  s t a t i s t i c a l  n a t u r e  o f  f r a c t u r e  
i n  b r i t t l e  m a t e r i a l s .  T h e  o v e r a l l  o b j e c t . i v e  o f  t h i s  p r o g r a m  
i s  t o  a d v a n c e  t h e  c u r r e n t  u n d e r s t a n d i n g  of  f r a c t u r e  s t a t i s -  
t i c s ,  e s p e c i a l l y  i n  t h e  f o l l o w i n g  f o u r  a r e a s :  

1) Opt imum t e s t i n g  p l a n s  a n d  d a t a  a n a l y s i s  t e c h n i q u e s .  

II C o n f i d e n c e  a n d  t o l e r a n c e  b o u n d s  o n  p r e d i c t i o n s  t h a t  lise 
t h e  W e i b u l l  d i s t r i b u t i o n  function. 

C o n s e q u e n c e s  of t ime  d e p e n d e n t  c r a c k  grow%ln o n  t h e  e v o -  
l u t i o n  of i n i t i a l  f l a w  distributions. 

S t r e n g t h  d i s t r i b u t i o n s  i n  m u l t i a x i a l  s t r e s s  fields, 

The  s t u d i e s  a r e  b e i n g  c a r r i e d  o u t  l a r g e l y  by a n a l y t i c a l  
a n d  c o m p u t e r  s i ~ u l a t i o n  t e c h n i q u e s .  P .c tua1  f r a c t u r e  d a t a  
a r e  t h e n  used a s  a p y r * o p r L a t e  t o  c a n f i r m  a n d  d e m o n s t r a t e  t h e  
r e s u l t i n g  d a t a  a n a l y s i s  t e c h n i q u e 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 ,  t w o  milestones were com- 
p l e t e d  a n d  t u a  o t h e r s  i n i t i a t e d .  R e s u l t s  o n  the  c o m p l e t e d  
m i l e s t o n e s  w i l l  b e  e m p h a s i z e d  i n  t h i s  r e p o r t .  T h e  f i r s t  
m i l e s t o n e  i n v o l v e d  d e v e l o p m e n t  of' g e n e r a l i z e d  m e t h o d s  t o  
e s t i m a t e  s t a t i s t i c a l  p a r a m e t e r s  ( s u c h  a s  t h e  W e i b u l l  m s d u -  
lus) f r o m  p o s i t i o n s  o f  f r a c t u r e  o r i g i n s .  The s e c o n d  miles- 
t o n e  i n v o l v e d  a s u r v e y  of a v a i l a b l e  l i t e r a t u r e  p e r t a i n i n g  t o  
c o n f i d e n c e  a n d  t o l e r a n c e  b o u n d s  o n  e s t i m a t e s  of n o n - n o r m a l  
d i s t r i b u t i o n s ,  i n  p a r t i c u l a r ,  t h e  W e i b u l l  a i s t r * i b u t i o n .  
R e s u l t s  o f  the s u r v e y  a r e  i n c l u d e d  h e r e i n  a8 a n  a n n o t a t e d  
b i b l i o g r a p h y  o f  1 9  o f  t h e  m c r r * e  u s e f u l  r e f e r e n c e s  o n  t h i s  
t o p i  c .  



I. A n a l y s i s  of F r a c t u r e  O r i g i n  P o s i t i o n s  

As d i s c u s s e d  I n  t h e  p r e v i o u s  S e m i - a n n u a l  r e p o r t  ( I ) ,  
i n f o r m a t i o n  a b o u t  t h e  v a r i a b i l i t y  i n  s t r e n g t h  c a n  b e  d e r i v e d  
f r o m  v a r i a b i l i t y  i n  f r a c t u r e  o r i g i n  p o s i t i o n s  of t e s t  
s p e c i m e n s  t h a t  c o n t a i n  s t r e s s  g r a d i e n t s .  F o r  a "sandornm 
d i s t r i b u t i o n  o f  d e f e c t s ,  t h e  m o s t  l i k e l y  p o s i t i o n  o f  frsc- 
t u r e  i n i t i a t i o n  i n  a s t r u c t u r e  w i t h  a m a c r o s c o p i c  s t r e s s  
g r a d i e n t  i s  t h e  p o s i t i o n  o f  maximum s t r e s s .  Because t h e  
m o s t  s e v e r e  f l a w  ( I n  terms of s i z e ,  s h a p e ,  o r i e n t a t i o n  a n d  
p o s i t i o n )  may n o t  b e  p r e s e n t  i n  t h a t  l o c a t i o n ,  f a i l u r e  may 
i n s t e a d  o r i g i n a t e  a t  a p o s i t i o n  stressed a t  l ower .  t h a n  t h e  
rcaximum s t r e s s .  When t h e  m a t e r i a l  h a s  a v e r y  s m a l l  v a r i a -  
b i l i t y  i n  s t r e n g t h  a n d  f l a w  size, t h e r e  w i l l  be l i t t l e  v a r i -  
a b i l i t y  i n  f r a c t u r e  o r i g i n  p o s i t i o n s ,  a n d  t h e  o r i g i n s  w i l l  
t e n d  t o  o c c u r  a t  o r  n e a r  p o s i t i o n s  of maximum s t r e s s .  When 
t h e  m a t e r i a l  h a s  a l a r g e r  v a r i a b i l i t y  i n  s t r e n g t h  a n d  f l a w  
s i z e ,  t h e r e  w i l l  b e  g r e a t e r  v a r l a b i l i t y  i n  f r a c t u r e  o r i g i n  
p o s i t i o n s ,  a n d  t h e  o r i g i n s  w i l l  o c c u r  m o r e  o f t e n  i n  l o c a -  
t i o n s  s t r e s s e d  f a r  b e l o w  t h e  maximum s t r e s s .  

T h e  p r o b a b i l i t y  of a n  o r i g i n  o c c u r r i n g  i n  a n y  g i v e n  
l o c a t i o n  c a n  b e  p r e d i c t e d  i f  t h e  s t r e n g t h  d i s t r i b u t i o n  i s  
known f o r  t h a t  m a t e r i a l .  C o n v e r s e l y ,  if t h e  p o s i t i o n s  o f  
t h e  f r a c t u r e  o r i g i n s  a r e  measured  i n  a number  o f  n o m i n a l l y  
i d e n t i c a l  t e s t  s p e c i m e n s  o r  c o m p o n e n t s ,  t h e n  i n f o r m a t i o n  c a n  
be d e r i v e d  a b o u t  t h e  s t r e n g t h  d i s t r i b u t i o n .  T h e  o b j e c t i v e  
of t h i s  e f f o r t  was t o  d e v e l o p  p r a c t i c a l  m e t h o d s  tea u s e  f r a c -  
ture o r i g i n  p o s i t i o n  d a t a  f o r  t h e  e s t i m a t i o n  of s t a t i s t i c a l  
p a r a m e t e r s  of  t h e  s t r e n g t h  d i s t r i b u t i o n .  

T h e  t w o - p a r a m e t e r  l i i e i b u l l  d i s t r i b u t i o n  i s  a n  a t t r a c t i v e  
c h o i c e  for d e r i v a t i o n  of r e l a t i o n s h i p s  p e r t a i n i n g  t a  f r a c -  
t u r e  o r i g i n  p o s i t i o n s .  F o r  t h e  W e i b u l l  d i s t r i b u t i o n ,  w e  
h a v e  shown by d e r i v a t i o n  a n d  d e m o n s t r a t e d  by s i m u l a t i o n  ( a s  
d e s c r i b e d  b e l o w )  t h a t  f r a c t u r e  o r i g i n  d a t a  is i n d e p e n d e n t  o f  
s t r e n g t h  d a t a .  T h e r e f o r e ,  an  o v e r a l l  e s t i m a t e  o f  M e i t i u l l  
n o d u l u s  u s i n g  b o t h  t y p e s  o f  d a t a  h a s  l e s s  u n c e r t a i n t y  t h a n  
a n  e s t i m a t e  from t h e  s t r e n g t h  d a t a  a l o n e .  I t  i s  b e l i e v e d  
t h a t  t h e  W e i b u l l  d i s t r i b u t i o n  i s  t h e  o n l y  d i s t r i b u t i o n  where 
t h e  s t r e n g t h s  a n d  o r i g i n  p o s i t i o n s  a r e  s t a t i s t i c a l l y  
i n d e p e n d e n t .  

I n  t h e  p r e v l o u s  s e m i - a n n u a l  r e p o r t ,  t h e  d i s t r i b u t i o n  o f  
f r a c t u r e  o r i g i n  p o s i t i o n s  w a s  d e s c r i b e d  for r e c t a n g u l a r  
t h r e e - p o i n t  b e n d  s p e c i m e n s  w i t h  v o l u m e  d i s t r i b u t e d  d e f e c t s  
w h e r e  t h e  s t r e n g t h s  were c o n s i s t e n t  w i t h  t h e  W e i b u l l  two-  
p a r a m e t e r  d i s t r i b u t i o n .  T h e  d i s t r i b u t i o n  of p o s i t i o n s  was 
l l l u s t r a t e d  b o t h  g r a p h i c a l l y  ( F i g .  3 of Ref. 1 )  a n d  i n  
e q u a t i o n  form ( E q n .  1 of Ref. 1 ) .  I t  c a n  be s e e n  f r o m  
e i t h e r  d e s c r i p t i o n  t h a t  t h e  d i s t r i b u t i o n  of o r i g l n  p o s i t i o n s  
i s  a s e n s i t i v e  f u n c t i o n  o f  t h e  W e i b u l l  m o d u l u s ,  m .  
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D e s c r i p t i o n s  o f  t h e  d i s t r i b u t i o n  of o r i g i n  p o s i t i o n s  
h a v e  s i n c e  b e e n  d e r i v e d  f o r  o t h e r  b e n d i n g  g e o m e t r i e s .  T h e  
f o l l o w i n g  t h r e e  e q u a t i o n s  d e s c r i b e  t h e  d i s t r i b u t i o n  of  ori- 
g i n  p o s i t i o n s  for: ( 1 )  F o u r - p o i n t  b e n d  s p e c i m e n s  w i t h  r e c -  
t a n g u l a r  c r o s s  s e c t i o n s  a n d  v o l u m e  d i s t r i b u t e d  d e f e c t s ;  ( 2 )  
F o u r - p o i n t  b e n d  s p e c i m e n s  w i t h  r e c t a n g u l a r  c r o s s  s e c t i o n s  
z n d  s u r f a c e  d i s t r i b u t e d  d e f e c t s ;  ( 3 )  T h r e e - p o i n t  b e n d  
s p e c i m e n s  w i t h  c i r c u l a r  c r o s s  s e c t i o n s  a n d  s u r f a c e  d i s t r i b u -  
t e d  d e f e c t s .  

F =  1 
m s  1 - R  4 

where  A i s  a stress r a t i o  ( r a t i o  of  s t r e s s  a t  a p o s i t i o n  o f  
i n t e r e s t  d i v i d e d  by t h e  maximum s t r e s s  i n  t h e  b e a m ) ;  F js 
t h e  f r a c t i o n  of o r i g i n s  e x p e c t e d  t o  o c c u r  a t  or a b o v e  3. 

p r e s c r i b e d  R v a l u e ;  m i s  t h e  W e i b u l l  m o d u l u s ;  a i s  t h e  i n n e r  
s p a n  l e n g t h ;  b i s  t h e  o u t e r  s p a n  l e n g t h ;  h i s  t h e  s p e c i m e n  
h e i g h t ;  w i s  t h e  s p e c i m e n  w i d t h ;  a n d  

E q n s .  1 a n d  2 c a n  b e  r e d u c e d  a n d  s i m p l i f i e d  t o  d e s c r i b e  
t h r e e - p o i n t  b e n d i n g  by s e t t i n g  t h e  i n n e r  s p a n  l e n g t h  t o  
z e r o .  When t h i s  i s  d o n e ,  E q n .  1 c a s r e c t l y  r e d u c e s  t o  Eqn .  1 
o f  Ref. 1 .  

T h e  assumptions u s e d  to d e r i v e  E q n s .  1 - 3  i n c l u d e :  ( 1 )  
T h e  t w o - p a r a m e t e r  W e i b u l l  d i s t r i b u t i o n  c o r r e c t l y  d e s c r i b e s  
t h e  s t r e n g t h  ( a n d  f l a w  s J z e )  distribution; ( 2 )  T h e  m a t e r i a l  
i s  u n i f o r m  a n d  h o m o g e n e o u s  t h r o u g h o u t ;  (3) T h e  beam formula 
c o r r e c t l y  d e s c r i b e s  t h e  c o m p l e t e  s t r e s s  s t a t e  a f  b e n d  
s p e c i m e n s  (i.e., n o  [ ~ a r a s i t i c  s t r e s s e s ] ;  ( 4 )  T h e  l o n g i t u d i -  
n a b  s t r e s s  a l o n g  t h e  beam l e n g t h  i s  a s a t i s f a c t o r y  a p p r o a t i -  
m a t i o n  af  t h e  m a x i m u m  p r i n c i p a l  s t r e s s ;  a n d  ( 5 )  T h e  f a i l u r e  
c r i t e r i a  of t h e  m a t e r i a l  d e p e n d s  o n l y  on t h e  m a x i m u m  p r i n c i - .  
p a l  s t r e s s  ( n o  s h e a r  s e n s i t i v i t y ,  e t c . ) .  

V e r y  l i t t l e  e x p e r i m e n t a l  f r a c t u r e  d a t a  a r e  a v a i l a b l e  
t h a t  i n c l u d e  a c c u r a t e  measurements of f r a c t u r e  origin p o s i -  
t i o n s .  One s e t  t b a b  i s  a v a i l a b l e  c o n s i s t s  of 4 5  c y l i n d r i c a l  
P y r e x  g l a s s  r o d s  (5mu d i a m e t e r )  t h a t  were t e a t e d  i r .  t h r e e  
p o i n t  b e n d i n g  o n  a 2,O i n c h  s p a n  a t  ~ O C E  t e m p e r a t u r e  ( 2 ) .  



To i n s u r e  t h a t  f a i l u r e  o c c u r r e d  from o n l y  o n e  flaw d i s t r i b u -  
t i o n ,  t h e  s p e c i m e n s  were u n i f o r m l y  a b r a d e d  by t u m b l i n g  f o r  
two h o u r s  i n  a s l u r r y  c o n t a i n i n g  2 2 0  g r i t  Sic a b r a s i v e  
p o w d e r .  After  l o a d i n g  t o  f a i l u r e ,  t h e  f r a c t u r e  o r i g i n  was 
l o c a t e d  o n  e a c h  h a l f  of  e a c h  s p e c i m e n ,  a n d  t h e  p o s i t i o n  of 
e a c h  origin was m e a s u r e d  i n  terms of d i s t a n c e  fron: t h e  
n e a r e s t  l o a d  p o i n t  a n d  a n g l e  f r o m  t h e  p o i n t  o f  m a x i m u m  t e n -  
s i l e  s t r e s s .  T h e  r e l a t i v e  s t ress  a t  e a c h  o r i g i n  was  e a s i l y  
c a l c u l a t e d  from t h e  a n g l e  a n d  d i s t a n c e .  The r e l a t i v e  s t r e s s  
f o r  e a c h  s p e c l m e n  was  t h e n  a s s i g n e d  a s  t h e  a v e r a g e  of t h e  
m e a s u r e m e n t s  fron! t h e  t w o  h a l v e s .  

T h e  r e s u l t i n g  d a t a  a r e  i n c l u d e d  o n  F i g .  1 w h e r e  F i s  
p l o t t e d  v e r s u s  r e l a t i v e  s t r e s s ,  sincilar t o  F i g .  3 of  Ref. 1 .  
T h e  c u r v e s  i n  Fig. 1 were c a l c u l a t e d  u s i n g  E q n .  3 .  T h e  d a t a  
p o i n t s  f a l l  r e a s o n a b l y  w e l l  on o n e  of t h e  f a m i l y  of  c u r v e s  
w i t h  a W e i b u l l  m o d u l u s  o f  a p p r o x i m a t e l y  2 2 .  

T h e  W e i b u l l  m o d u l u s  w a s  also e s t i m a t e d  by a n a l y s 3 s  cjf 

t h e  f r a c t u r e  s t r e n g t h s .  F i g .  2 i s  a c o n v e n t i o n a l  p l o t  o f  
t r a n s f o r m e d  p r o b a b i l i t y  v e r s u s  l o g  s t r e n g t h .  S t r e n g t h s  f r o m  
ii W e i b u l l  d i s t r i b u t i o n  s h o u l d  t e n d  t o  f a l l  o n  a s t r a i g h t  
l i n e  w i t h  a s l o p e  e q u a l  t o  t h e  W e i b u l l  m o d u l u s ,  m. L i n e a r  
r e g r e s s i o n  o f  t h e  45  g l a s s  r o d  s t r e n g t h s  y i e l d e d  a n  e s t i m a t e  
o f  1 2 . 5  f o r  t h e  W e i b u l l  m o d u l u s .  

T t  i s  c l e a r  t h a t  a d l s c r e p a n c y  e x i s t s  b e t w e e n  t h e  two 
e s t i m a t e s .  T h e  d i s c r e p a n c y  may be d u e  t o  any of s e v e r a l  
p o s s i b l e  c a u s e s  i n c l u d i n g :  s a m p l i n g  f l u c t u a t i o n s ;  i n c o r r e c t  
a s s u r r p t i o n  c o n c e r n i n g  s t r e s s  s t a t e ,  f l a w  t y p e  a n d / o r  f a i l u r e  
m o d e l ;  non-Wei b u l l  s t r e n g t h  d i s t r i b u t i o n ;  i n h o m o g e n e o u s  
W e i b u l l  d i s t r i b u t i o n ,  or m e a s u r e m e n t  e r r o r s .  There i s  t o o  
l i t t l e  d a t a  t o  p o s i t i v e l y  i d e n t i f y  t h e  s o u r c e  o r  s o u r c e s  of 
the d i s c r e p a n c y .  No s i n g l e  c a u s e  seems t o  b e  r e s p o n s i b l e .  

In o r d e r  t o  f u r t h e r  d e m o n s t r a t e  a n d  c o n f i r m  t h e  t e c h n l -  
q u e 3  of  f r a c t u r e  o r i g i n  position analysis, e f f o r t  i s  
c u r r e n t l y  u n d e r w a y  t o  measure  b o t h  s t r e n g t h  a n d  origin p o s i -  
tions i n  a s e r i e s  o f  r e c t a n g u l a r  t h r e e  a n d  f o u r - p o i n t  b e n d  
s p e c i m e n s  of s i n t e r e d  S i c  f a b r i c a t e d  i n  t h r e e  d i f f e r e n t  
s p e c i m e n  s i z e s  a c c o r d i n g  t o  MIL STD 1942(MR). 

An i m p o r t a n t  a s p e c t  of f r a c t u r e  o r i g i n  a n a l y s l s  is t h e  
i n d e p e n d e n c e  of t h e  o r i g i n  a n d  the s t r e n g t h  d a t a .  If t h e  
d a t a  a r e  i n d e p e n d e n t ,  t h e n  1 0  s p e c i m e n s  g e n e r a t e  the 
e q u i v a l e n t  i n f o r m a t i o n  of 2 0  m e a s u r e m e n t s .  I n  t u r n ,  e s t i m a -  
t e s  of p a r a m e t e r s  s u c h  a s  t h e  W e i b u l l  m o d u l u s  w i l l  h a v e  s t a -  
t i s t i c a l  p r o p e r t i e s  ( s u c h  a s  c o n f i d e n c e  b o u n d s  o n  t h e  
e s t i m a t e )  t h a t  a r e  c h a r a c t e r i s t i c  of 20 m e a s u r e m e n t s .  
I n d e p e n d e n c e  o f  t h e  f r a c t u r e  o r i g i n  d a t a  h a s  b e e n  d e m o n s t r a -  
t e d  u s i n g  p r o b a b i l l t y  i n t e r v a l s  o f  t h e  e s t i m a t e d  m ( & )  a n d  
b y  s t u d i e s  o f  c o r r e l a t i o n  c o e f f i c i e n t s  o n  e s t i m a t e s  of m .  
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R (Rela t ive  S t r e s s )  
Figure 1. F v e r s u s  R p l o t  f o r  three p o i n t  bending of 
c y l i n d r i c a l  rods  w i t h  s u r f a c e  d e f e c t s ;  i n c l u d e s  f r a c -  
ture  o r i g i n  d a t a  from 45 g l a s s  r o d s .  

Fracture Stress ( K S I )  
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F i g u r e  2 .  Convent iona l  p l o t  o f  transformed 
p r o b a b i l i t y  versus l o g  s t r e n g t h  w i t h  s t r e n g t h  
d a t a  from 45 glass r o d s .  
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B o t h  m e t h o d s  u s e  c o m p u t e r  s i m u l a t i o n  t o  c h o o s e  random 
s p e c l n e n s  f r o m  En i n f i n i t e  p o p u l a t i o n  of c o m p u t e r - g e n e r a t e d  
s p e c i m e n s ,  where  t h e  i n f i n i t e  p o p u l a t i o n  h a s  a W e l b u l l  
s t r e n g t h  d i s t r i b u t i o n  w i t h  a s p e c i f f e d  m a n d  d I Each  r a n -  
dom s p e c i m e n  c h o s e n  h a s  a f r a c t u r e  s t r e n g t h  a%d a n  o r i g i n  
p o s i t i o n ,  By c h o o s i n g  s e v e r a l  r a n d o m  s p e c i m e n s ,  m c a n  b e  
e s t i m a t e d  for t h a t  g r o u p  u s i n g  b o t h  s t r e n g t h  a n d  o r i g i n  
p o s i t i o n  t e c h n i q u e s .  T h e  p r o c e s s  c a n  b e  r e p e a t e d  many t imes 
t o  g a i n  i n f o r m a t i o n  on t h e  s t a t i s t i c a l  p r o p e r t i e s  of t h e  
d i f f e r e n t  m e t h o d s  o f  e s t i m a t i n g  m ( d i f f e r e n t  e s t i m a t o r s ) .  

F i g s .  3 ,  4 a n d  5 p r e s e n t  t h e  r e s u l t s  of p a r t  of t h e  
s t u d y  o n  p r o b a b i l i t y  i n t e r v a l s  o n  e s t i m a t e s  of m .  F i g .  3 
d e s c r i b e s  t h e  v a r i a b i l i t y  of m w h e n  e s t i m a t e d  by  l i n e a r  
r e g r e s s i o n  of  s t r e n g t h s  u s i n g  t h e  r e l a t i o n s h i  P = (n-.5)/N 
t o  e s t i m a t e  t h e  p r o b a b i l i t y  o f  f a i l u r e  frorc t h e  r a n k i n g  nu@- 
b e r s .  F i g .  4 i s  s i m i l a r  b u t  r e p r e s e n t s  n o n - l i n e a r  regres-  
s i o n  of f r a c t u r e  o r i g i n  p o s i t i o n s  o n  p l o t s  o f  F v e r s u s  R 
s u c h  a s  F i g .  1 .  Fig. 5 t h e n  r e p r e s e n t s  t h e  b e h a v i o r  w h e n  
t h e  r e s u l t s  o f  t h e  t w o  p r e v i o u s  m e t h o d s  a r e  a v e r a g e d .  

F i r s t  c o n s i d e r  F i g .  3 .  I t  c a n  b e  s h o w n  t h a t  t h e  r a t i o  
of t h e  e s t i m a t e d  m d i v i d e d  by t h e  t r u e  ra I s  i n d e p e n d e n t  o f  
t h e  v a l u e  of  t h e  t r u e  tu f o r  many e s t i m a t o r s  ( i n c l u d i n g  this 
o n e )  t h a t  u s e  s t r e n g t h s .  T h i s  i n v a r i a n t  r a t i o  i s  p l o t t e d  
v e r s l ; s  t h e  n u m b e r  o f  s p e c i m e n s  i n  a group  on F i g .  3.  I n c l u -  
ded o n  t h e  p l o t  a r e  v a r i o u s  solid l i n e s  r e p r e s e n t i n g  t h e  
b e h a v i o r  of s p e c i f i c  p e r c e n t i l e s  o f  b e h a v i o r .  F o r  i n s t a n c e ,  
i f  5 0  s p e c i m e n s  were t e s t e d  t o  f a i l u r e ,  t h e  e s t i m a t e  o f  m 
would be e x p e c t e d  t o  b e  b e l o w  a p p r o x i m a t e l y  0 . 7  t imes t h e  
t r u e  m o n e  p e r c e n t  of t h e  t ime ;  a n d  b e l o w  a p p r o x i m a t e l y  1 . 3 5  
t imes t h e  t r u e  m 9 9  p e r c e n t  of  t h e  t ime. T h e r e f o r e  the 
e s t i m a t e  s h o u l d  f a l l  b e t w e e n  0 . 7  a n d  1 . 3 5  t imes t h e  t r u e  rr. 
3 8  p e r c e n t  of t h e  t ime.  T h e  s m a l l  d a t a  p o i n t s  i n c l u d e d  o n  
F i g .  1 r e p r e s e n t  t h e  a c t u a l  p o s i t i o n s  of  t h e  v a r i o u s  p e r c e n -  
t i l e  b e h a v i o r s  a s  d e t e r m l n e d  by  t h e  s i m u l a t i o n .  T h e  s i m u l a -  
t i o n  i n v o l v e d  g e n e r a t i o n  a n d  a n a l y s i s  o f  a p p r o x i m a t e l y  t w o  
m i l l i o n  r a n d o m  s p e e i m e n s  ( i n c l u d i n g  5000  g r o u p s  of 2 
s p e c i m e n s ,  5 0 0 0  g r o u p s  of 3 ,  e t c ) .  T h e  s o l i d  c u r v e s  a r e  
d r a w n  u s i n g  c u b i c  splines w i t h  f i x e d  knots t o  smoo th  t h e  
d a t a .  T h e  d a s h e d  l i n e  r e p r e s e n t s  t h e  a v e r a g e  b e h a v i o r .  

F i g .  4 i s  s i m i l a r  t o  Fig. 3 e x c e p t  t h a t  t h e  e s t i m a t o r  
was o n e  t h a t  u s e s  f r a c t u r e  o r i g i n  p o s i t i o n s  a n d  t h e  i n v a r i -  
a n t  v a r i a b l e  p l o t t e d  o n  t h e  v e r t i c a l  a x i s  i s  s l i g h t l y  d i f -  
f e r e n t .  I t  c a n  be s h o w n  t h a t  t h e  i n v a r i a n t  r a t i o  s f  mqs f o r  
e s t i m a t o r s  t h a t  u s e  o r i g i n  p o s i t i o n  d a t a  i s  the r a t i o  of t h e  
e s t i m a t e d  m p l u s  o n e  d i v i d e d  by  t h e  t r u e  I I ~  p l u s  o n e .  

F i g .  5 uses  a n  e s t i m a t o r  t h a t  s i m p l y  i n v o l v e s  a v e r a g i n g  
t h e  r e s u l t i n g  m v a l u e s  o f  t h e  p r e v i o u s  two e s t i m a t o r s  f o r  
e a c h  g r o u p  of  s p e c i m e n s  c o n s i d e r e d  i n  t h e  s i m u l a t i o n .  
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B e c a u s e  of t h e  d i f f e r e n t  forms of t h e  i c v a r i a n t  r a t i o s  for 
t h e  two e s t i m a t o r s , t h e r e  i s  n o  r a t i o  of m's t h a t  is i n d e p e n -  
e e n t  o f  t h e  t r u e  m. T h e r e f o r e ,  t h e  G / m  r a t i o  i s  p l o t t e d  or, 
F i g .  5 ,  b u t  t h e  c u r v e s  a r e  o n l y  s t r i c t l y  a p p l i c a b l e  w h e n  t h e  
t r u e  m i s  1 0  ( w h i c h  i s  t h e  c a s e  f o r  t h e  s i m u l a t i o n  t h a t  g e n -  
e r a t e d  F i g .  5 ) .  

S e v e r a l  c o m m e n t s  c a n  b e  made  i n  c o m p a r i n g  F i g s .  3-5. 
T h e  s e p a r a t i o n  b e t w e e n  t h e  e x t r e m e  p e r c e n t i l e  b e h a v i o r s  ( t h e  
s i z e  of  the e n v e l o p e )  is a m e a s u r e  of t h e  s t a t i s t i c a l  e f f i -  
c i e n c y  of t h e  e s t i m a t o r s .  A more e f f i c i e n t  e s t i m a t o r  h a s  
l e s s  u n c e r t a i n t y  i n  t h e  e s t i m a t e  a n d  a s m a l l e r  separation 
f o r  a g i v e n  n u m b e r  o f  t e s t e d  s p e c i m e n s .  T h e  e n v e l o p e  s i z e s  
of Fig. 3 a n d  4 a r e  a p p r o x i m a t e l y  e q u a l .  ( A c t u a l l y ,  t h e  
e n v e l o p e  s i z e  from o r i g i n  r e g r e s s i o n  i s  s l i g h t l y  s m a l l e r  
t h a n  t h a t  f o r  s t r e n g t h  r e g r e s s i o n  s u g g e s t i n g  t h a t  t h e r e  i s  
more i n f o r m a t i o n  t i e d  u p  i n  t h e  o r i g i n s  t h a n  i n  t h e  
s t r e n g t h s , )  T h e  e n v e l o p e  s i z e  of F i g .  5 ,  h o w e v e r ,  i s  s i g n i -  
f i c a n t l y  s m a l l e r  t h a n  t h a t  of e i t h e r  s t r e n g t h s  o r  o r i g i n s  
a l o n e .  T h i s  b e h a v i o r  i s  e v i d e n c e  o f  a t  l e a s t  p a r t i a l  
i n d e p e n d e n c e  of t h e  i n f o r m a t i o n  c o c t a i n e d  in t h e  t w o  t y p e s  
o f  d a t a .  J f  t h e  d a t a  were n o t  i n d e p e n d e n t ,  t h e  e n v e l o p e  
s i z e  of t h e  c o m b i n e d  e s t i m a t o r  w o u l d  be no s m a l l e r  t h a n  t h a t  
f o r  e a c h  i n d i v i d u a l  e s t i m a t o r .  I f  t h e  d a t a  were p e r f e c t l y  
i n d e p e n d e n t ,  t h e  s i z e  of t h e  e n v e l o p e  o f  F i g .  5 s h o u l d  b e  
a p p r o x i m a t e l y  0 . 7  times t h e  s i z e  of t h a t  i n  e i t h e r  F i g .  3 o r  
4 .  T h e  f a c t o r  of 0 . 7  i s  a p p r o x i m a t e l y  t h e  r e d u c t i o n  of 
e n v e l o p e  s i z e  t h a t  s e e n  i n  Figs. 3-5.  

A n o t h e r  a p p r o a c h  t o  d e m o n s t r a t e  i n d e p e n d e n c e  i s  i l l u s -  
t r a t e d  i n  F i g s .  6 a n d  7.  For e a c h  d a t a  p o i n t  i n  F i g .  6 ,  1 0  
s p e c i m e n s  were c h o s e n  f r o m  a p o p u l a t i o n  w i t h  a t r u e  m of 1 0 .  
T h e  UI v a l u e  of t h i s  B;roup was d e t e r m i n e d  b y  two e s t i m a t o r s ,  
r e g r e s s i o n  of  t h e  s t r e n g t h s  a n d  m a x i m u m  l i k e l i h o o d  of t h e  
s t r e n g t h s ,  T h e n  t h e  t w o  e s t i m a t e s  of rn were u s e d  t o  d e f i n e  
t h e  p o s i t i o n  of o n e  d a t a  p o i n t  o n  F i g .  6 .  T h i s  p r o c e s s  was 
r e p e a t e d  2 0 0  t imes on Fig. 6 r e v e a l i n g  a v i s i b l e  d i a g o n a l  
t r e n d .  T h e  d i a g o n a l  t r e n d  i s  e v i d e n c e  o f  t h e  n o n -  
i n d e p e n d e n c e  of t h e s e  two e s t i m a t o r s .  B o t h  u s e  t h e  same 
s t r e n g t h  d a t a ,  t h e r e f o r e ,  when o n e  e s t i m a t o r  y i e l d s  a n  
a b n o r m a l l y  h i g h  e s t i m a t e  of m ,  t h e  o t h e r  e s t i m a t o r  u s i n g  t h e  
same raw d a t a  t e n d s  t o  a l s o  y i e l d  a n  a b n o r m a l l y  h i g h  
e s t i m a t e  of m. C o n v e r s e l y ,  when o n e  e s t i m a t e  is l o w ,  t h e  
o t h e r  a l s o  t e n d s  t o  b e  low, t h u s  g e n e r a t i n g  t h e  d i a g o n a l  
t r e n d  on F i g .  6 .  

A s i m i l a r  s i r n u l a t i o n  p r o c e d u r e  was u s e d  t o  g e n e r a t e  
Fig. 7 ,  e x c e p t  t h a t  t h e  s e c o n d  e s t i m a t o r  was n o n - l i n e a r  
r e g r e s s i o n  of t h e  o r i g i n  p o s i t i o n  d a t a .  I n  t h i s  c a s e ,  t h e r e  
i s  n o  v i s i b l e  t r e n d .  T h e  l a c k  of a n y  a p p a r e n t  c o r r e l a t i o n  
i n  t h e  t w o  e s t i m a t e s  o f  m a s  s h o w n  o n  F i g .  7 i s  e v i d e n c e  of 
i n d e p e n d e n c e  of t h e  s t r e n g t h  a n d  o r i g i n  p o s i t j o n  d a t a .  
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Q u a n t i t a t i v e  e v a l u a t i o n  o f  c o r r e l a t i o n  c o e f f i c i e n t s  h a s  b e e n  
d o n e  f o r  t h e  c a s e  o f  5 0 0 0  p o i n t s  o n  b o t h  F i g s .  6 a n d  7 .  T h e  
r e s u l t i n g  c o r r e l a t i o n  c o e f f i c i e n t  for s t r e n g t h  r e g r e s s i o n  vs 
s t r e n g t h  maximum l l k e l i h o o d  was 0 . 8 8  s h o w i n g  a v e r y  h i g h  
c o r r e l a t i o n  b e t w e e n  t h e  two e s t i m a t e s .  T h e  C o r r e l a t i o n  
c o e f f i c i e n t  f o r  s t r e n g t h  r e g r e s s i o n  v s  o r i g i n  p o s i t i o n  
r e g r e s s i o n  was a p p r o x i m a t e l y  0 . 0 0 1  s h o w i n g  t h a t  t h e  s t r e n g t h  
d a t a  i s  h i g h l y  i n d e p e n d e n t  of t h e  o r i g i n  p o s i t i o n  d a t a .  

11. P I B C L C G R A P H Y  OF S T A T I S T I C A L  CONFIDENCE PROCEDURES FOR 
LIFE D A T A  

One o f  t h e  m i l e s t o n e s  of  t h e  f i r s t  y e a r  of the c o n t r a c t  
was  t h e  p r e p a r a t i o n  of  a n  a n n o t a t e d  b i b l i o g r a p h y  o f  c o n f i -  
d e n c e  a n d  t o l e r a n c e  l i m i t s  f o r  n o n - n o r m a l  d i s t r i . b u t i o n s ,  i n  
p a r t i c u l a r ,  t h e  W e i b u l l  d i s t r i b u t i o n .  T h i s  b i b l i o g r a p h y  
e m p h a s i z e s  t h o s e  m e t h o d s  d e v e l o p e d  f o r  t h e  W e i b u l l  d i s t r i b u -  
t i o n .  However ,  t .he b o o k s  r e f e r e n c e d  i n c l u d e  p r o c e d u r e s  f o r  
many o t h e r  d i s t r i b u t i o n s  a n d  g i v e  f u r t h e r  r e f e r e n c e s  a s  
w e l l .  S p e c i a l  a t t e n t i o n  i s  g i v e n  t o  t h o s e  m e t h o d s  t h a t  g i v e  
e x a c t  1 imi t . s  a n d  b o u n d s  for t h e  W e i b u l l  d i s t r i b u t i o n .  T h e  
n s t a t i s t i c a l w  l i t e r a t u r e  h a s  been p r i l c a r i l y  r e s e a r c h e d  i n  
p r e p a r i n g  t h e  b i b l i o g r a p h y  a n d  t h i s  i s  r e f l e c t e d  i n  t h e  
r e f e r e n c e s  p r e s e n t e d .  

B e f o r e  g i v i n g  t h e  b i b l i o g r a p h y ,  c e r t a i n  c o n n o t a t i o n a l  
a n d  t e r m i n o l o g i c a l  d i f f e r e n c e s  b e t w e e n  t h e  s t a t i s t i c s '  a n d  
m a t e r i a l s '  f i e l d s  should b e  p o i n t e d  o u t .  The  s t a t i s t i c a l  
term, l i f e ,  r e f e r s  t o  s t r e n g t h  o r  s t r e s s  a t  f a i l u r e  i n  
m a t e r i a l  w o r k ;  t h a t  i s ,  a n  o b s e r v e d  l i f e t i m e  i s  a n a l o g o u s  t o  
t h e  m e a s u r e d  s t r e s s  a t  f a i l u r e .  A l s o  t h e  s t a t i s t i c a l  c o n n o -  
t a t i o n  r e g r e s s i o n  mode l  o r  p r o c e d u r e  i n  l i f e  d a t a  a n a l y s e s  
is a n a l o g o u s  t o  t h e  m o d e l i n g  of a v o l u m e  o r  a r e a  d e p e n d e n c y  
i n  m a t e r i a l  a p p l i c a t i o n s .  F u r t h e r m o r e ,  i n  t h e  c a s e  o f  t h e  
W e i b u l l  ( a n d  s i m i l a r  d i s t r i b u t i o B s )  t h e  m a t e r i a l  form f o r  
t h e  ( c u m u l a t i v e )  h a z a r d ,  V(sJa ) , I s  c a l l e d  t h e  p r o p o r -  
t i o n a l  h a z a r d s  model  i n  t h e  s t a q i s t i c a l  l i t e r a t u r e .  And if 
a l i f e t i m e  o r  s t r e n g t h  i s  t r a n s f o r m e d  by t a k i o g  t h e  l o g a r -  
i t h m ,  t h e n  t h e  m o d e l  i s  c a l l e d  ( i n  s t a t i s t i c a l  a p p l i c a t i o n s )  
t h e  a c c e l e r a t e d  f a i l u r e  o r  l o g - l i n e a r  mode l .  

A c c e l e r a t e d  t e s t i n g  i n  s t a t i s t i c a l  a p p l i c a t i o n s  i s  
a c c o m p l i s h e d  by t e s t i n g  i n  a m o r e  s e v e r e  e n v i r o n m e n t  t h a n  
the o p e r a t i n g  e n v i r o n m e n t .  T h e  a im i s  t o  p r o d u c e  o b s e r v e d  
f a i l u r e s  s o  t h a t  a m e a n i n g f u l  a n a l y s i s  r e s u l t s .  I n  s t e p -  
s t r e s s  t e s t i n g  t h i s  i s  d o n e  i n  g r a d u a t e d  s t a g e s  o r  s t e p s .  
S i m i l a r  phenomenon o c c u r  i n  m a t e r i a l  a p p l i c a t i o n s  when s u b -  
c r i t i c a l  c r a c k  g r o w t h  o c c u r s .  Thus  " t ime"  f o r  a m a t e r i a l s '  
p e r s o n  i s  a n a l o g o u s  t o  " s t ress"  f o r  a s t a t i s t i c i a n  i n  t h e  
c o n t e x t  of a c c e l e r a t e d  t e s t i n g .  
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One f i n a l  t o p i c  i s  of i n t e r e s t .  I n  t h e  s t a t i s t i c a l  
l i t e m a a t u r e  t e s t s  w i t h  v a r i o u s  types o f  c e n s o r i n g  a r e  c o n -  
s i d e r e d .  The two m a j o r  t y p e s  a r e  t ime censoring c a l l e d  T y p e  
1 c e n s o r i n g  a n d  f a i l u r e  c e n s o r i n g  c a l l e d  T y p e  I1 c e n s o r i n g .  
In T y p e  I c e n s o r i n g  t h e  t e s t  i s  t e r m i n a t e d  a t  8 @ r e d e t e r > -  
m i n e d  tiffie a n d  t h u s  t h e  n u ~ b e r  o f  f a f l e d  u n i t s  1s random. 
I n  T y p e  11 c e n s o r l f i g  t h e  t e s t  i s  t e r m i n a t e d  w h e n  a p a r t i c u -  
l a r  n u m b e r  o f  u n i t s  h a v e  f a i l e d  a n d  t h u s  t h e  f a i l u r e  t i m e s  
a r e  r a n d o m .  ( F o r  f u r t h e r  r e a d i n g  s e e  t h e  R e l s o n  a n d  Mann e t  
ab  books.) U n f o r t u n a t e l y ,  t i m e  c e n s o r i n g  2s w o r e  common i n  
p r a c t i c e  a n d  f a i l u r e  c e n s o r i n g  more common i n  i n  t h e  l i l e r a -  
t u r e ,  s i n c e  i t  i s  more t r a c t a b l e .  

W h i l e  many t e s t s  o f  m a t e r i a l s  a r e  c o n d u c t e d  w i t h o u t  
c e n s o r i n g  ( f o r  e x a m p l e ,  a l l  u n i t s  f a l l  f r o m  s u r f a c e  d e f e c t s  
a n d  a r e  t e s t e d  u n t i l  t h e y  f a i l ) ,  Type I: c e n s o r i n g  c a n  o c c u r .  
I n d e e d ,  a s p e c i m e n  t h a t  h a s  b o t h  s u r f a c e  a n d  v o l u m e  d e f e c t s  
a n d  c a n  f a i l  f r o m  e i t h e r  w i l l  e x p e r i e n c e  T y p e  I: c e n s o r i n g .  
If a s u r f a c e  d e f e c t  p r o d u c e s  f a i l u r e  t h e n  t h e  v o l u m e  d e f e c t s  
h a v e  b e e n  censored a n d  I f  a v o l u E e  d e f e c t  p r o d u c e s  f a i l u r e  
then t h e  s u r f a c e  d e f e c t s  h a v e  b e e n  c e n s o r e d .  I n  o r d e r  t o  
p r o p e r l y  a n a l y z e  s u c h  d a t a  o n e  m u s t  b e  a b l e  to d i s t i n g u i s h  
b e t w e e n  s u r f a c e  a n d  v o l u m e  d e f e c t s .  

A .  Rooks  

+:any o f  t h e  p r o c e d u r e s  are by tiow w e l l  known a n d  a p e  

g i v e n  i n  book form. W e  s u g g e s t  t h a t  t h e  i n t e r e s t e d  r e a d e r  
c o n s u l t  more that-! one  o f  t h e  r e f e r e n c e d  b o o k s .  

W h i l e  s p e c i a l  a t t e n t i o n  i s  g i v e n  t o  b i o m e d i c a l  p r o b -  
lems a n d  a s y m p t o t i c  maximum l i k e l i h o o d  a n d  n o n -  
p a r a m e t r i c  p r o c e d u r e s  t h e  b o o k  g i v e s  a t h ~ r o w g h  t r e a t -  
m e n t  of r e g r e s s i o n  m e t h o d s .  P l s a  t h e  g e n e r a l l z e d  P 

i n c l u d e s  a s  s p e c i a l  c a s e s  t h e  l o g - n o r m a l ,  W e i b u l l ,  
L o g - l o g i s t i c ,  r e c i p r o c a l  Uei b u l l ,  ~ n d  g e n e r a l i z e d  
g a m m a  d i s t r i b u t i o n s  a n d  i s  u s e f u l  i n  i n f e r e n c e  p r o -  
c e d u r e s .  

d i S t P i k J U t i O n  I S  C o v e r e d .  T h i s  is a g e n e r a l  fort3 t h a t  

T h e  b o o k  g i v e s  a good  c o v e r a g e  o f  t h e  m a j o r  l i f e  d i s -  
t r i b u t i o n s  i n c l u d i n g  the W e i b u l l .  E x a c t  ~ e t k o d s  a r e  
g i v e n  b a s e d  on a c o n d i t i o n a l  a p p r o a c h  d e v e l o p e d  by t h e  
a u t h o r  t h a t  i n c l u d e  t o l e r a n c e  p r a c e d u r e s .  A l s o  
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m e n t i o n  i s  made of e x a c t  m e t h o d s  d e v e l o p e d  by Mann, 
Hann & F e r t i g ,  McCool ,  a n d  Thoman e t  a l ,  a s  w e l l  a s  
certain a p p r o x i m a t e  m e t h o d s .  P e g r e s s i o n  m o d e l s ,  max- 
i m u m  l i k e l i h o o d  e s t i m a t i o n ,  a n d  n o n p a r a m e t r i c  a n d  d i s -  
t r i b u t i o n  f r e e  m e t h o d s  a r e  a l s o  c o v e r e d .  

This book h a s  become s o m e w h a t  o f  a " b i b l e n  of t h e  
f i e l d .  Good c o v e r a g e  of t h e  m a j o r  l i f e  d i s t r i b u t i o n s  
i n c l u d i n g  t h e  W e i b u l l  is g i v e n .  A l s o  e x a c t  m e t h o d s  
b a s e d  o n  w o r k  by Mann a n d  o t h e r s  t h a t  c o v e r  t o l e r a n c e  
p r o c e d u r e s  a r e  g i v e n ,  F u r t h e r m o r e ,  some c o v e r a g e  of 
a c c e l e r a t e d  m e t h o d s  a n d  B a y e s i a n  m e t h o d s  i n  r e l i a b i l -  
i t y  is g i v e n ,  

4 .  N e l s o n ,  W. ( 1 9 8 2 1 ,  &nlfa$ LA€% Bait2 h a l Y a k n ,  J o h n  
W i l e y  & S o n s ,  M e w  York .  

T h i s  book  g i v e s  an  e x c e l l e n t  t r e a t m e n t  i n  a n  a p p l i e d  
v e i n .  Good c o v e r a g e  of t h e  m a j o r  l i f e  d i s t r i b u t i o n s  
i n c l u d i n g  t h e  W e i b u l l  i s  g i v e n .  E x a c t  c o n f i d e n c e  
roe thodv b a s e d  o n  t h e  Mann e t  a 1  work a r e  c o v e r e d  a s  
w e l l  a s  many a p p r o x i m a t e  m e t h o d s .  E x c e l l e n t  c o v e r a g e  
o f  p l o t t i n g  m e t h o d s  ( s o m e  o f  which h a v e  b e e n  d e v e l o p e d  
by t h e  E i u t h o r )  a r e  g i v e n .  A l s o  a c h a p t e r  is p r e s e n t e d  
t h a t  s u r v e y s  r e l a t e d  t o p i c s  i n c l u d i n g  a c c e l e r a t e d  t e s -  
t i n g  a n d  r e l i a b i l i t y .  

E .  S e m i n a l  Papers  

These papers i n v o l v e  e x a c t  a n d / o r  e f f i c i e n t  p r o c e d u r e s  
f o r  t h e  W e i b u l l  d i s t r i b u t i o n .  They  r e p r e s e n t  o n l y  a s m a l l  
p o r t i o n  of t h e  w o r k  i n  this area  a n d  t h u s  t h e  i n t e r e s t e d  
r e a d e r  s h o u l d  a l s o  c o n s u l t  t h e  r e f e r e n c e s  g i v e n  i n  t h e s e  
c i t a t i o n s .  

5 .  B a i n ,  L .  J .  ( 1 9 7 2 ) ,  n I n f e r e n c e s  Rased  o n  C e n s o r e d  Sam- 
p l i n g  f r o m  t h e  W e i b u l l  o r  E x t r e m e - V a l u e  D i s t r i b u t i o n , "  
J k ~ h @ e m ~ t ~ L ~ s ,  1 4 ,  6 9 3 - 7 0 2 .  

P a i n  p r e s e n t s  a n  u n b i a s e d  l i n e a r  e s t i m a t o r  b a s e d  on 
t h e  f i r s t  r o f  n e x t r e m e - v a l u e  o r d e r  s t a t i s t i c s  w h i c h  
i s  s t u d i e d  f u r t h e r  i n  t h e  Mann e t  a1 book. 

6 .  B a i n ,  L. J .  a n d  C. E. A n t l e  ( 1 9 6 7 )  " E s t i m a t i a n  o f  
Pa rame te r s  i n  t h e  W e i b u l l  D i s t r i b u t i o n ,  '&?ch- 
IIQI!iS&.EdSS, 9 ,  6 2 1 - 2 7 .  
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T h i s  i s  o n e  of t h e  e a r l i e r  works o n  p a r a m e t e r  e s t i m a -  
t i o n .  I t  a l s o  g i v e s  r e f e r e n c e s  t o  e a r l i e r  warks  a n d  
i n t r o d u c e s  n e w ,  s i m p l e  e s t i m a t o r s  a n d  s t u d i e s  i n v a r i -  
a n c e  p r o p e r t i e s  o f  t h e s e  a n d  maximum l i k e l i h o o d  
e s t i m a t o r s .  

7 .  L a w l e s s ,  J .  F. ( 197.2) , " C o n f i d e n c e  I n t e r v a l .  E s t i m a t i o n  
f o r  t h e  P a r a m e t e r s  of t h e  W e i b u l l  D i s t r i b u t i o n ,  9h&;LAE 
L ~ S Z  H a . . t h ~ ~ a t i ~ a r  29 77-87. 

This i s  t h e  f i r s t  i n  a a e r i e s  o f  p a p e r s  by L a w l e s s  
c o n c e r n i n g  e x a c t  m e t h o d s  f o r  t h e  k i r e i b u l l  allowing f a r  
c e n s o r i n g  i n  w h i c h  h e  i n ' c r o d u c e s  h i s  c o n d i t i o n a l  
a p p r o a c h .  

8 .  L a w l e s s ,  J .  F.  ( 1 9 7 3 ) ,  *!On t h e  E s t i m a t i o n  of' S a f e  L i f e  
When t h e  U n d e r l y i n g  Life D i s t r i b u t i o n  Is W e l b u l l ,  
x m s a m r f c a  1 5 I a 57  -6 5 

T h i s  p a p e r  is a c o n t i n u a t i o n  o f  t h e  a u t h a r ' s  w o r k  w i t h  
a c o n d i t i o n a l  a p p r o a c h  i n ?  w h i c h  h e  o b t a i n s  a n  e s t i m a t e  
o f  t h e  t h e  s m a l l e s t  o b s e r v a t i o n  from a f u t u r e  s a m p l e  
b a s e d  o n  a n  o b s e r v e d  s a m p l e .  

9 .  L a w l e s s ,  J .  F.  ( 1 9 7 5 )  , " C ~ n s t r ~ u c t i o n  o f  T o l e r a n c e  
B o u n d s  f o r  t h e  E x t r e m e - V a l u e  a n d  W e i b u l l  D i s t r i b u -  
t i o n s S n  2esheameLrLss, 17,  2 5 5 - 5 1 .  

This papep. gives a c u l . m i c a t l o n  o f  p r o c e d u r e s  d e v e l o p e d  
by L a w l e s s  b a s e d  o n  a c o n d i t i o n a l  a p p r o a c h .  A m e t h o d  
of f i n d i n g  c o n f i d e n c e  b o u n d s  o n  t h e  p e r c e n t i l e s  o f  t h e  
t w o - p a r m e t e r  W e i b u l l  o r  e x t r e m e - v a l u e  distributi.ans 
i s  g i v e n .  T h e  p r o c e d u r e s  allow a c o m p a r i s o n  with 
a p p r o x i m a t e  b o u n d s  b a s e d  o n  a n  F a p p r o x i m a t i o n  a n d  
a l s o  o n  a p p r o x i m a t e  maximum l i k e l  i h o o d  e s t i m a t e s .  T h e  
a p p r o x i m a t e  F m e t h o d  Is  given i n  t h e  Mann e t  a 1  b o o k  
a n d  Lawless c o n c l u d e s  '?the m e t h o d  ... a p p e a r s  t o  h a v e  
much t o  r e c o m m e n d  i t . "  

IO. Mann,  M. R .  ( 1 9 7 0 ) ,  F F E s t i m a t o r s  a n d  E x a c t  C o n f i d e n c e  
B o u n d s  f o r  W e i b u l l  P a r a m e t e r s  B a s e d  o n  a Few O r d e r e d  
O b s e r v a t i o n s ,  Technqme&yics ,  1 2 ,  3 4 5 - 5 1 .  

T h i s  i s  t h e  f i r s t  o f  a n u m b e r  o f  papers by Mann ( a n d  
o t h e r s )  i n  w h i c h  e x a c t  m e t h o d s  based o n  t h e  u s e  o f  
o r d e r  s t a t i s t i c s  a r e  d e v e l o p e d .  T h e s e  m e t h o d s  allow 
for c e n s o r i n g .  
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1 1 .  Mann, hi. R. a n d  K. k r .  F e r t i g  ( 1 9 7 3 ) ,  " T a b l e s  f o r  
O b t a i n i n g  C o n f i d e n c e  B o u n d s  a n d  T o l e r a n c e  B o u n d s  Based 
o n  Best L i n e a r ;  I n v a r i a n t  Esti .rnates o f  P a r a m e t e r s  of 
t h e  E x t r e m e - V a l u e  D i s t r i b u t i o n ,  2anhn~na&rlaa, 1 5 ,  
87 -101 .  

T h e s e  t a b l e s  a l l o w  use of t h e  Mann p r o c e d u r e s .  

1 2 .  Mann, W .  R . ,  K .  Y. F e r t i g ,  a n d  E .  M. S c h e u e r  ( ? 9 7 1 ) ,  
" C o n f i d e n c e  a n d  T o l e r a n c e  B o u n d s  a n d  a N e w  C o o d n e s s -  
o f - F i t  T e s t  f o r  Two-Fara r~e te r  W e i b u l l  or E x t r e m e - V a l u e  
D i s t r i b u t i o n s  with T a b l e s  f o r  C e n s o r e d  S a m p l e s  of S i z e  
3 ( 1 2 5 9 " &Z&S&%Gi2 &sSaEGh L&X!.Ea&QE&2S ESQZ& e&& 
21-QQ2;21 O f f i c e  o f  A e r o s p a c e  R e s e a r c h ,  U.S. Air F o r c e ,  
W r i g h t - P a t t e r s o n  Air Force B a s e ,  O h i o .  

E x a c t  confidence a n d  t o l e r a n c e  b o u n d s  a r e  d e v e l o p e d  
a n d  t a b l e s  given f o r  t h e l r  u s e .  A l s o  s e e  t h e  Mann e t  
a 1  and N e l s o n  books f o r  f u r t h e r  r e f e r e n c e s  t o  t h i s  
w o r k .  

13. Thoroan, D. R . ,  L .  J .  E a i n ,  a n d  C .  E .  A n t l e  ( 1 9 6 9 ) ,  
" I n f e r e n c e s  on t h c  P a r a m e t e r s  o f  t h e  W e i b u l l  D f s t r i b u -  
t i o n , "  T e c h n g s e t r i c s ,  1 1 ,  4 4 5 - 6 0 .  

T h i s  p a p e r  p o s s i b l y  g i v e s  the f i r s t  e x a c t  m e t h o d s  f o r  
the W e i b u l l  d i s t r i b u t i o n .  H o w e v e r ,  t h e  m e t h o d s  d o  n o t  
a l l o w  f o r  c e n s o r i n g .  T a b l e s  a r e  g i v e n  f o r  use of t h e  
m e t h o d ,  

1 4 .  Thoman,  D .  R., L .  J .  R a i n ,  a n d  C .  E .  A n t l e  ( 1 9 7 0 ) ,  
"Maximurn L i k e l i h o o d  E s t i m a t i o n ,  Exac t  c o n f i d e n c e  
Intervals f o r  R e l i a b i l i t y ,  a n d  T o l e r a n c e  L i m i t s  i n  t h e  
W e i b u P l  D i s t r i b u t i o n , "  Xgghnam&s&g, 12, 363-71. 

As t h e  t i t l e  i n d i c a t e s ,  e x a c t  r e l i a b i l i t y  a n d  
t o l e r a n c e  l i m i t s  a r e  p r e s e n t e d .  A l s o  t a b l e s  a r e  g i v e n  
f o r  u s e  of t h e  m e t h o d .  b g a i n  t h i s  w o r k  g i v e s  p o s s i b l y  
t h e  f i r s t  e x a c t  m e t h o d s  a n d  does n o t  a l l o w  f o r  e e n -  
s o r i n g .  

This i s  t h e  s e m i n a l  w o r k  f o r  t h e  W e i b u l l  d i s t r i b u t i o n .  
W h i l e  some w r i t e r s  h a v e  m i n i m i z e d  W e i b u l l t s  w o r k  h e  
g i v e s  a much b e t t e r  p r e s e n t a t i o n  o n  s t a t i s t i c a l  
g r o u n d s  t h a n  d o  many l a t e r  wr i t e r s  i n  t h e  m a t e r i a l s  
a r e a .  W e i b u l l  m a k e s  a c l e a r  a n d  u n d e r s t a n d i n g  d i s -  
t i n c t i o n  b e t w e e n  t h e  ( c u m u l a t i v e )  h a z a r d  f u n c t i o n  
w h i c h  h e  l a b e l s  t h e  r l s k  of r u p t u r e  a n d  t h e  



p r o b a b i l i t y  o f  r u p t u r e .  U n f o r t u n a t e l y ,  many l a t e r  
w r i t e r s  a r e  n o t  a s  c a r e f u l  a s  M e i b u l l  a n d  t h i s  h a s  l e d  
t o  t h e o r e t i c a l  d i f f i c u l t i e s  a n d  s o m e  l a c k  of u n d e r -  
s t a n d i n g  of t h e  f u n d a m e n t a l  p r o b l e m .  

C .  M i s c e l l a n e o u s  C i t a t i a n s  

T h i s  s e c t i o n  c o v e r s  a n u m b e r  of r e f e r e n c e s  t o  r e l a t e d  
w o r k  i n  a c c e l e r a t e d  t e s t i n g  d u e  t o  i t s  p o s s i b l e  u s e f u l n e s s  
i n  s i t u a t i o n s  of  s u b c r i t i c a l  c r a c k  g r o w t h  a n d  o p t i m u m  e x p e r -  
i m e n t a l  d e s i g n .  

1 6 .  

17. 

1 8 .  

1 9 .  

M e e k e r ,  W. Q . ,  J r .  ( 1 9 8 4 ) ,  " A  C o m p a r i s o n  o f  Acce lera-  
t e d  L i f e  Tes t  P l a n s  f o r  W e i b u l l  a n d  L o g n o r m a l  D i s t r i -  
b u t i o n s  a n d  T y p e  I C e n s o r i c g ,  2 e c h n Q m g & r j & S ,  26, 
157- ' / 1 .  

Opt imum a c c e l e r a t e d  t e s t  p l a n s  h a v e  some p r a c t i c a l  
d e f i c i e n c i e s .  Meeker o f f e r s  c o m p r o m i s e  p l a n s  t h a t  
s a c r i f i c e  some p r e c i s i a n  but, g i v e  i n f o r m a t i o n  t o  
d e t e c t  d e p a r t u r e s  f r o m  t h e  a s s u m e d  m o d e l  a n d  a r e  more 
r o b u s t  t o  d e p a r t u r e s  i f  t h e y  o c c u r .  

N e l s o n ,  kl. ( 1 9 7 4 1 ,  " A  S u r v e y  of M e t h o d s  for P l a n n i n g  
a n d  A n a l y z i n g  A c c e l e r a t e d  Tes t s ,  a XEE:.E 2rasn. Uasf;c. 
J&su&. , EI-9, 1 2 - 1 8 .  

As t h e  t i t l e  the p a p e r  g i v e s  a s u r v e y  of m e t h o d s  of 
a c c e l e r a t e d  t e s t i n g ;  a n d  a n a l y s i s  u p  t o  1 9 7 4 .  

N e l s o n ,  W .  ( 1 9 8 0 ) ,  " A c c e l e r a t e d  L i f e  T e s t i n g  -- S t e p -  
Stress M o d e l s  a n d  D a t a  A n a l y s e s , "  1EeE.E Xrans. E a Z i a B * ,  
R-29, 103-08. 

T h e  p a p e r  g i v e s  a c l e a r  p r e s e n t a t i o n  o f  t h e  e l e m e n t s  
o f  a s t e p - s t r e s s  mode l .  W h i l e  t h e  s p e c i f i c  m o d e l  may 
n o t  b e  a p p r o p r i a t e  f o r  s u b c r i t i c a l  c r a c k  g r o w t h ,  t h e  
m e t h o d o l o g y  i s  i n d i c a t i v e  o f  t h a t  r e q u i r e d  i n  
a n a l y z i n g  s u b c r i t i c a l  c r a c k  g r o w t h .  

Ne l son ,  H. a n d  W, Q. Meeker, J r .  < 1 9 7 8 ) ,  " T h e o r y  f o r  
Op t imum A c c e l e r a t e d  C e n s o r e d  L i f e  Tes t s  for W e i b u l l  
a n d  E x t r e m e - V a l u e  D i s t r l  b u t i o n s ,  ar Xa~hsgmaS~ina, 20, 
1 7 1 - 7 7  

T h e  a u t h o r s  g i v e  a s y m p t o t i c a l l y  o p t i m u m  t e s t  p l a n s  f o r  
s i m u l t a n e o u s  t e s t i n g  w i t h  T y p e  1 c e n s o r i n g  f o r  t h e  
V e i b u l l  d i s t r i b u t i o n .  T h e y  a l s o  r e v i e w  o t h e r  l i t e r a -  
t u r e .  
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On s c h e d u l e .  

1 .  C . A .  J o h n s o n  a n d  W.T. T u c k e r ,  " A d v a n c e d  S t a t i s t i c a l  
C o n c e p t s  of F r a c t u r e  i n  B r f t t l e  M a t e r i a l s ,  s u b m i t t e d  
f o r  p u b l i c a t i o n  t o  t h e  p r o c e e d i n g s  of  t h e  23a Ay&mfee= 
LkG 2SShDQlQgY B%Yd!&BnSB$ .&Q&ZZ!G&Ql?a' !&~KP&EL&LQB 
MeeCi@g, O c t o b e r  1 9 8 5 ,  D e a r b o r n ,  M i c h i g a n .  

2. C . A .  J o h n s o n  a n d  W . T ,  T u c k e r ,  " E s t i m a t i o n  of W e i b u l l  
E l o d u l u s  from F r a c t u r e  O r i g i n  F o s i t i o n s ,  i n  p r e p a r a -  
t i o n .  

1 .  C . A .  J o h n s o n  a n d  W.T. T u c k e r ,  "Advanced  S t a t i s t i c a l  
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3 . 0  DATA BASE AND LIFE PREDICTION 

INTRODUCTION 

This portion o f  the project is identified as project element 3 
within the work breakdown structure (WBS). It contains five subelernents, 
including (1) Structural Qualification, (2) Time-Dependent Behavior, 
( 3 )  Environmental Effects, (4) Fracture Mechanics, and (5) Nondestructive 
Evaluation (NDE) Development. Research conducted during this period 
includes activities in subelements (1)3 (Z), and ( 3 ) .  Work in the 
Structural Qualification subelement includes proof testing, correlations 
with NDE results and microstructure, and application to components. Work 
in the Time-Dependent Behavior subelement includes studies of fatigue and 
creep in structural ceramics at high temperatures. Research in the 
Environmental Effects subelement includes study of the long-term effects 
o f  oxidation, corrosion, and erosion on the mechanical properties and 
microstructures o f  structural ceramics. 

element includes (1) experimental life testing and microstructural analy- 
sis o f  S I 3 N ,  and S i c  ceramics, (2) time-temperature strength dependence of 
S i 3 N k  ceramics, and ( 3 )  static fatigue behavior o f  PSZ ceramics. 

Major objectives a f  research in the Data Base and Life Prediction 
project element are understanding and application o f  predictive models f o r  
structural ceramic mechanical reliability, measurement techniques for 
long-term mechanical property behavior in structural ceramics, and physical 
understanding o f  time-dependent mechanical failure. Success i n  meeting 
these objectives will provide U.S. companies with the tools needed for 
accurately predicting the mechanical reliability o f  ceramic heat engine 
components, including the effects o f  applied stress, time, temperature, 
and atmosphere on the critical ceramic properties. 

The research content o f  the Data Base and Life Prediction project 
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3 . 1  STRUCTURAL Q U A L I F I C A T I O N  

Microstructural Analysis  of Corrosive Reactions i n  Structural Ceramics 
N. 3 .  Tighe and R .  M. Hu (Nat iona l  Bureau o f  Standards, Gaithersbusg, Md.) 

Objective/Scope 

The objective of the program is to identify the failure causing 
defects and to determine mechanisms of defect interaction with the 
environmental testing conditions. Test specimens from fracture 
mechanics tests in the NBS laboratory and in other laboratories that 
have DBEINASA research funding w i l l  be used t o  identify patterns of 
failure that correspond to strength variations between billets of the 
same cermi c: . 
Techn i cal progress 

Scanning and transmission electron microscopy studies are being 
used to identify microstructural elements and t o  characterize 
microstructural changes ~ - i  th respect to deformatien mechanisms arid 
corrosion behavior i n  silicon carbide and silicon nitride ceramics. Of 
particular .interest are  the ceramics that are proposed for use in heat 
engines and heat exchangers. Considerable work has heen done at N8S t o  
evaluate the reliability of these materials under specific cheniical and 
thermal stress applications by testing them under environmental 
conditions t h a t  simulate corrosive service conditions. Qxiddtion and 
chemical attack at high ternperaturz were found to contribute t o  
strength degradation and premature failure. When the ceramics are 
stressed at high temperatures the microstructure i s  affected and 
discrete changes occur in t h e  grains, the phase boundaries and i n  the 
second phdses. 

Thin f o i l  specimens were prepared from transverse and parallel 
cross-sections o f  the bend bars in order to identify microstructural 
changes as a function of distance from the tensile and compression 
surfaces. Commercially prepared samples of sintered alpha S i c ,  and 
hot-pressed S i 3 N 4  doped with MgO, YzO3, and BN were tested and 
examined. 

Pieces from salt corroded S i c  samples were received from NASA for 
examination. Before examining these samples it was necessary to 
develop suitable thin foil specimen preparation techniques which would 
retain the reaction product that formed a thick scale on the samples. 
Therefore, coupons and thin disk specimens were prepared from an NBS 
set of sintered alpha Sic billets that had been used in deformation 
tests. These samples were heated with NaCO at temperatures up to 
1000°C for 5, 15 and 30 min. and 48 h in or a er to correspond to the 
NASA tests. ?he microstructural characterization was carried out using 
analytical scanning transmission electron microscopy and scanning 
electron microscopy. 
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E a r l i e r  examinations of the S i c  showed t h a t  micron-sized f ib rous  
inc lus ions  of g raph i t e  influenced t h e  high temperature mechanical 
p rope r t i e s .  
f i b rous  morphology b u t  t he  e f f e c t s  of t hese  f i b e r s  on the  h i g h  
temperature p rope r t i e s  have not been assessed.  However the  BN 
add i t ions  apparent ly  con t r ibu te  t o  increased room temperature 
toughness. High temperature exposure produced an i n i t i a l  s t rengthening  
in both s i l i c o n  carb ide  and s i l i c o n  n i t r i d e  samples because some 
sur face  de fec t s  were healed by t he  formation of a s i l i c a  5ca le .  
Prolonged exposures allowed deep penet ra t ion  of t he  oxides along g ra in  
boundaries,  c a v i t a t i o n  along boundaries,  r eac t ion  with in t e rna l  
inc lus ions  and eventual degradat ion o f  s t r eng th .  They a l s o  were used 
t o  c l a r i f y  the behavior d i f f e rences  between t h e  ceramics w i t h  aniorphous 
gra in  boundary phases and those with c r y s t a l l i n e  g ra in  boundary phases.  

In t h e  case o f  t h e  s a l t  r e a c t i o n s ,  t h e  e l ec t ron  microscopy r e s u l t s  
show t h a t  s w e r e  corrosion occurred in  t h e  s i l i c o n  carb ide  specimens 
a f t e r  a few minUCeS exposure t o  Na@03. The s a l t  reacted aggress ive ly  
with g raph i t e  i nc lus ions ,  d i sso lved  s i l i c o n  carb ide  g ra ins  and enlarged 
the  su r face  pores.  
e l ec t ron  microscopy showed a severe ly  cracked su r face  l aye r  of s i l i c a  
t h a t  had deep pi ts  extending i n t o  the S i c  riiatrix as  shown i n  F i g .  1 A .  
The p i t s  seen in F i g .  1 can be assoc ia ted  with cracks and p i t s  t h a t  a r e  
present  in t h e  o r ig ina l  b i l l e t  a s  shown in F i g .  1 B .  The r eac t ion  
product was removed with an HF so lu t ion  and t h e  underlying S i c  g ra ins  
were f o u n d  t o  have been etched by the  sodiurri s a l t .  The seve r i ty  of t h e  
etching was r e l a t e d  t o  t h e  tirile o f  exposure b u t  some etching was 
observzd in the  5 min. samples. The severe a t t a c k  on the g ra ins  i s  
evident  in t h e  micrographs in F i g .  2 which shows the  S i c  samples which 
were reacted a t  1000°C f o r  1 and 48 h ,  

reacted specimens. T h e  samples were dimpled before  ion t h i n n i n g .  Some 
d i sks  were reacted with t h e  sodium s a l t  and o the r  d i sks  were made from 
previously reac ted  samples. The r eac t ion  product was found t o  be 
amorphous s i l i c a  containing some sodium. Areas containing both the  
redct ion product and the  S ic  matr ix  have been observed. The 
prepara t ion  of t h i n  s e c t i o n s  from t r ansve r se  sec t ions  has been s t a r t e d .  
After  specimen prepara t ion  and observat ion techniques a r e  e s t a b l i s h e d ,  
we wil l  be ab le  t o  examine the NASA samples. 

A b i l l e t  of hot-pressed s i l i c o n  n i t r i d e  t h a t  contained y t t r i a ,  
alumina and approximately 20% boron n i t r i d e  was sect ioned and examined 
by ana ly t i ca l  scanning t ransmission e l ec t ron  microscopy. The boron 
n i t r i d e  inc lus ions  were found t o  have a f ib rous  morphology t h a t  was 
s imi l a r  t o  t h a t  found in the alpha s i l i c o n  carb ide .  The f i b e r  bundles 
l inked over severa l  g ra in  diameters  and appeared t o  be we l l - s in t e red  t o  
the s i l i c o n  n i t r i d e  and t o  the  y t t r ium aluminate gra ins .  Although t h e  
boron n i t r i d e  add i t ions  could con t r ibu te  t o  t he  toughness,  i t  i s  
expected t h a t  the thermal , mechanical and corrosion s t r e s s e s  w i  11 cause 
s t r eng th  degradat ion because the boron n i t r i d e  i s  unstable  in  oxid iz ing  
atmospheres. These f i b e r s  may behave i n  a manner s imi l a r  t o  t h a t  
observed of t he  carbon f i b e r s  in  the  s i l i c o n  carb ide .  

The BN add i t ions  t o  y t t r i a  doped Si3N4 a l s o  formed w i t h  a 

Examination of the reac ted  samples by scanning 

Thin f o i l  samples have been made from the  as-received and t h e  
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Status o f  milestones 

Characterization o f  corrosion reactions in S i c  and S j y ~  , 
reaction product formed during heating o f  S i c  coated kdith Na 0 at 

at the ceramic interface. After cross sectional samples are examined 
by STEM we w i l l  be a b l e  to address the associating specific micro- 
structural elements with changes in reactions process. 

X-ray mapping techniques. 
that precise locations may have to be determined in the STEM. The 
scanning electron microscope has developed serious vacuum problems 
which limits use of the windowless detector. We have some STEM samples 
ready for analysis. 

A series of stdndard ceramic samples that are single crystal 
oxides and carbides and specially prepared oxide glasses have been 
developed i n  t h e  qroup by B.J. Hockey in collaboration with 
D. Blackburn of the Glass and Composites Group. 
being used for semi-quantitative analysis procedures. 

The 

lC)OO°C characterized using SEM and STEM as amorphous sodiurn/si si ica f i l m  

Element analysis. Sodium was located i n  the reaction film using 
Sodium is mobile in the electron beam so 

These standards are 

Publications 

Paper "Creep Deformation in S i 3 N 4  and Sic Ceramics" was prepared 

Paper "Microstructures of S1C and Si3114 w i t h  Fibrous Tncl usions" 
for publication in the Materials Research Journal. 

submitted to the Electron Microscopy Society of America for August 
meeting presentation. 
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F i g .  1. Sintered alpha SIC a f t e r  heating 48h a t  1000°C. 
( A )  Showing thermal etching on pol i shed surface.  
(B )  Reaction product formed w i t h  NaC03 on polished surface.  
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Phvs ica l  Properties of S t r u c t u r a l  Ceramics 
R .  K. W i l l i a m s ,  R .  S.  Graves, and M. A. Janney (Oak Ridge N a t i o n a l  
Lab0 r a  t o  ry ) 

Object ive/scope 

The s t r u c t u r a l  ceramics p r e s e n t l y  cons ide red  f o r  use i n  advanced h e a t  
engine a p p l i c a t i o n s  u s u a l l y  c o n t a i n  more than  one phase and seve ra l  com- 
ponents.  The thermal  c o n d u c t i v i t i e s  o f  these m a t e r i a l s  a r e  l ow  r e l a t i v e  
t o  me ta l s ,  and t h i s ,  a long  w i t h  thermal  expansion p l u s  f r a c t u r e  s t r e n g t h  
and toughness, i s  a pr ime f a c t o r  i n  d e t e r m i n i n g  s u i t a b i l i t y  o f  a g i v e n  
ceramic f o r  a p a r t i c u l a r  advanced engine component. The purpose o f  t h i s  
research  i s  t o  develop an improved understanding o f  t h e  f a c t o r s  which 
determine t h e  thermal  c o n d u c t i v i t i e s  o f  t hese  complex s t r u c t u r a l  m a t e r i a l s  
a t  h i g h  temperatures.  

Techn ica l  p roq ress  

A s tudy o f  t h e  e f f e c t  o f  g r a i n  s i z e  on t h e  thermal  c o n d u c t i v i t y ,  X ,  
T h i s  work was undertaken because thermal  o f  a lumina has been completed. 

c o n d u c t i v i t y  h e l p s  t o  determine t h e  magnitude o f  thermal  s t resses ,  and 
r e c e n t  t h e o r e t i c a l  work' i n d i c a t e s  t h a t  t h e  v a r i a t i o n  w i t h  g r a i n  s i z e  
shou ld  be l a r g e r  than  had p r e v i o u s l y  been p r e d i c t e d .  T h i s  i s  s i g n i f i c a n t  
because g r a i n  s i z e ,  and t h e r e f o r e  thermal  c o n d u c t i v i t y ,  can be c o n t r o l l e d  
by a l t e r i n g  p rocess ing  c o n d i t i o n s .  

R. B r i t o  Orta, '  i n v o l v e s  a r e c o n s i d e r a t i o n  o f  t h e  r o l e  p l a y e d  by l o n g  
wavelength l o n g i t u d i n a l  phonons. The r e s u l t  i s  t h a t  t h e  c o n t r i b u t i o n  o f  
t hese  e x c i t a t i o n s  t o  t h e  thermal  c o n d u c t i v i t y  i s  l a r g e r  than  had been 
though t  and m i g h t  t y p i c a l l y  be about 20% o f  t h e  t o t a l  a t  ambient tem- 
p e r a t u r e s .  T h i s  c o n t r i b u t i o n  a l s o  v a r i e s  more r a p i d l y  w i t h  temperature,  
n o t  as TI, and should be s e n s i t i v e  t o  g r a i n  s i z e .  The more r a p i d  tem- 
p e r a t u r e  v a r i a t i o n  i s  seen e x p e r i m e n t a l l y ;  t h e  s e n s i t i v i t y  t o  g r a i n  s i z e  
a r i s e s  because t h e  e x c i t a t i o n s  have l o n g  wavelengths,  which a r e  comparable 
t o  t y p i c a l  ceramic g r a i n  s i zes .  Alumina was chosen as a model m a t e r i a l  
because i t  can be o b t a i n e d  i n  h i g h  p u r i t y  and because t h e  d e n s i f i c a t i o n  
and g r a i n  growth b e h a v i o r  i s  understood. T h e o r e t i c a l  c a l c u l a t i o n s  f o r  
a lumina were performed by B r i t o  O r t a . 2  

s i f i e d  by h o t  p r e s s i n g  f o r  one hour  a t  145OOC w i t h  a p ressu re  o f  34 MPa. 
Ba i  kowski grade C R l O  a lumina (5 -9 ' s )  was t h e  s t a r t i n g  m a t e r i a l ,  and s i n -  
t e r i n g  a i d s  were n o t  used. A f t e r  d e n s i f i c a t i o n ,  samples were annealed i n  
a i r  a t  1500, 1550, 1600, 1650, 1700, and 180OOC f o r  1 hour .  D e n s i t i e s  o f  
t hese  15-mm-diameter, 7-mm-high samples v a r i e d  f rom 99.5 t o  96.9% o f  
t h e o r e t i c a l ;  t h e  l o w e s t  d e n s i t y  was f o r  a sample annealed a t  1800OC. The 
g r a i n  s i z e s  were o b t a i n e d  by t h e r m a l l y  e t c h i n g  p o l i s h e d  s e c t i o n s  i n  a i r  a t  
140OOC f o r  1 hour .  Bo th  l o n g i t u d i n a l  and t r a n s v e r s e  s e c t i o n s  were exam- 
ined,  and a scanning e l e c t r o n  microscope was used f o r  t h e  samples 
annealed a t  temperatures up t o  1600OC. G r a i n  s i z e s  were determined f rom 
photomicrographs by u s i n g  t h e  l i n e a r  i n t e r c e p t  method. 

The new t h e o r y ,  which was developed by P. G. Klemens and h i s  s tudent ,  

A f t e r  m i l l i n g  f o r  8 hours i n  i sop ropano l ,  t h e  alumina powder was den- 
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Thermal conductivity samples, 6.35 mm in diameter and 5 mm long, were 
machined from the larger, hot pressed alumina discs. The steady state 
measurements were made by a comparative method that has an estimated 
uncertainty of about +2% (ref. 3). Three data points, at nominally 30, 
60, and 90°C, were obtained on each sample and the values were corrected 
to theoretical density via Maxell's equation." The results were then 
smoothed by assuming that 1-' varies 1 i nearly with temperature. 

adjustable parameter and were therefore normalized to the experimental 
result for an average grain size of 1 pm. 
the trend predicted theoretically, but, in this grain size range, the 
effect (-11%) is somewhat smaller than predicted (-14%). 
interest is that the thermal conductivity values for these dense, high 
purity alumina samples are 5 to 10% lower than literature data5 for 
polycrystalline alumina. 

demonstrating a new method for changing the thermal conductivity. When 
lower conductivity is desired, this effect has an additional advantage 
because it supplements the reduction caused by substituting foreign atoms 
in  the lattice. 
most effective for short wavelength phonons, while the grain size effect 
reduces the contribution from long wavelengths. 

The results are shown i n  Fig. 1. The theoretical values2 contain one 

The experimental results show 

Another point of 

From a practical point of view, the importance of these results is in 

The reason for this is that foreign atom scattering i s  

Status of milestones 

On schedule. 

Publications 

None. 
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3.2 TIME-DEPENDENT BEHAVIOR 

Characterizat ion of Transformation-Toughened Ceramics 
J. J. Swab (Army M a t e r i a l s  Technology Laboratory)  

Object ive/Scope: 

Because o f  t h e i r  unusual combinat ion o f  p r o p e r t i e s ,  t rans format ion  
toughened z i r c o n i a s  (TTZ) a r e  l e a d i n g  candidates f o r  cy1 i n d e r  l i n e r s ,  
p i s t o n  caps, head p l a t e s ,  v a l v e  seats  and o t h e r  components f o r  t h e  
a d i a b e t i c  d i e s e l  engine. These m a t e r i a l s  a re  age-hardened ceramic a l l o y  
systems and as such, they  are  l i k e l y  t o  be s u s c e p t i b l e  t o  overaging and 
loss o f  s t r e n g t h  a f t e r  l o n g  t imes a t  h i g h  temperatures (i.e., c l o s e  t o  
t h e  age-hardening temperatures) .  The p o s s i b i l i t y  o f  overaging w i t h  i t s  
l i k e l y  n e g a t i v e  impact on m a t e r i a l s  performance was i d e n t i f i e d  as a 
c r i t i c a l  area o f  ignorance i n  t h e  p r e l i m i n a r y  technology assessment on 
ceramics f o r  d i e s e l  engines p r e v i o u s l y  prepared by AMMRC. Accord ing ly ,  a 
task  was i n i t i a t e d  t o  a )  d e f i n e  t h e  e x t e n t  and magnitude o f  t h e  overaging 
( i f  any) and b )  develop toughened ceramic a l l o y  systems which would n o t  
be s u s c e p t i b l e  t o  overaging a t  temperatures which may be encountered i n  
advanced d i e s e l  engines (1OOOC-12OOC) 

Technica l  Progress: 

Dur ing  t h i s  per iod ,  s i x  o f  t h e  e i g h t  z i r c o n i a s  t o  be examined have 
Seen ob ta ined and machined i n t o  bend bars,  One of t h e  m a t e r i a l s  w i l l  be 
rece ived w i t h i n  t h e  n e x t  two months and t h e  f i n a l  one w i l l  n o t  be 
rece ived because t h e  manufacturer  has in formed me t h a t  h i s  company can 
n o t  supply  me w i t h  t h e  m a t e r i a l .  

Four o f  t h e  m a t e r i a l s  a r e  c u r r e n t l y  i n  var ious  stages o f  e v a l u a t i o n .  
The o t h e r  two have j u s t  been r e c e i v e d  f rom t h e  m a c h i n i s t  and no data  i s  
a v a i l a b l e .  To date,  t h e  H i t a c h i  z i r c o n i a  has e x h i b i t e d  t h e  bes t  room 
temperature as- rece ived s t rength ,  1189MPa. See t h e  a t tached t a b l e .  (All  
s t r e n g t h s  l i s t e d  a r e  c h a r a c t e r i s t i c  s t r e n g t h s  o f  t h e  bend b a r s )  However, 
t h e r e  i s  a l a r g e  s c a t t e r  i n  t h e  da ta  over  t h e  20 specimen range f rom a 
low o f  277MPa t o  a h i g h  o f  1453MPa. T h i s  m a t e r i a l  i s  now undergoing heat  
t rea tments  o f  100 and 500 hours a t  lOOOC,  t o  determine t h e  a f f e c t s  of 
overaging on i t s  s t rength .  

Tests on t h e  o t h e r  z i r c o n i a s  hav:! revea led  t h a t  as expected, 
overaging reduces t h e  m a t e r i a l  s t r e n g t h .  The Kyocera m a t e r i a l  showed a 
s t r e n g t h  l o s s  o f  40% a f t e r  100 hours a t  ZOOOC and 60% a f t e r  500 hours a t  
lOOOC when compared t o  t h e  as-received s t r e n g t h .  The AC Sparkplug 
z i r c o n i a  e x h i b i t e d  s t r e n g t h  losses  o f  10 and 11% w h i l e  t h e  Toshiba 
z i r c o n i a  e x h i b i t e d  losses  o f  o n l y  7 and 9%. 
were sub jec ted  t o  heat t reatments i d e n t i c a l  t o  t h e  Kyocera m a t e r i a l .  

Both o f  t h e  l a t t e r  m a t e r i a l s  

The Kyocera, Toshiba and AC Sparkplug z i r c o n i a s  a r e  now undergoing 
pos t  heat t rea tment  c h a r a c t e r i z a t i o n .  T h i s  i n c l u d e s  X-ray phase and 
chemical a n a l y s i s  , m i c r o s t r u c t u r a l  e v a l u a t i o n  and m i  crohardness . 
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A t  t h i s  t ime ,  f r a c t u r e  toughness e v a l u a t i o n  o f  t hese  z i r c o n i a s  has been 
p u t  on hold.  The reason f o r  t h i s  i s  t h e  c o n t r o v e r s y  which surrounds t h e  
v a r i o u s  t e s t  techniques and t h e  da ta  t h a t  i s  ob ta ined  f rom them. 
c u r r e n t l y  c o l l a b o r a t i n g  w i t h  o t h e r  members o f  MTL t o  determine which t e s t  
t echn ique  w i l l  be b e s t  s u i t e d  f o r  t h i s  program. 

I am 

S ta tus  o f  M i les tones :  

C o n s t r u c t i o n  o f  t h r e e  heat  t reatment  furnaces has been completed. 

I n i t i a t i o n  o f  machining o f  t h e  TTZ m a t e r i a l s  i n t o  bend ba rs  has been 
s t a r t e d .  

The f i n a l  d r a f t  o f  the in-house t e c h n i c a l  r e p o r t ,  authored by L i s e  
S c h i o l e r ,  on t h e  work done f o r  t h e  l a s t  t h r e e  yea rs  has been e d i t e d  and 
c o r r e s t i o n s  a r e  now b e i n g  made. 

Pub1 i c a t i o n s :  

None 



ZIRCONIA DATA TABLE 

PROPERTY 

DENSITY:  

SONIC MOE: 

MOR : 
(4-PT BEND) 

COMPANY L I S T I N G  
AS-RECEIVED 
50 HRS @ 200C 
100 HRS ia l00OC 
500 HKS Ist POOOC 

COMPANY LISTING 

50 HRS Ca 2OOC 
103 HRS @ 1000C 
500 HRS (3 10001: 

AS-RECEIVED 

COMPANY irsTrNG 
AS-RECEIVED 
50 HRS Ist 200C 
100 i iRS @ lO0OC 
503 H2S @ lO0OC 

KY - KYOCERA 2201 
AC - AC SPARKPLUG 

TOSH - TOSHIBA "TASZIC" 
HIT - HITACHI 

KY MATERIAL - 

UNITS 

GPa 

MPa 

5.9 
5.853 

5.803 
5.772 

206 
201 

203 
205 

980a 
7 50 

454 
3 12 

AC - 

NDA 
5.840 

5.853 
5.863 

NDA 
204 

206 
208 

NDA 
753 

67 5 
669 

NDA - NO DATA AVAILABLE 
a - BELIEVED TO BE 3-PT BEND RESULTS 

HIT - TOSH - 

6.05 6.08 
5.880 6.038 

5.884 
5.877 

180 209 
230 213 

200 
200 

900a 1000 
6 30 1189 

589 
571 



238 

bxagt ure Behavior of To.u,q~.f~.r~e~~ C e r i a d c s  
P .  F. Becher and W .  H. Warwick (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

pb , jec t i ve /scope 

Because o f  t h e i r  e x c e l l e n t  toughness, o x i d e  ce ramics  such a s  pa 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  ( P S Z ) ,  d i spe rs ion - toughened  a lum ina  (DTA),  and 
w h i s k e r - r e i n f o r c e d  ce ramics  a r e  p r ime  c a n d i d a t e s  f o r  many d i e s e l  eng ine  
components, 
t h o u g h t  t o  be due t o  a s t r e s s - i n d u c e d  t r a n s f o r m a t i o n  ( o f  t h e  d i s p e r s e d  
t e t r a g o n a l  ZrO, phase), wh ich  r e q u i r e s  a d d i t i o n a l  energy  i n  o r d e r  for  
c a t a s t r o p h i c  f r a c t u r e  t o  o c c u r .  However, t h e s e  m a t e r i a l s  a r e  s t i l l  
s u s c e p t i b l e  t o  s t r e n g t h  d e g r a d a t i o n  by s low c r a c k  g rowth .  
l i m i t e d  ev idence  t h a t  a t  t empera tu res  above 7OO0C, t ime-dependent a g i n g  
e f f e c t s  can reduce t h e  c o n c e n t r a t i o n  o f  t h e  phase i n v o l v e d  i n  t h e  t r a n s -  
f o r m a t i o n  p rocess  l e a d i n g  t o  s i g n i f i c a n t  l a s s e s  i n  toughness and s t r e n g t h .  
Aga in  i t  i s  e s s e n t i a l  t h a t  mechanisms r e s p o n s i b l e  f o r  b o t h  the slow c r a c k  
g r o w t h  and a g i n g  b e h a v i o r  be w e l l  unders tood.  S i m i l a r l y  t h e  toughen ing  
b e h a v i o r  i n  w h i s k e r - r e i n f o r c e d  ce ramics  and t h e i r  h igh - tempera tu re  p e r f o r -  
mance must be e v a l u a t e d  i n  o r d e r  t o  deve lop  m a t e r i a l s  f o r  p a r t i c u l a r  
a p p l i c a t i o n s .  

I n  response t o  t h e s e  needs, s t u d i e s  have been i n i t i a t e d  t o  examine 
toughen ing  and f a t i g u e  p r o p e r t i e s  o f  t ransformation-toughened and w h i s k e r -  
r e i n f o r c e d  m a t e r i a l s .  P a r t i c u l a r  emphasis has been p l a c e d  on under- 
s t a n d i n g  t h e  e f f e c t  o f  m i c r o s t r u c t u r e  on processes  r e s p o n s i b l e  f o r  
t i rne-dependent v a r i a t i o n s  i n  toughness and h igh - tempera tu re  s t r e n g t h .  I n  
a d d i t i o n ,  fundamental  i n s i g h t  i n t o  t h e  s low  c r a c k  g rowth  b e h a v i o r  asso- 
c i a t e d  w i t h  these  m a t e r i a l s  i s  b e i n g  o b t a i n e d .  

The enhanced toughness  o f  t h e  PSZ and DTA m a t e r i a l s  i s  

A l so ,  t h e r e  i s  

-. Pechn i ca 1 p-poqre s s 

S i C - w h i s k e r - r e i n f o r c e d  ce ramics  

Thermal expans ion  d a t a  were o b t a i n e d  f o r  h o t  pressed ,  f u l l y  dense 
S i C - w h i s k e r - r e i n f o r c e d  compos i tes  h a v i n g  a lum ina  as the  m a t r i x  an 
samples o f  General  E l e c t r i c  Luca lox  a lum ina  and Carborundum s i n t e r e d  a- 
S i c .  The S i c  w h i s k e r s  were p r e d o m i n a t e l y  a l p h a  phase S i c .  The the rma l  
expans ion  r u n s  c o n s i s t e d  o f  h e a t i n g  and c o o l i n g  a t  a r a t e  o f  5 V m l ” n  i n  
a i r  employ ing  a N a t i o n a l  Bureau o f  S tandards  (NRS) s a p p h i r e  r e f e r e n c e  
sample i n  a d u a l  r o d  d i l a t o m e t e r .  The the rma l  expans ion  specimens f o r  
t h e  S i C - w h i s k e r - r e i n f o r c e d  ce ramics  were f a b r i c a t e d  so that ;  t h e  a x i s  o f  
expans ion  was p e r p e n d i c u l a r  t o  t h e  a x i s  o f  h o t  p r e s s i n g  i n  t h e  o r i g i n a l  
b i l l e t .  ,4s seen i n  F i g .  1, t h e  e x t e n t  o f  expans ion  due t o  h e a t i n g  i n  t h e  
alumina-based compos i tes  decreases  w i t h  i n c r e a s i n g  S i c  c o n t e n t  as  expec ted  
because the  a-Sic has a l o w e r  mean l i n e a r  the rma l  expans ion  c o e f f i c i e n t  
t h a p  t h a t  o f  a lumina (4 .8  x 10-6/oC and 8.2 x 10-G/aC r e s p e c t i v e l y )  o v e r  
t h e  tempera tu re  range 22 t o  llOO°C. The mean l i n e a r  the rma l  expans ion  
c o e f f i c i e n t s  f o r  v a r i o u s  alurnina-based compos i tes  t h u s  e x h i b i t  d e c r e a s i n g  
v a l u e s  w i t h  i n c r e a s e  i n  S i c  w h i s k e r  c o n t e n t  ( T a b l e  1). 

* D i l a t r o n i c  System, Theta  I n d u s t r i e s ,  I n c . ,  P o r t  Washington, N.Y. 
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Table 1. Linear thermal expansion coefficients (Z)  for 
various alumina-silicon carbide compositions 

Materi a1 

Mean value of 

5, 10-b/oc 
(22-11OOOC) 

Lucalox alumina 
Alumina-10 vol % Sic whiskers 

-20 vol % Sic whiskers 
-30 vol % Sic whiskers 
-60 vol % S i c  whiskers 

Sintered a-SiC 

8.22 

7.35 
6.70 

4.75 

7.87 

5.82 

Studies o f  the interrupted static fatigue behavior at elevated 
temperatures in air of alumina-20 vol % Sic whiskers were initiated to 
examine the influence of oxidation and slow crack growth effects on the 
high-temperature strength. Also,  recent results obtained by A .  Chokshi 
of the University o f  Southern California show that the creep resistance 
in four-point flexure o f  the ORNL hot pressed alumina containing 
20 vol % Sic whiskers is much greater than that of earlier samples 
(A1,0,-18 vol % Sic whiskers) supplied by ARCO.' For example, at 160OOC 
with an applied four-point flexure stress of 100 MPa, the creep strain 
rates were approximately 1 x 10-'/s and approximately 4 x 10-7/s, 
respectively for the ARCO and ORNL composites. 

Partially stabilized zirconia 

As discussed in previous reports, PSZ ceramics can exhibit quite 
high fracture toughness values to temperatures o f  at least 500'C. 
Recent studies demonstrate the practical aspects of this quite dramati- 
cally. The flexure strengths of as-polished bars with several 9.1-kg 
Vickers indents in the maximum tensile stress region of the bar (to 
introduce very large indents and associated cracks) were compared with 
the strengths of as-polished bars. 
real damage resistance of materials (l.e., how much the strength changes 
with additional surface damage). For example, highly polished and 
annealed sing1 e crystal a1 umi na can exhibit four-poi t i t  f 1 exure strengths 
of approximately 650 MPa, but this is reduced t o  approximately 240 
with only the introduction of a 280-9 Vickers indent in the tenslle sur- 
face! This reflects the low critical fracture toughness 
(KIC -1.8 MPa p'm) of the single crystal. 
alumina (KIC -3.5 MPa p'm) exhibits a l o s s  i n  flexure strength from 

In this way one can determine the 

Fine grained (S5 pm) dense 
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O R N L -  DWG 86- 1827 

6.8 

.-6 

Q 
s.2 5. 

1.7 

8. 

Fig. 1. Li 
silicon carbide 
S"C/min in air, 
Bureau o f  Standa 
neously .  Sample 
vol % Sic whiske 
60 vol  % S i c  whi 

n e a r  thermal expansion behavior o f  various alumina- 
compositions. Each sample was heated and cooled a+, 
and i t s  expansion was referenced against a National 
rds sapphire standard specimen that was run s i m u l t a -  
s consisted o f  t h e  f o l l o w i n g :  Lucalox (01, alumina-20 
r s  ( X ) ,  alumina--30 vol X S i c  whiskers ( A ) ,  alumina- 
skers (a), and sintered a-Sic (0). 



500 MPa t o  210 MPa when a 9.1-kg V i c k e r s  i n d e n t  i s  used. B o t h  m a t e r i a l s  
e x h i b i t  l a r g e  l o s s e s  i n  s t r e n g t h  because t h e y  have low toughness. 
t h e  f l e x u r e  s t r e n g t h s  a r e  v e r y  s e n s i t i v e  t o  t h e  c r a c k s  i n t r o d u c e d  by t h e  
V i c k e r s  i n d e n t s .  

f l e x u r e  s t r e n g t h  w i t h  t h e  i n t r o d u c t i o n  o f  l a r g e  V i c k e r s  i n d e n t s  and 
a s s o c i a t e d  c racks .  
i t e d  a f r a c t u r e  s t r e n g t h  o f  665 MPa o r  more when a s e r i e s  o f  20-kg 
V i c k e r s  i n d e n t s  were i n t r o d u c e d  i n t o  t h e  t e n s i l e  s u r f a c e .  

A s  seen in -F ig .  2, t h e  f l e x u r e  s t r e n g t h  o f  o t h e r  PSZ ceramics 
(KIC 2 12 MPa i m )  a r e  e s s e n t i a l l y  t h e  same whether t h e  p o l i s h e d  t e n s f l e  
s u r f a c e  c o n t a i n s  9.1-kg V i c k e r s  i n d e n t s  o r  n o t .  T h i s  lack o f  s i g n i f i -  
c a n t  s t r e n g t h  degrada t ion  w i th  a d d i t i o n a l  sur face damage i s  a r e s u l t  
o f  t h e  h i g h  f r a c t u r e  toughness. T h i s  i s  r e f l e c t e d  by t h e  s i g n i f i c a n t  
s t r e n g t h  loss ( - two- fo ld  r e d u c t i o n )  i n c u r r e d  by i n d e n t i n g  t h e  t e n s i l e  
sur face f o r  s t r e n g t h s  o b t a i n e d  a t  80Q°C o r  more where t r a n s f o r m a t i o n  
toughening does n o t  occu r  and KIC i s  low (-3 MPa Jm), F ig .  3 .  I n  t h e  
temperature range below-80Q°C, where t r a n s f o r m a t i o n  toughenling occurs, 
KIC i s  a t  l e a s t  8 MPa dm, t h e  f l e x u r e  s t r e n g t h s  are n o t  degraded by t h e  
s u r f a c e  damage produced by t h e  V i c k e r s  i n d e n t s .  

Thus 

Toughened PSL ceramics on t h e  o t h e r  hand e x h i b i t  l i t t l e  loss  i n  

A PSZ ceramic w i t h  KIC of 17.5 MPa i m  s t i l l  exh ib -  

S t a t u s  o f  m i l e s t o n e s  

None. 

Pub1 i c a t i  on2 

None. 

_I Reference 

1. A.  H. Chokshi, U n l v e r s i t y  o f  Southern C a l i f o r n i a ,  personal  com- 
municat ion,  1986. 
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O R N L - D W G  8 5 C - 1 8 8 3 2  

750 I I I I 1 

MgO-PSZ 
VICKERS INDENT LOAD 

Kg 
0 4 .6  9 .1  

M S G R A D E  I 0 A 
T S G R A D E  a e A 

AS POLISHED 

\ 

TRANS FO R MATI 
TO UGH EN I N G 
ACTIVATED 

0 200 400 6 0 0  8 0 0  1000 

TEST TEMPERATURE ( C )  

F i g .  3. The f rac ture  strengths of p a r t i a l l y  s tab i l ized  ZrO,  
ceramics a re  qui te  insens i t ive  t o  surface damage. 
four-point f lexure s t rengths  o f  MS and TS Grades o f  PSZ ( K I ~  112 MPa p'm a t  
2 2 O C )  a r e  not subs tan t ia l ly  lowered when high-load ( 4 . 6  and 9 . 1  kg) 
Vickers indents a re  introduced i n  the t e n s i l e  surfaces.  In t h i s  tem- 
perature range, the PSZ ceramics exhib i t  transformation toughening 
(KIC 28 MPa dm a t  r500°C). 
approximately two-fold consis tent  w i t h  the absence o f  transformation 
toughening ( KIC -3 MPa din). 

A t  500OC o r  l e s s ,  the 

A t  800OC and higher, the s t rengths  a re  lowered 
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C y c l i c  F a t i a y g - s . f . . m l g h  ened C e r a m i c s  
K. C.  L i u  and C .  R .  Br inkman (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  t a s k  a c t i v i t y  i s  t o  deve lop ,  d e s i g n ,  f a b r i c a t e ,  
and demonst ra te  t h e  c a p a b i l i t y  o f  p e r f o r m i n g  t e n s i o n - t e n s i o n  dynamic 
f a t i g u e  t e s t i n g  on a u n i a x i a l l y  l oaded  ceramic  specimen a t  e l e v a t e d  
tempera tu res .  

t h i s  t a s k :  (1) des ign ,  f a b r i c a t i o n ,  and d e m o n s t r a t i o n  o f  a l o a d  t r a i n  
column t h a t  t r u l y  a l i g n s  w i t h  t h e  l i n e  o f  specimen l o a d i n g ;  
(2 )  development o f  a s i m p l e  specimen g r i p  t h a t  can e f f e c t i v e l y  l i n k  t h e  
l o a d  t r a i n  and t e s t  specimen w i t h o u t  c o m p l i c a t i n g  t h e  specimen geometry 
and, hence, m i n i m i z e  t h e  c o s t  o f  t h e  t e s t  specimen; and ( 3 )  d e s i g n  and 
a n a l y s i s  o f  a specimen f o r  t e n s i l e  c y c l i c  f a t i g u e  t e s t i n g .  

Three a reas  o f  r e s e a r c h  have been i d e n t i f i e d  as t h e  main t h r u s t  o f  

T e c h n i c a l  p r o q r e s s  

Room-temperature f a t i g u e  t e s t i n g  o f  aluminum o x i d e  

Materia.l....and.-y~.~cimens . Commerc ia l l y  a v a i l a b l e  Al,O, was used as a 
model b r i t t l e  m a t e r i a l  f o r  t h e  purpose o f  d e m o n s t r a t i o n  and e v a l u a t i o n  o f  
room-temperature t e s t  c a p a b i l i t i e s  o f  t h e  dynamic f a t i g u e  l o a d i n g  g r i p s  
deve loped r e c e n t l y .  T h i s  m a t e r i a l  was p r o c u r e d  i n  t h e  fo rm o f  rods f r om 
Coors P o r c e l a i n  Company i n  two grades  w i t h  96 and 99.8% nominal  p u r i t y ,  
r e s p e c t i v e l y .  

gage d i a m e t e r  and l - i n .  (25.4-mm) gage l e n g t h  as shown i n  F i g .  1. 
Specimens w i t h  5 /8 - in . -d iam (16-mm) shanks were made f rom 3 /4 - in .  
( 1 9 . 1 - m m )  r o d s  and those  w i t h  0 .394- in . -d iam (10-mrn) shanks f r o m  5 /8 - in .  
(16-mm) r o d s .  The b a s i c  geometry and d imens ions  were t h e  same i n  t h e  gage 
s e c t i o n .  The use o f  two s i z e s  was f o r  t r i a l  t e s t i n g  t o  de te rm ine  t h e  
o p t i m a l  d e s i g n  o f  t h e  shank and bu t tonhead ,  S u b s t a n t i a l  s a v i n g s  i n  b o t h  
m a t e r i a l  and mach in ing  c o s t s  can be r e a l i z e d  i f  t h e  specimens can be  made 
f r om s m a l l e r  r o d s .  

e x c e p t  t h e  reduced gage s e c t i o n .  A l l  c i r c u m f e r e n t i a l  marks i n  t h e  gage 
s e c t i o n  were removed a t  t h e  F i n a l  g r i n d i n g  a l o n g  t h e  a x i s  t o  a s u r f a c e  
f i n i s h  o f  abou t  16 rms o r  b e t t e r .  They were t h e n  r a d i o g r a p h e d  and 
i n s p e c t e d  w i t h  l i q u i d  f l u o r e s c e n t  p e n e t r a n t  f o r  i n t e r n a l  and s u r f a c e  
d e f e c t s .  Deeper a x i a l  marks were t h e n  ~ ~ I T I Q V P ~  by hand p o l i s h i n g  w i t h  
diamond p a s t e .  Specimens were photographed as shown i n  F i g .  1 w i t h  t h e  
f l u o r e s c e n t  p e n e t r a n t  i l l u m i n a t e d  by u l t r a v i o l e t  l i g h t  f o r  d e f e c t  i den -  
t i f i c a t i o n s  and r e f e r e n c e  a f t e r  t e s t i n g .  

R - r a t i o  o f  0.075 by  u s i n g  a s e r v o c o n t r o l l e d  e l e c t r o h y d r a u l i c  t e s t i n g  
machine i n  l o a d  c o n t r o l .  S t r a i n  c o n t r o l  i s  p o s s i b l e  i f  necessary .  
S t r a i n s  were measured by  s t r a i n  gages f o r  a l i m i t e d  number o f  specimens, 
and a mechan ica l  ex tensometer  was used i n  o t h e r  t e s t s .  Noncontac t  o p t i c a l  
s t r a i n  ex tensomet ry  i s  b e i n g  i n v e s t i g a t e d  f o r  f u t u r e  t e s t  a p p l i c a t i o n s  i n  
h igh - tempera tu re  env i ronmen ts .  O the r  exper imen ta l  d e t a i l s  were d i s c u s s e d  
i n  t h e  p r e v i o u s  p r o g r e s s  r e p o r t .  

U n i f o r m  gage t e n s i l e  specimens were f a b r i c a t e d  w i t h  l / Q - i n .  (6.3-mm) 

Specimens were ground c i r c u m f e r e n t i a l l y  t o  t h e  f i n a l  d imens ions  

T e s t s  were pe r fo rmed  i n  a t e n s i o n - t e n s i o n  c y c l i c  f a t i g u e  mode w i t h  an 
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YP-1325 

, 20 mm, 

1 

I 

F i g .  1. Aluminum oxide f a t i g u e  specimens h i g h l i g h t e d  by f l u o r e s c e n t  
penet rant  w i t h  u l t r a v i o l e t  l i g h t .  
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Tes ts  conducted on 96% pure  alumina (Coors AD-96). Seven t e s t s  were 
c a r r i e d  o u t  s u c c e s s f u l l y  t o  complet ion,  e x c l u d i n g  specimen 9 which rup- 
t u r e d  a t  t h e  r o o t  o f  t h e  buttonhead. Good specimen a l ignment  was observed 
f rom c y c l i c  l o a d i n g  of  s t ra in-gaged specimens, i n d i c a t i n g  t h a t  t h e  s e l f -  
a l i g n i n g  g r i p  system was work ing  w e l l .  
Table 1 and p l o t t e d  i n  F i g .  2. 
s i o n  and were assumed t o  have f a i l e d  i n  a s i n g l e  c y c l e .  The t e n s i l e  
s t r e n g t h  o f  specimen 9 would have been h i g h e r  i f  i t  had n o t  f a i l e d  prema- 
t u r e l y ,  i . e . ,  but tonhead r o o t  f a i l u r e .  F a t i g u e  t e s t i n g  was completed v i a  
m u l t i p l e  s t e p  l o a d i n g  f o r  specimens 2 and 7.  
i t  was obv ious t h a t  t h e  f i r s t  c y c l i c  l o a d  was t o o  l ow  t o  r e s u l t  i n  f a i l u r e  
i n  a reasonable t i m e  p e r i o d .  There fo re ,  t h e  s t r e s s  was inc reased  f rom 
20.37 k s i  (140 MPa) t o  30.56 k s i  (211 MPa) i n  t h e  second s t e p  l oad ing ,  
which r e s u l t e d  i n  f a i l u r e  o f  t h e  specimen i n  4,445 c y c l e s .  I n t e r e s t i n g l y ,  
specimen 6, which was c y c l e d  t o  30.56 k s i  (211 MPa) c o n t i n u a l l y  t h roughou t  
t h e  t e s t ,  f a i l e d  a t  4,025 c y c l e s ,  about  t h e  same as t h e  f a t i g u e  l i f e t i m e  
o f  specimen 2. However, t h e  t e s t  on specimen 7, whose l o a d i n g  c o n d i t i o n s  
were i n t e n d e d  t o  d u p l i c a t e  t h e  30.56-ksi (211-MPa) c y c l i c  t e s t s  i n  l o a d i n g  
s t e p  2, outper formed b o t h  specimens 2 and 6 by a f a c t o r  o f  about s i x  t o  
t h e  p o i n t  where t h e  t e s t  was d i s c o n t i n u e d .  Subsequent ly,  t h e  c y c l i c  l o a d  
was inc reased  t o  35.7 k s i  (246 MPa) and t h e  specimen f a i l e d  a t  450 
c y  c 1 e s . 
F i g .  2 s t r o n g l y  suggests t h e  e x i s t e n c e  o f  endurance l i m i t .  The reasons 
f o r  t h e  h i g h  c y c l e  f a t i g u e  l i f e  o f  specimen 7 a r e  unknown. However, t h e  
t e s t  r e s u l t s  appear t o  i n d i c a t e  t h a t  a s e r i e s  o f  c y c l i c  s tep  l o a d s  below a 
c r i t i c a l  v a l u e  has l i t t l e  o r  no d e t r i m e n t a l  e f f e c t  on subsequent f a t i g u e  
l i f e .  T h i s  o b s e r v a t i o n  i s  o n l y  weakly suppor ted by t e s t  r e s u l t s  o b t a i n e d  
f rom specimen 2. 

used as r e f e r e n c e s  f o r  comparison w i t h  t h e  ORNL da ta .  A d i r e c t  comparison 
can n o t  be made f o r  t h e  t e n s i l e  s t r e n g t h  because Coors' t e n s i l e  s t r e n g t h  
r e p o r t e d  as 28 k s i  (193 MPa) was o b t a i n e d  f rom t h e  average va lue  o f  l a t e r a l  
compression t e s t s  u s i n g  c y l i n d r i c a l  specimens t h a t  were i n  a s t r i c t  sense 
under a b i a x i a l  s t r e s s  s t a t e .  However, an i n d i r e c t  comparison shows t h a t  
t h e  ORNL t e n s i l e  s t r e n g t h  d a t a  o f  46 k s i  (317 MPa) f a l l s  o n l y  moderate ly  
below t h e  f l e x u r a l  s t r e n g t h  o f  52 k s i  (359 MPa) r e p o r t e d  by Coors. 

The f r a c t u r e  s u r f a c e  o f  specimen 3 was examined by scanning e l e c t r o n  
microscopy (SEM). The su r face  morphology shown i n  F i g .  3 suggests t h a t  
t h e  t e n s i l e  f a i l u r e  was i n i t i a t e d  f rom a s u r f a c e  d e f e c t  denoted by an arrow 
i n  F i g .  3(a).  More d e t a i l e d  f e a t u r e s  o f  t h e  s u r f a c e  d e f e c t  a r e  shown i n  
F i g .  3 ( b ) .  The s i z e  and shape o f  i n t e r n a l  p o r o s i t y  a r e  n o t  un i fo rm,  b u t  
t h e  po res  a r e  d i s t r i b u t e d  r e l a t i v e l y  even ly .  
t u r e  was t r a n s g r a n u l a r  f a i l u r e .  

F i g u r e s  4(a) and (6) a r e  f r a c t o g r a p h s  o f  specimen 6, which f a i l e d  by 
c y c l i c  f a t i g u e .  The t o p o l o g i c a l  morphology suggests t h a t  t h e  f a t i g u e  
f a i l u r e  m igh t  have i n i t i a t e d  f rom t h e  subsur face i n d i c a t e d  by an open arrow 
i n  F i g .  4(a) .  A c lose-up view o f  t h e  area i s  shown i n  F i g .  4(b). The 
g r a i n  boundary s t r u c t u r e  and f a i l u r e  mode observed i n  t h e  l ower  h a l f  o f  
F i g .  4(6) and t h a t  observed i n  F i g .  3(6) a r e  v e r y  s i m i l a r .  No c r a c k i n g  i s  
v i s i b l e  a long  t h e  g r a i n  boundar ies,  which a r e  o n l y  vaguely  d i s c e r n a b l e .  I n  
c o n t r a s t ,  t h e  g r a i n  boundary s t r u c t u r e  shown i n  t h e  upper h a l f  o f  F i g .  4(b) 
i s  w e l l  d e f i n e d ,  and g r a i n  boundary c racks  a r e  c l e a r l y  v i s i b l e .  Some o f  
t h e  f r a c t u r e  f a i l u r e  appeared t o  be i n t e r g r a n u l a r  i n  n a t u r e .  

T e s t  r e s u l t s  a r e  summarized i n  
Specimens 3 and 9 were t e s t e d  i n  pu re  ten -  

I n  t h e  case o f  specimen 2, 

A f a t i g u e  l i f e t i m e  cu rve  drawn v i s u a l l y  t h rough  t h e  d a t a  as shown i n  

The m a t e r i a l  s u p p l i e r ' s  p u b l i s h e d  d a t a  as i n d i c a t e d  i n  F i g .  2 were 

The mode o f  t h e  t e n s i l e  f r a c -  
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Table 1. Results o f  tensile and cyclic fatigue 
tests o f  Coors aluminum oxide 

at room temperature 

Load Loading stress 
level (ksi) (MPa) 

Specimen 
Number Cycles 

of to 
cycles failure 

3 

9a 

5 
6 

2 

7 

4 
8 

20 
18 
17 
13 
11 
12 
14 

1 

1 
1 
1 
1 
2 

1 
2 

3 
1 
1 

1 
1 
1 
1 

1 
1 
1 

96% Pur i ty  

46.04 317 

p43.29 298 

41.35 285 
30.56 211 
20.37 140 
30.56 211 
25.47 176 
30.56 211 
35.7 246 
29.03 200 
29.54 204 

99.8% Purity 

39.73 274 
43.8 302 
38.3 264 
34.63 239 
33.1 228 
30.05 207 
29.54 204 

1 

1 
4 

4,025 

4 y 445 
30, I24 

52,830 
24,310 

450 
30 482 
699,982 

1 
1 

42 
9,179 
2 935 

115,418 

399,861 

8Fracture failure occurred at the root of 
specimen buttonhead. 



FATIGUE OF ALUMINUM OXIDE 
3 (COORS AD-96) I T=25'C 

9-, TEST DISCONT. 

R-RATIO=: 0.075 
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fSPECIMEN NO, 

FLEXURAL STRENGTH (Typ. 1 : 52ksi 
TENSILE STRENGTH: 28ksi 
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40a 

388 

2uEi 

100 

18 l ff12 1f13 18' 185 10 * 
NUMBER OF CYCLES 

F i g .  2. Fa t igue  behavior o f  A1,0, (Coors AD-96) t e s t e d  a t  room temperature.  
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M22731 

L 

L 

A 

M22734 

, 1 mm 

c 

50 pm 
( 6 )  I 1 

F ig .  3 .  Fractogr h s  of specimen 3 tested in pure tension. 
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M22735 

A 

, 1 m m ,  

M22737 

I 50 p m  , 
ographs of specimen 6 tested i n  tension-tension 

f ati Que. 
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Tests  Conducted on 99.8% Pure Alumina (Coors AD-998). A m a t r i x  con- 
s i s t i n g  o f  seven f a t i g u e  t e s t s  was performed f o r  AD-998 A1203. T e s t  con- 
d i t i o n s  and r e s u l t s  a r e  t a b u l a t e d  i n  Table 1. 
a l l  d a t a  i n c l u d i n g  those o f  AD-96 a r e  p l o t t e d  i n  t h e  same diagram ( F i g .  5). 
The f a t i g u e  l i f e t i m e  curve  o f  AD-998 was determined by a v i s u a l  method 
a l s o  because t h e  n o n l i n e a r  curve  f i t t i n g  c a p a b i l i t y  was n o t  a v a i l a b l e .  
The f a t i g u e  p r o p e r t i e s  a r e  about t h e  same f o r  b o t h  m a t e r i a l s  i n  t h e  h i g h  
c y c l e  range w i t h  a s l i g h t  i n d i c a t i o n  o f  AO-998 hav ing  a h i g h e r  f a t i g u e  
l i f e .  I n  c o n t r a s t ,  t h e  t e n s i l e  s t r e n g t h  o f  AD-998 was about 10 t o  14% 
lower  than t h a t  o f  AD-96. 
seen f o r  spec-imen 13, and perhaps f o r  specimen 7 a l s o ;  b o t h  da ta  p o i n t s  
f a l l  h i g h  above t h e  average f a t i g u e  l i f e t i m e  curve  o f  t h e  r e s p e c t i v e  
m a t e r i a l .  Reasons w i l l  n o t  be known u n t i l  SEM s t u d i e s  a r e  complete. 

Data s c a t t e r  i s  common i n  r e s u l t s  f rom m u l t i p l e  f a t i g u e  exper iments.  
Therefore,  d a t a  a r e  o f t e n  t r e a t e d  s t a t i s t i c a l l y  t o  c h a r a c t e r i z e  f a t i g u e  
behav io r .  Fa t igue exper iments on b r i t t l e  m a t e r i a l s  a r e  more d i f f i c u l t  t o  
analyze because t h e  m a t e r i a l s  c o n t a i n  many d e f e c t s  t h a t  can cause prema- 
t u r e  f a i - l u r e .  Taken i n  t h i s  l i g h t ,  t h e  amount o f  d a t a  s c a t t e r  observed i n  
F i g .  5 i s  about t h e  same as t h a t  observed i n  da ta  ob ta ined f rom c a r e f u l l y  
conducted t e s t s  on m e t a l l i c  specimens. Furthermore, t h e  cons is tency  o f  
t e s t  r e s u l t s  appears t o  suggest t h a t  t h e  s e l f - a l i g n i n g  dynamic g r i p s  a r e  
r e l i a b l e  and t h a t  meaningful  f a t i g u e  d a t a  can be generated f o r  advanced 
s t r u c t u r a l  ceramics.  

It i s  w o r t h w h i l e  t o  n o t e  t h a t  t h e  f a t i g u e  behav io r  o f  Al,O, i n  t h e  
l o g - l o g  p l o t  o f  s t r e s s  and number o f  c y c l e s  t o  f a i l u r e  (Nf) i s  s i m i l a r  i n  
form t o  t h a t  observed f o r  most metal  a l l o y s .  
sented by a two-term power-law equat ion  as a f u n c t i o n  o f  e l a s t i c  and 
p l a s t i c  s t r a i n s .  
and t h e  h igh-cyc le  range by t h e  e l a s t i c  s t r a i n .  However, t h e  same mathe- 
m a t i c a l  f o r m u l a t i o n  i s  n o t  a p p r o p r i a t e  i n  d e s c r i b i n g  t h e  f a t i g u e  behav io r  
o f  A1203, because t h e  f a t i g u e  f a i l u r e  o f  most ceramics a t  roQz temperature 
occurs i n  t h e  e l a s t i c  range. An equat ion  o f  t h e  form u = ANf + B w i l l  be 
used t o  f i t  t h e  d a t a  upon complet ion o f  t e s t  a c t i v i t y  a t  room temperature.  

To f a c i l i t a t e  comparison, 

An e x c e p t i o n a l l y  h i g h  f a t i g u e  performance i s  

The l a t t e r  i s  u s u a l l y  repre-  

The low-cyc le range i s  governed by t h e  p l a s t i c  s t r a i n  

High-temperature t e s t i n g  system 

The f i n a l  des ign o f  a l o a d  t r a i n  column assembly f o r  h igh-temperature 
t e s t i n g  has been completed. An i s o m e t r i c  cutaway view o f  t h e  assembly i s  
shown i n  F i g .  6. The lower  p u l l  r o d  assembly i s  n o t  shown i n  t h e  f i g u r e .  
A ceramic r o d  (3) i s  used as an ex tens ion  o f  t h e  water-cooled metal  p u l l  
rod .  
(2) w i t h  a tapered s p l i t  c o l l a r  (1). 
t h e  i n n e r  d iameter  o f  t h e  bushing (2) and t h e  ex tens ion  r o d  (3) i n  o r d e r  
t o  make concer i t r i c  l o a d  t r a n s f e r  v i a  t h e  h o r i z o n t a l  p i n  (4) .  F i x t u r e s  1 
th rough 4 used i n s i d e  t h e  h e a t i n g  zone w i l l  be made o f  high-performance 
s i l i c o n  c a r b i d e  o r  s i l i c o n  n i t r i d e .  

as shown schemat ica l l y  i n  F i g .  6, has been designed and i s  b e i n g  ordered.  

The buttonhead specimen ( 5 )  i s  h e l d  c o n c e n t r i c a l l y  t o  a bushing 
Snug f i t t i n g  i s  e s s e n t i a l  between 

A high-temperature fu rnace capable o f  h e a t i n g  t h e  specimen t o  15OO0C, 
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FATIGUE OF ALUMINUM OXIDE 
AT ROOM TEMPERATURE 

1 -288 

20- R-RATIO = 0.075 
- 

-o- NOM. 962 A1203 (COORS AD-96) - NOM. 99.8% A1203 (COORS AD-998) 10 - 

I I 1 1  I 1 I 1  I I I l l  I 1 1 1  1 1 1 1  I I 1 1  0 

ORNL-DUG 86-1063 

-388 

n 
0 
CL 
5 
cn cn w as c cn 

100 

I I I I I I 
400 

F i g .  5. Comparison between f a t i g u e  behav io r  o f  A1203  w i t h  96% p u r i t y  
and t h a t  o f  A 1 2 0 3  w i t h  99.8% p u r i t y ,  t e s t e d  a t  room temperature.  
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ORNL-DWG 86-10640 

3 

-2 

-----I 

F i g .  6 .  Schematic diagram o f  apparatus fo r  t e n s i l e  f a t i g u e  t e s t i n g  
o f  s t ruc tu ra l  ceramics a t  h igh  temperature.  
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Impor tan t  f i n d i n g s  and obse rva t i ons  

Aluminum o x i d e  specimens have been s u c c e s s f u l l y  t e s t e d  i n  c y c l i c  t en -  
s i o n  w i t h  r e s u l t s  suggest ing t h a t  t h e  e x i s t e n c e  o f  f a t i g u e  endurance l i m i t  
i s  h i g h l y  p robab le  f o r  t h i s  m a t e r i a l  a t  room temperature.  
f u r t h e r  suggest t h a t  t h e  s e l f - a l i g n i n g  g r i p  system i s  r e l i a b l e  and t h a t  
meaningfu l  f a t i g u e  d a t a  can be generated. 

The r e s u l t 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  321402 was completed as scheduled ( e v a l u a t i o n  o f  room- 
temperature t e s t  c a p a b i l i t i e s  o f  dynamic l o a d i n g  g r i p s  and des ign  o f  
e levated- temperature h e a t i n g  systems). 

P u b l i c a t i o n s  

A paper t i t l e d  " T e n s i l e  C y c l i c  Fa t i gue  o f  S t r u c t u r a l  Ceramics," by 
K. C .  L i u  and C .  R .  Brinkman, was presented t o  t h e  23 rd  Automot ive 
Technology Development C o n t r a c t o r s '  C o o r d i n a t i o n  Meet ing on October 23, 
1985, a t  Dearborn, Michigan. The f i n a l  manuscr ip t  has been submi t ted  
f o r  p u b l i c a t i o n  i n  t h e  conference proceedings. 
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3.3 ENVIRONMENTAL EFFECTS 

Static Behavior-_f--.T~u~~ened Ceramics 
M. K .  Ferber,  T .  Hine, and G. Z e i g l e r  ( U n i v e r s i t y  o f  I l l i n o i s )  

Obiect ive lScoDe 

The o b j e c t i v e  o f  t h i s  prograin i s  t o  s tudy t h e  l ong - te rm mechanical 
s t a b i l i t y  o f  toughened ceramics f o r  d i e s e l  engine a p p l i c a t i o n s .  The work 
i s  d i v i d e d  i n t o  t h e  two tasks.  The f i r s t  i n v o l v e s  t h e  measurement o f  t h e  
t ime-dependent s t r e n g t h  behav io r  o f  ceramic bend-bar samples as a f u n c t i o n  
o f  temperature and a p p l i e d  s t r e s s  us ing  t h e  I n t e r r u p t e d  Fa t igue  (I.F.) 
method. A l though a v a r i e t y  o f  cand ida te  engine m a t e r i a l s  w i l l  be 
examined, c u r r e n t  s t u d i e s  a re  focus ing  upon commerc ia l ly  a v a i l a b l e  
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  ( P S Z ) .  I n  t h e  second task ,  t h e  
m i c r o s t r u c t u r e s  o f  s e l e c t e d  I.F. specimens w i l l  be chara t e r i z e d  u s i n g  SEF.1 
and TEM. I n  a d d i t i o n ,  x- ray d i f f r a c t i o n  and d i l a t o m e t r y  s t u d i e s  w i l l  be 
conducted t o  examine changes i n  t h e  t r a n s f o r m a t i o n  behav o r  o f  t h e  PSZ 
ceramics r e s u l  t i n y  from t h e  h iyh- temperature exposure. 

Technica l  Progress 

( a )  Procedure 

TWQ commercial Mg-PSZ ceramics* des ignated TS PSZ ( thermal  shock 
grade) and PIS PSZ (maximum s t r e n g t h  grade/1983) were chosen f o r  i n i t i a l  
t e s t i n g  s i n  e bo th  a r e  pr ime candidates f o r  use as p r o t o t y p e  d i e s e l  engine 
components-' 80 th  1983 and 1984 v in tages  o f  t h e  TS PSZ (des ignated TS 
( 8 3 )  and TS ( 8 4 ) )  were examined. S t a r t i n g  m a t e r i a l s  were ob ta ined  i n  t h e  
form o f  e i t h e r  c i r c u l a r  d i s c s  100 m i n  d iameter  and 7.6 mm t h i c k  o r  
r e c t a n g u l a r  p l a t e s  (101.6 x 101.6 x 6.35 mn) . Rectangular  bend specimens 
(25.4 X 2.82 X 2.5 mm) were then machined from these shapes f o r  subsequent 
mechanical p r o p e r t y  s t u d i e s  . The t e n s i  1 e s u r f a c e  o f  each sampl e was 
p o l i s h e d  t o  a 0.25 pin f i n i s h  and t h e  edges beveled u s i n g  a 6 pm diamond 
wheel. 

The f a t i g u e  behav io r  was deteri i i ined u s i n g  an i n t e r r u p t e d  f a t i g u e  
( I e F e )  t echn ique  i n  which t h e  f o u r - p o i n t  bend s t r e n g t h  Sf  was measured as 
a f u n c t i o n  o f  t i m e  ( . r ) ,  temperature ( T ) ,  and a p p l i e d  s t r e s s  ( a a ) .  Th is  
method has severa l  advantages over conven t iona l  s t a t i c  f a t i g u e  t e s t i n g .  
F i r s t ,  s i n c e  t ime  i s  a c o n t r o l l a b l e  q u a n t i t y ,  problerns assoc ia ted  w i t h  an 
u n p r e d i c t a b l e  f a t i g u e  l i f e  (as  i n  t h e  case o f  s t a t i c  f a t i g u e )  a re  
avoided. I n  t h e  present  study, t h i s  f e a t u r e  a l l owed  f o r  p e r i o d i c  
examinat ion o f  t e s t  specimens so t h a t  changes i n  bo th  phase compos i t i on  
and t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s  cou ld  be asce r ta ined .  A second 
advantage i s  t h a t  processes r e s p o n s i b l e  f o r  bo th  s reng th  degrada t ion  and 
s t r e n g t h  enhancement can be r e a d i l y  d i s t i n g u i s h e d .  5 

*Manufactured by N i l c r a  Ceramics, IJSA O f f i c e ,  Glendale Heights,  I l l i n o i s .  



256 

I .F.  s t u d i e s  i n v o l v i n g  both m a t e r i a l s  were conducted a t  temperatures 
o f  500, 800, and 1000°C f o r  exposure t imes ranging from 1 t o  1008 h. The 
b a s e l i n e  da ta  were e s t a b l i s h e d  us ing  specimens subjected t o  a zero s t r e s s  
l e v e l .  Subsequent t e s t s  were then performed w i t h  CT equal t o  60% 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  ( i  .e. 60% o f  Sf  va lue  measur& a t  the same T f o r  
T = 1 h and Q = 0). 
temperature b$ f r a c t u r i n g  t h r e e  o r  more samples. 
conducted i n  a s p e c i a l l y  designed F lexu re  Test System (F.T.S.) capable o f  
h o l d i n g  up t o  t h r e e  bend samples." The general  l a y o u t  and o p e r a t i o n  o f  
t h e  F.T.S. i s  d iscussed elsewhere. 

Several techniques were used t o  c h a r a c t e r i z e  bo th  t h e  as-received and 
t e s t e d  I .F.  samples. For example, t h e  m i c r o s t r u c t u r e s  were examined u s i n g  
b o t h  standard ceramographic methods, TEN, and SEN. The l a t t e r  technique 
a l lowed f o r  c h a r a c t e r i z a t i o n  o f  f r a c t u r e  su r faces .  The volume f r a c t i o n s  
o f  t h e  cub ic  ( c ) ,  t e t r a g o n a l  ( t ) ,  and m o n o c l i n i c  (m) phases were a l s o  
determined from x- ray  d i f f r a c t i o n  and Raman spectroscopy s tud ies .  The 
expans ion -con t rac t i on  c h a r a c t e r i s t i c s  o f  s e l e c t e d  I .F .  samples were 
measured u s i n g  a standard pushrod d i l a t o m e t e r .  The r e s u l t i n g  d a t a  
(pe rcen t  e l o n g a t i o n  versus temperature)  were used t o  examine changes i n  
t h e  ( t ) - ( m )  t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s  a r i s i n g  from t h e  h i g h -  
temperature exposure. 

For each t e s t  c o n d i t i o n ,  Sf was determined a t  
A l l  t e s t i n g  was 

3 

( b )  As-Recei ved M a t e r i  a1 s 

The m i c r o s t r u c t u r e s  o f  t h e  TS and MS PSZ ceramics g e n e r a l l y  cons i s ted  
o f  30-50 clm g r a i n s  c o n t a i n i n g  f i n e  (cO.1 X 0.4 pm) (t)  p r e c i p i t a t e s .  An 
x- ray a n a l y s i s  o f  t h e  p o l i s h e d  sur faces o f  t h e  as-received m a t e r i a l s  gave 
( m )  volume f r a c t i o n s  ( V f m )  o f  0.16 and 0.9, r e s p e c t i v e l y .  
c a l c u l a t i o n s  were based on equat ions g iven i n  Ref. 4. I n f o r t u n a t e l y  t h e  
volume f r a c t i o n s  f o r  t h e  ( c )  and (t) phases (Vfc and Vf  ) could n o t  be 
determined u s i n g  t h i s  technique because o f  ove r lapp ing  o f  t h e  c u b i c  (111) 

However, a d d i t i  n a l  Raman spec t rog raph ic  s t u d i e s  
mates o f  t h e  V f  / V f m  r a t i o s .  These numbers were 
w i t h  t h e  x- ray da ta  t o  y i e l d  t h e  approximate 

The 

t t e t r a g o n a l  (101) peaks. 
prov ided independent e s t  
then used i n  c o n j u n c t i o n  
phase a n a l y s i s :  

TS PSZ: V f c  = 0.64; Vf t  = 0.20; Vfm = 0.16 

MS PSZ: V f c  = 0.65; V f t  = 0.26; V f n '  = 0.09 

These r e s u l t s  agree f a v o r a b l y  w i t h  those gepor ted by t h e  vendor and 
determi  ned i n  independent i n v e s t i g a t i o n s .  

Resu l t s  from t h e  I.F. measurements f o r  t h e  TS(83) PSZ a re  shown i n  
F ig .  l ( a )  and ( b ) .  A t  5OO0C ( a a  = 248 MPa) t h e  s t r e n g t h  d i d  n o t  change 
a p p r e c i a b l y  f o r  exposure t imes up t o  1008 h (F ig .  l ( a ) ) .  However, when 
t h e  T was r a i s e d  t o  8OOOC ( a a  = 207 MPa), Sf i nc reased  s i g n i f i c a n t l y  f o r  

*The F.T.S. des ign i s  based on a s i m i l a r  system o r i g i n a l l y  developed by 
S.  M. Wiederhorn and N. J. Tighe o f  t h e  Na t iona l  Bureau o f  Standards. 
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F i g u r e  1, Str-ength behavior  ob ta ined  f o r  TS(83 )  PSZ a t  50OoC ( a )  was 
i n s e n s i t i v e  t o  t i m e  while d a t a  ob ta ined  a t  800°C ( a )  and 1000°C ( b )  gave 
evidence o f  an app l  i ed s t r e s s  dependence. 
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t< 200 h and then decreased t o  373 +/- 56 FlPa f o r  T = 1008 h. Therefore 
Sf measured a t  800OC e x h i b i t e d  a d e f i n i t e  maximum w i t h  i n c r e a s i n g  exposure 
t ime.  

S i m i l a r  behav io r  was observed when t h e  TS(83) samples were s t ressed  
(a = 172 MPa) a t  1000°C (F ig .  l ( b ) ) .  I n  t h i s  case t h e  average s t r e n g t h  
a f t e r  1008 h was o n l y  85% o f  i t ' s  i n i t i a l  sho r t - t e rm value (T = 24 h).  
few I.F. measurements a t  1000°C were a l s o  conducted u s i n g  a = 241 MPa. 
I n  t h i s  case a l l  samples f r a c t u r e d  premature ly  w i t h i n  -5h (300 s ) .  When 
no s t r e s s  was app l i ed ,  t h e  s t r e n g t h  d i d  no t  change s i g n i f i c a n t l y ,  a t  l e a s t  
t o  360 h, t h e  e x t e n t  o f  present  data.  These r e s u l t s  suggest t h a t  f o r  
T > 800°C, t h e  a p p l i e d  s t r e s s  l e v e l  can have a dramat ic  a f f e c t  upon t h e  
long- term mechanical behavior .  

group o f  TS(84 )  samples a t  1000°C. The general  t r e n d s  (F ig .  2) were ve ry  
s i m i l a r  t o  those f o r  t h e  1983 v i n t a g e  specimens, The o n l y  apparent 
d i f f e r e n c e  was t h a t  t h e  maximum i n  t h e  TS(84) cu rve  f o r  t h e  s t ressed  
samples occurred a t  a s l i g h t l y  l onger  exposure t ime. Th is  d iscrepancy may 
have been due t o  d i f f e r e n c e s  i n  t h e  sho r t  term (T = 0.5 h) s t r e n g t h :  
304 t/- 26 MPa f o r  TS(83) and 375 t/- 20 MPa f o r  TS(84). 

A 

The r e p r o d u c i b i l i t y  o f  t h e  I.F. da ta  was examined by t e s t i n g  a second 
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F i g u r e  2. I.F. behav io r  f o r  TS(84) PSZ was s i m i l a r  t o  t h a t  o f  TS(83) 
m a t e r i a l s .  Note t h e  s o l i d  l i n e s  i n  t h i s  f i g u r e  a re  model p r e d i c t i o n s .  
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The I.F. da ta  f o r  t h e  MS PSZ samples t e s t e d  a t  800 and 1000OC a re  
i l l u s t r a t e d  i n  Figs.  3 ( a )  and ( b ) ,  r e s p e c t i v e l y .  A t  800°C, t h e  s t r e n g t h  
a t  b o t h  t h e  0% and 60% s t r e s s  l e v e l s  e x h i b i t e d  a sho r t - te rm inc rease  and 
then was r e l a t i v e l y  independent o f  t ime.  The e x t e n t  o f  t h i s  i nc rease  i n  
Sf was o n l y  m a r g i n a l l y  dependent upon t h e  s t r e s s  l e v e l ;  t h e  s t r e n g t h  
be ing  s l i g h t l y  g r e a t e r  f o r  t h e  s t ressed  samples ( a  = 207 MPa) a t  a l l  
va lues o f  T .  

s t r e n g t h  maximum a t  T 200 h f o r  b o t h  t h e  s t ressed  and unst ressed 
samples. 
well below t h e  s t a r t i n g  s t r e n g t h .  

X-ray analyses o f  t h e  p o l i s h e d  su r faces  o f  f r a c t u r e d  MS and TS 
specimens were used t o  determine t h e  volume f r a c t i o n  o f  (m). Resu l t s  f o r  
t e s t s  conducted a t  1000°C are  summarized i n  F ig .  4 (a )  and ( b ) .  I n  general  
V f m  i nc reased  s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  exposure t ime. Furthermore, 
t h e  da ta  f o r  t h e  TS(83)  m a t e r i a l  suggest t h a t  t he  magnitude o f  Vfm f o r  a 
g i v m  T was s i g n i f i c a n t l y  g r e a t e r  when a s t r e s s  was a p p l i e d ,  However, t h e  
s t r e s s  dependency f o r  (m) fo r i l i a t i on  i n  t h e  TS(84 )  and MS PSZ ceramics was 
min imal .  The reasons f o r  t hese  d i f f e r e n c e s  a re  unc lea r .  

(m)  f o rma t ion .  Recent ag ing  s t u d i e s  conducted a t  1100°C6-' have shown 
t h a t  a t  l e a s t  two types o f  r e a c t i o n s  can l e a d  t o  t h e  genera t i on  o f  t h e  (m) 
phase. The f i r s t  i s  t h e  e u t e c t o i d  decomposi t ion o f  t h e  MgO-stabi l ized ( c )  
m a t r i x ;  

The I.F. d a t a  a t  1000°C ( F i g .  3 ( b ) )  pevealed a modest 

A t  l o n g e r  exposure t imes, Sf f o r  t h e  0% s t r e s s  l e v e l  dropped 

The f a c t  t h a t  V va lues o f t e n  exceeded t h e  V f t  f o r  t h e  as-received 
ceramics i n d i c a t e s  t $1 a t  bo th  t h e  ( c )  and ( t )  phases were i volved i n  t h e  

This  r e a c t i o n  g e n e r a l l y  i n i t i a t e s  a long  g r a i n  boundar ies and then s l o w l y  
consumes t h e  ( c )  phase w i t h i n  g r a i n  i t e r i o r s .  The r e s u l t i n g  ( m )  phase 
has a t y p i c a l  g r a i n  s i z e  o f  1-5 um. 8 9 g  The thermal expansion anisot . ropy 
assoc ia ted  w i t h  these (m) g r a i n s  can promote e x t e n s i v e  m i c r o c r a c k i n g  upon 
c o o l i n g .  This  m i c r o c r a c k i n g  i s  a l so  f a c i l i t a t e d  by thermal expansion 
d i f f e r e n c e s  between t h e  (m) g r a i n s  and surrounding m a t r i x  

The second t y p e  o f  r e a c t i o n  i n v o l v e s  t h e  f o r m a t i o n  o f  an ordered 
an ion  vacancy 6-phase (Mg Zr5OI2) w i t h i n  t h e  r e g i o n  between ad jacen t  ( t )  

grows i n t o  t h e  ( c )  m a t r i x  due t o  shor t - range d i f f u s i o n  o f  Mg. The 
i n t e r f a c i a l  s t r a i n s  which accompany t h i s  6-phase r e a c t i o n  can d e s t r o y  t h e  
p r e c i p i t a t e  coherency and thus  promote t h e  ( t )  t o  ( m )  t r a n s i t i o n  upon 
c o o l i n g .  T h i s  r e s u l t s  i n  an i nc rease  i n  t h e  M temperature.  The presence 
o f  these d e s t a b i l i z e d  p r e c i p i t a t e s  a t  r e l a t i v e q y  low c o n c e n t r a t i o n  l e v e l s  
can l e a d  t o  improved thermal shock r e  i s t a n c e  w i t h o u t  S i g n i f i c a n t l y  

SEM and o p t i c a l  examinat ions o f  t h e  p o l i s h e d  ( t e n s i l e )  su r faces  o f  
severa l  f r a c t u r e d  TS(83) samples ( t e s t e d  a t  1 0 0 O O C )  gave a d d i t i o n a l  
evidence f o r  t he  e u t e c t o i d  deconiposi t ion r e a c t i o n .  As shown i n  F i g ,  5, 
e x t e n s i v e  fo rmat ion  o f  t h e  (m) phase occurred in t h e  specimen exposed f o r  
1008 h a t  t h e  60% s t r e s s  l eve l .  
range i n  agreement w i t h  p rev ious  s t u d i e s  .- - Numerous m ic roc racks  were 
a l s o  observed p a r t i c u l a r l y  i n  reg ions  c o n t a i n i n g  a h i g h  d e n s i t y  o f  (m) 
gra ins .  I n  genera l ,  t h e  c o n c e n t r a t i o n  o f  t h i s  (m) phase d im in i shed  as t h e  

p r e c i  p i  t a t e s  e 5-8 The 6-p i ase nuc lea tes  a t  t h e  ( t ) - ( c )  i n t e r f a c e  and then 

s a c r i f i c i n g  s t r e n g t h  and toughness. 6-8 - 

The (m) q r q i n  s i z e  was i n  t h e  1-5 pin 
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F i g u r e  3. The s t r e s s  dependency o f  f r a c t u r e  strer ic j th f o r  MS PSZ a t  
b o t h  8OOOC ( a )  and 1000°C ( b )  was l e s s  pronounced. 
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F i g u r e  4. The volume f r a c t i o n  o f  (m)  phase generated i n  bo th  t h e  TS 

The r a t e  of  (m)  f o r m a t i o n  o f  t h e  
and MS PSZ ceramics ( ( a )  and (b ) ,  r e s p e c t i v e l y )  i nc reased  s i g n i f i c a n t l y  
w i t . h  t i m e  f o r  samples t e s t e d  a t  101)OOC. 
T S ( R 3 )  m a t e r i a l s  was a l s o  dependent upon a p p l i e d  s t ress .  
l i n e s  i n  t h i s  f i g u r e  a re  model p r e d i c t i o n s .  

Note the s o l i d  



F i g u r e  5. SEM s t u d i e s  gave ev idence o f  e u t e c t o i d  decompos i t i on  o f  
t h e  ( c )  phase i n  TS samples exposed a t  1000°C f o r  1008 h. 
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exposure t i m e  decreased. In a d d i t i o n ,  no mic rocrack ing  was observed f o r  
T < 168 h. The o p t i c a l  observa t ions  i n v o l v i n g  p o l i s h e d  (and etched)  
t e n s i l e  sur faces c l e a r l y  i l l u s t r a t e d  t h e  fo rmat ion  o f  t h e  decomposi t ion 
phase i n  t h e  g r a i n  boundary reg ions.  The o p t i c a l  micrographs a r e  
c u r r e n t l y  be ing used t o  c a l c u l a t e  t h e  r a t e  o f  genera t ion  o f  t h e  (m) 
phase. The r e s u l t s  w i l l  be discussed next  r e p o r t i n g  per iod .  

f o r  1008 h, a l s o  i n d i c a t e d  t h e  presence o f  a h i g h l y  s t r a i n e d  (m) 
decomposi t ion product .  In a d d i t i o n ,  t h e  decomposi t ion behavior  i n  t h e  
t e n s i l e  r e g i o n  o f  t h e  f l e x u r e  bar  d i d  no t  appear t o  be s i g n i f i c a n t l y  
d i f f e r e n t  than t h a t  i n  t h e  compressive reg ion.  

TEM s t u d i e s  i n v o l v i n g  samples o f  TS(83) t e s t e d  under s t r e s s  a t  1000°C 

( c )  Modeling E f f o r t  

Rased on r e s u l t s  o f  p rev ious  m i c r o s t r u c t u r a l ,  x-ray, and thermal 
expansion s t u d i e s  i t  i s  c l e a r  t h a t  severa l  processes cou ld  be r e s p o n s i b l e  
f o r  t h e  s t r e n g t h - t i m e  behavior  f o r  t h e  TS(83) and (84)  PSZ t e s t e d  a t  
1000°C. For example, t h e  i n i t i a l  s t rengthen ing  o f  t h e  s t ressed samples 
may have r e s u l t e d  from the  p r e f e r e n t i a l  genera t ion  o f  compressive s t resses  
a long t h e  f l e x u r e  bar  t e n s i l e  sur faces due t o  s t r e s s  dependency o f  t h e  
e u t e c t o i d  decomposi t ion r e a c t i o n .  
nonzero suggests t h a t  t h e  r a t e  o f  (m) fo rmat ion  was a f u n c t i o n  o f  t h e  
a p p l i e d  s t r e s s  l e v e l .  L i m i t e d  evidence f o r  t h i s  s t r e s s  dependency was 
prov ided by t h e  x- ray da ta  f o r  t h e  TS(83) samples. 

The f a c t  Sf o n l y  increased when Sa was 

Precipitates 

F i g u r e  6. A s imple g r a i n  s t r u c t u r e  was assumed f o r  t h e  model ing 
e f f o r t .  
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In order  t o  model t h i s  process, t h e  k i n e t i c  aspects o f  t h e  
decomposi t ion r e a c t i o n  must f i r s t  be es tab l i shed.  Assuming t h a t  F ig .  6 
adequately represents  t h e  r e a c t i o n  geometry one may w r i t e  

where a i s  t h e  volume f r a c t i o n  o f  reacted m a t e r i a l ,  G i s  t h e  l e n g t h  o f  a 
g r a i n  edge and y i s  the  r e a c t i o a  d i s t a n c e  i n t o  t h e  g r a i n  i n t e r i o r .  For a 
d i f f u s i o n  c o n t r o l l e d  process, y = kT, where k i s  t h e  r a t e  constant .  The 
s t r e s s  dependency o f  t h e  (m) fo rmat ion  i s  in t roduced i n t o  t h e  model by 
assuming 

y = (I-( 1- a)1/3)G/1.15, ( 2 )  

k = koexp( bSa/RT) , (3) 

where ko and b are  t h e  a p p r o p r i a t e  k i n e t i c  parameters. 

specimen as a r e s u l t  o f  t h e  decomposi t ion r e a c t i o n  can be expressed as 
The time-dependent r e s i d u a l  s t r a i n  et generated w i t h i n  t h e  f l e x u r e  

et = a E ,  ( 4 )  

where E ( =  1.8%) i s  t h e  l i n e a r  s t r a i n  a r i s i n g  from t h e  fo rmat ion  o f  the  (m) 
phase. This  i n f o r m a t i o n  ' s  then used i n  c o n j u n c t i o n  w i t h  e s t a b l i s h e d  
thermo-e las t ic  solut ions' '  t o  p r e d i c t  t h e  r e s i d u a l  s t r e s s  d i s t r i b u t i o n s .  
Next, assuming a g iven f l a w  s ize ,  t h e  appl i e d  s t r e s s  i n t e n s i t y  K i s  
c a l c u l a t e d  from both  t h e  r e s i d u a l  an 
u t i l i z i n g  a method o u t l i n e d  by G e e n j '  F i n a l l y  Sa i s  a i j u s t e d  u n t i l  
KIA = KIC (i.e., Sf = Sa). 

ob5ained i n  t h e  present  s tudy l e d  t o  est imates o f  ko and b o f  0.54 
um /h and 33.5 J/(mole-MPa), r e s p e c t i v e l y .  The subsequent r e s i d u a l  s t r e s s  
c a l c u l a t i o n s  (F ig .  7) revealed t h e  fo rmat ion  o f  s u b s t a n t i a l  sur face  
compressive s t resses  a t  in te rmed ia te  exposure t imes. The u l t i m a t e  drop i n  
t h e  r e s i d u a l  s t r e s s  magnitude a t  T = 1008 h i s  a consequence o f  t h e  
s a t u r a t i o n  c o n d i t i o n :  a+l. The r e s u l t i n g  I.F. p r e d i c t i o n s  f o r  the  TS 
m a t e r i a l  ( s o l i d  l i n e s  i n  Fig.  2) were i n  e x c e l l e n t  agreement w i t h  t h e  
exper imental  data.  
50 pm and K o f  4 MPa (m) . 
f r a c t i o n  o f  (m)mphase measured i n  t h e  x- ray s t u d i e s  f o r  t h e  TS PSZ by 
assuming a = V f  . 
i n  Fig.  4 ( a ) )  were i n  cons iderab le  disagreement w i t h  those observed 
exper imenta l l y .  
assumption a = V f  neglected t h e  c o n t r i b u t i o n  from t h e  time-dependent 
p r e c i p i t a t e  des tab i  1 i z a t i o n  process. To e l  i m i  na te  t h i s  problem i n  f u t u r e  
s tud ies ,  a w i l l  be measured d i r e c t l y  from o p t i c a l  micrographs i n  which t h e  
decomposi t ion phase can be c l e a r l y  d i s t i n g u i s h e d .  

a p p l i e d  s t r e s s  ( S  ) d i s t r i  A A  u t i o n s  

The a p p l i c a t i o n  o f  the  above procedure t o  the  TS(84) s t r e n g t h  data 

The a c l y a l  c a l c u l a t i o n s  were based on a f l a w  s i z e  of  

The vafues obta ined f o r  a could a l s o  be r e l a t e d  t o  t h e  volume 

The p r e d i c t e d  s t r e s s  dependencies o f  V fm ( s o l i d  l i n e s  

This  d iscrepancy may have been due t o  f a c t  t h a t  t h e  
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DISTANCE F 

F i g u r e  7. Model p r e d i c t i o n s  i n d i c a t e d  t h e  genera t i on  o f  s u b s t a n t i a l  
r e s i d u a l  s t resses  w i t h i n  s t ressed  TS f l e x u r e  specimens. 

The decomposi t ion model i s  s u b j e c t  i o  severa l  l i m i t a t i o n s ,  F i r s t ,  
t h e  s t r e s s  parameter b i n  t h e  Eq. 3 i gno res  t h e  i n f l u e n c e  o f  r e s i d u a l  
s t r e s s e s .  Recent c a l c u l a t i o n s  have showc t h a t  i f  t h i s  a d d i t i o n a l  
dependency i s  i nc luded ,  the value o f  b i s  s i g n i f i c a n t l y  lower.  However 
t h e  genera l  s t r e n g t h  p r e d i c t i o n s  a r e  n o t  a l t e r e d .  A second l i m i t a t i o n  i s  
t h a t  t h e  model does no t  account f o r  o t h e r  e f f e c t s  which i n c l u d e :  

r e d u c t i o n s  i n  Sf due t o  microcrack fo rma t ion  a t  l o n g  

m i c r o s t r u c t u r e  and phase assemhyage, and 

(1) 

( 2 )  t ime-dependent v a r i a t i o n s  i n  K a r i s i n g  from a l t e r a t i o n s  i n  

( 3 )  s t r e n g t h  changes r e s u l t i n g  from n o n - l i n e a r  creep. 

exposure timer,, 

Current  research i s  aimed a t  address ing t h e s e  p o s s i b l e  mechanisms. 

S ta tus  o f  M i l es tones  

No m i  1 estones f o r  t h i s  r e p o r t i n g  per iod.  

Pub1 i c a t i  ons 
--̂ _---.~---o- 

A paper e n t i t l e d ,  "Charactes i  z a t i o n  o f  t h e  Mechanisms Respansib1 e f o r  
Time-Dependent S t reng th  V a r i a t i o n s  i n  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  
Ceramics ," was prepared f o r  p r e s e n t a t i o n  i n  t h e  Second I n t e r n a t i o n a l  
Syrnpasiirrn on C E R A M I C  MATERIALS AN14 COMPONENTS FOR ENGINES t o  he h e l d  i n  
Lubeck-Travemunde, Federal Republ i c o f  Germany on Apr i  1 14-17, 1986. 



266 

References 

1. R. Kamo and W. Rryz i k ,  "Cummins/TACOM Advanced Adiabadic 
Engine," pp. 121-134 i n  Proceedings of the Twenty-First Automotive 
Technology Development Contractors ' Coordination Meeting P-138, S o c i e t y  o f  
Automotive Engineers, Warrendale, PA, March 1984. 

2. S. M. Wiederhorn, "A  P r o b a b i l i s t i c  Framework f o r  S t r u c t u r a l  
Ceramics," pp. 197-226 i n  Fracture Mechanics of Ceramics, Vol 5., eds. R. 
C. Bradt ,  A. G. Evans, D. P. H. Hasselman, and F. F. Lange. Plenum, New 
York, 1983. 

3. M. K. Ferber and T. Hine, "Time Dependent Mechanical Behavior 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  f o r  Diesel  Engine A p p l i c a t i o n s "  t o  be 
pub1 i shed i n  t h e  proceedings o f  t h e  23rd Automot ive Techno1 ogy Development 
C o n t r a c t o r ' s  Coord ina t i on  Meeting h e l d  i n  Dearborn, Michigan on October 
23, 1985. 

4.  D. L. P o r t e r  and A. H. Heuer, " M i c r o s t r u c t u r a l  Development i n  
M g 0 - 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  (Mg-PSZ) ) I1  J .  Am. Ceram. See., 62 (5-6) ,  
pp. 298-305 (1979).  

5. D. C. Larsen and 3. W. Adams, "Long-Term S t a b i l i t y  and 
P r o p e r t i e s  o f  P a r t i a l l y  S t a b i l i z e d  Z i r con ia , "  pp. 399-407 i n  Proceediqs 
of the Twenty-Second Automotive Technology Development Contractors ' 
Coordinafiion Meeting P-155, Soc ie ty  o f  Automot ive Engineers, Warrendale, 
PA, March 1985. 

6. R. Hannink and M. Swain, "Magnes ia -Par t i a l l y  S t a b i l i z e d  
Z i r c o n i a :  The I n f l u e n c e  of Heat Treatment on Thermomechanical 
Proper t ies, "  J .  Aust. Cercrm. Soc, 18 ( 2 ) ,  pp. 53-62 (1983). 

7. R. Hannink and R. Garvie,  "Sub-eutecto id  Aged Mg-PSZ A l l o y  w i t h  
Enhanced Thermal Upshock Resistance," J. Mater. S e i .  17, pp. 1637-43 
( 1982). 

8. R. Hannink, " F l i c r o s t r u c t u r a l  Development o f  Sub-eutecto id  Aged 
Mg-Zr02 A1 loys,"  J. Mater. S e i .  18, pp. 457-70 (1982).  

9. M. V. Swain, R. C. Garvie,  R. H. J. Hannink, " I n f l u e n c e  o f  
Thermal Decomposit ion on t h e  Mechanical P r o p e r t i e s  of Magnes ia -S tab i l i zed  
Cubic Z i rconia, "  J. Am. Ceram. Soc. 66 ( 5 ) ,  pp. 358-362 (1983).  

10. S.  P. Timoshenko and J. N. Goodier, Theory o f  E l a s t i c i t y ,  pp. 
433-43, McGraw-Hill Book Company, New York, 1951. 

11. D. J. Green, "Compressive Surface S t reng then ing  o f  B r i t t l e  
M a t e r i a l s  by a Residual  St ress D i s t r i b u t i o n , "  J .  Am. Ceram. SOC. 66 ( l l ) ,  
pp. 807-10 (1983).  



267 

Enyjronmental Effects i n  Toughened Ceramics 
Norman L. Hecht (University o f  Dayton) 

Objgctive/scope 

The University of Dayton has continued i t s  study of "The Effect of 
Environment Upon Mechanical Behavior of Structural Ceramics f o r  Applica- 
tion in the DOE Ceramic Technology for  Advanced Heat Engines Program." 
This study was in i t ia ted  i n  January 1985 through a subcontract with 
Martin Marietta Energy Systems Inc. The primary gaal of t h i s  program i s  
t o  determine the e f fec t  of environment upon toughening and strength in 
coimerci a1 l y  avai 1 able transformati on toughened ceramics [ ( p a r t i  a1 ly 
s tabi l ized 2r02 (PSZ) and dispersion toughened A l 2 O 3  (DTA)]. Emphasis i s  
focused on understanding the mechanism(s) respsnsi ble f o r  environmental ly 
induced strength degradation in the temperature range o f  25°C t o  1050°C- 
I t  i s  anticipated that  the information and insight obtained from th i s  prs- 
gram can be used t o  determine the long-term applicabili ty of toughened 
ceramics as diesel engine components. 

Dynamic fatigue methods ( 4  point bend strength measurements as a 
function of stressing ra te )  are being used in a three-phase prograin t o  
investigate strength a n d  slow crack growth in environments containing 
controlled amounts o f  water vapor. Similar t e s t s  are also being con- 
ducted in iner t  atmospheres (nitrogen) t o  distinguish in t r ins ic  effects  
from environmentally induced effects .  

In  the f i r s t  phase o f  the program a l l  commercially available nratc- 
r i a l s  were investigated f o r  evaluation. I n  t h i s  phase of the program, 
manufacturers' d a t a  and preliminary characterization studies conducted 
a t  the University of Dayton were uti l ized t o  screen candidate PSZ and 
UTA materials. From the eight candidate materials screened, f o u r  were 
selected f o r  further study in the second phase o f  the program. A mini- 
matrix t e s t  plan was developed for  the evaluation of the four carididate 
materials. The resul ts  of these mini-matrix t e s t  p rogram ~1 '11  be 
ut i l ized t o  select  the two f i n a l i s t  candidate materials t o  be inore 
intensively evaluated by a detailed m a t r i x  t e s t  plan. A description of 
the ac t iv i t i e s  pursued and the resul ts  obtained are presented in th i s  
semiannual report. 

Work plan 

As described in our l a s t  semiannual report, the work scope consisted 
of three major tasks. A description of these tasks i s  outlined in 
Table 1. Eight commercial transformation toughened ceramics (see Table 2 )  
were identified for screening and i n i t i a l  evaluation d s  outlined in Task I .  
The elements t o  be employed in the preliniinary screening analysis con- 
ducted in Task I are described in Table 3 .  The mini-matrix t e s t  plan 
developed for evaluating the four candidate materials iincler Task I1 i s  
outlined in Table 4. The detailed matrix test plan to be used for  t he  
.thorough evaluation of the two f i n a l i s t  materials i s  presented in Table 5. 



268 

TASK I 

Evaluation o f  Potential 
Candidate Transformati on 
Toughened Cerami cs (TTC) 

- 

Table 1 .  Work Scope. 

TASK I1 TASK 111 

Investigation of the Detailed Investigation 
Selected Candidate o f  the Two Final is t  
Materials TTC Materi a1 s 

Evaluation 

Suppliers 

e Screeqing 
of Potent 
TTC Mater 

e Analysis 
Screen i ng 

I 

e Identification o f  TTC 

a1 Candidate 
a1 s 

f TTC 
Data 

__ ---__. 

o Selection of the 
Two Finalist  
Materials 

atmospheres, and  o f  an 

Matrix Test 

Selection for  Matrix 
Testing Plan (two 
temperatures, two 

s t  res s i ng ra tes )  Expanded Matrix 
Testing Plan 

0 Finalize Candidate 

., Conduct Candidate 

Table 2. Transformation Toughened Ceramic Materials 
Identified for  Evaluatian. 

Material Material 
Suppl i e r  Designation 

Materia 1 
Description 

Ceramatec Inc. 

Kyocera I n t '  1 .  

N i  1 cra Ceramic 
(USA) Inc. 

Ni 1 cra Ceramic 
(USA) Inc. 

Ceramatec Inc. 

NGK Locke Inc. 

Kyocera Int ' 1. 

Ceramatec Inc. 

ZTA- XS 1 2 1 

DTA- AZ 30 1 

MS-PSZ 

TS-PSZ 

YTZP-XS241 

z191 

PSZ-z201 

CTZP 

Zr02 Dispersion Toughened A1203 

Dispersion Toughened A1203 (19% Z r O 2 )  

3 w t .  % MgO Stabilized Zr02 (heat 
treated f o r  high strength) 

3 w t .  % MgO Stabilized Zr02 (heat treated 
for  high thermal shock resistance) 

-5 wt. % Y203 Stabilized Z r O n  (with 
10% A 1 2 0 3  a d d i t i o n )  

5 w t .  % Y203 Stabilized Z r O 2  

5.4 w t .  % Yz03 Stabilized Zr02 

CeO2 Stabilized Zr02 (with 10% A 1 2 0 3  
addition) 
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Table 3. Elements of the Preliminary Screening Analysis (Task I). 

8 

0 

Visual Inspection (low power microscope) 
Surface Finish Measurement 
SEM/EDAX 
High Power Optical Microscopy 
Density 
Vi ckers Hardness 
Coefficient of Thermal Expansion Measurement 
Modulus of Rupture (MOR) Testing (in N2 at room temperature and 
at 1050°C) 
XRD (as-received, after MORRT, and MOR1050) 
Fracture Toughness (control led surface flaw and micro- 
indent technique) 

. __ 

Table 4. Matrix Test Plan (Task 11). 

Temperature Stress Rates 
("C) Environment 6 1  62 (33 u4 

25 

2 50 

250 

1050 

1050 

Dry Nitrogen B 

Dry Nitrogen X 

90% Nz, 10% H 2 0  X 

Dry Nitrogen X 

90% NZ, 10% t i 2 0  X 

B* 

X 

X 

X 

X 

*B = baseline screening measurement; X = matrix measurement 

ol = 0.5 MPa/s (74 psils) 
o2 = 2.6 MPa/s (370 p s i / s )  
(33 = 26 MPa/s (3700 psi/s) 
o4 = 77 MPa/s (11060 p s i / s )  
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Temperature 

Table 5. F u l l  M a t r i x  Test Plan. 

St ress Rates 
Environment 01 0 2  0 3  0 k  

T2 

7-3 

T 4  

A t m l  X X X X 

A t m 2  X X X X 

A t m  X X X X 

A t m 2  X X X X 

A t m  1 X X X X 

Atm2 X X X X 

KEY: 
Var iab le  values t o  be i nves t i ga ted  i n  t h e  eva lua t i on  program. 

Test Var iab le  Proposed Var iab le  Levels 

St ress Rate: *Stress rate/crosshead speed 
0 1  0.5 MPa/s (74 p s i / s )  - .0025 cm/min (.OOl i n /min)  
0 2  2.6 MPa/s (370 p s i / s )  - ,0125 cm/min (.005 in /min)  

(33 26 MPa/s (3700ps i /s )  - .125 cm/min (.05 in /min)  

0 4  77 MPa/s (1106Opsi/s) - .375 cm/min (.15 in/min) 

Temperature 

T I  
T2 

T3 

7-4 

Envi ronmental Condi t ions 

A t m l  
A t m 2  

25°C (77°F) 
250°C (482°F) 
800°C (1472°F) 

1050°C (1922°F) 

Dry Ni t rogen 
90% N i  t rogen/ lO% Water 

* 
Stress r a t e s  are approximate values based on average room temperature 

e l a s t i c  modulus data for t h e  designated crosshead speeds. 
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Technical progress 

Results 

___I Summary-of ~- Task I resul ts .  The resul ts  obtained from the studies 
conducted under Task I were described i n  detail  i n  our f i r s t  semiannual 
report. 
in Figure 1.  
candidate materials t o  be studied fur ther ,  NGK Locke 2191, Ceramatec 
CTZP, Nilcra MS-PSZ, and Kyocera AZ301. 

The resul ts  obtained in Task I are summarized in Table 6 and  
Task I was completed with the selection o f  the four 

12QC 

lOQa 

h 

0 800 a 
E 

I 
t- 

W 

I- 
v) 

v 

g 600 

a 

400 Llc 
3 x 
W 
-I 
Ir. 

200 

0 
1265 

0 
100 4 0 

9 57 

8 
7 7 7  

Q 
679 0 

677  

B 
55 4 

---.-.I- I I 1 1 I - _ 1 J  

CTZP xs121 TS MS XS241 2201 2191 AZ301 

MATERIAL 

Figure 1. MOR t e s t  resul ts  from the screening analysis (Task I ) .  
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Table 6. Summary of Screening Evaluat ions for TTC Mater ia l s .  

Materi a1 
Des i gna t i  on 

Chemistry 
(Components ) 

Crystal  S t r u c t u r e  

% Monocl in ic  
As-Recei ved 

% Monocl in ic  
After MOR1 050 

Density (g/cc)  

Hardness ( kg/mm2 ) 

Frac tu re  Tough- 
ness (MPafi) 

By Control l e d  
F1 aw 

By Micro Indent 

MOR-MPa (Std.  
Dev. %) 

Fas t  F rac tu re  RT 

A t  1050°C 

Major Microstruc- 
tural  Fea tures  

Average Sample 
Surface F in ish  
Measurements (11 i n )  

Coe f f i c i en t  of 
Thermal Expansion 
(x  l o - 6 / o c )  

N i  1 c r a  
MS-PSZ 

ZrOn 
MgO 

23 

88 

5.7 

1099 

- 
7.6 

679(6)  

225 (4)  

Porous 
coa r se  
gra ined  

materi  a1 . :30-60 11) 

10 
(4-1 5 )  

10.3 

-- 

Ni 1 c r a  
TS-PSZ 

ZrO2 
MgO 

33 

69 

5.7 

1025 

- 
6.0 

677 (3) 

251 ( - )  

Porous 
coa r se  
gra ined  

ma te r i a l .  
(30-60 U )  

9 
(4-1 2 )  

9.5 

Kyocera 
DTA-AZ301 

A1 2 0 3  
Zr02 
Si02 -Trace 

28 

21 

4.2 

1939 

4.6 

11.1 

1265 ( 1 1 ) 
554(24) 

Dense two 
phase mate- 
r i a l  w i t h  
ob1 ong 
A1203 g r a i n s  
4 x  1 4 ~ a n d  
Zr02 g r a i n s  
= . 4 p .  

2.8 
(2-4) 

8.4 

Kyocera 
PSZ-Z201 

Zr02 

_c 

y203 

3 

0 

5.9 

1282 

5.4 

8.8 

957 (5)  

247( 21 ) 

Dense fine 
gra ined  
mater ia l  

avg. =: .311). 
( 0 . 2 - 0 . 5 ~  

6.1 
(4-8) 

11.0 

(Table 6 concluded on the fol lowing page.) 
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Material  
Designation 

Chemistry 
(Components) 

Crystal  S t ruc tu re  

% Monoclinic 
As- Recei ved 

% Monoclinic 
After  MOR1050 

Density (g/cc)  

Hardness ( kg/mm2) 

Fracture  Tough- 
ness (MPafi) 

By Control led 
F1 aw 
By Micro Indent 

MOR-MPa ( S t d .  
Dev. %) 

Fast Fracture  RT 

A t  1050°C 

Major Mi c r u s t  ruc- 
t u r a l  Features 

Average Sample 
Surface Finish 
Measurements 

Cocff i ci  ent of 
Thermal Expan- 
s ion (x  Io-~/"C) 

(11 i n )  

I 

NGK 
z191 

}Trace 
1 2 0 3  

7 

0 

5.9 

1292 

6 .8  

7.4 

l004( 16) 
296(6) 

3ense f i n e  
yrai ned 
natl. (0.311) 

6.9  
(4-16) 

10.1 

Cerarna tec  
ZTA-XS121 

21203y ZrO2 
Si O2 

c2 O/  Ca @Trace 

30 

24 

4.4 

1172 

2.8 

6.9 

556(4) 

252 ( - )  

Fine grained 
two-phase 
matl. (0.3-2.51. 
avg. 3 1.5p). 
Uniform dis- 
t r i b u t i o n  of 
pores (0.2- 
1.511). 

3.1 
(2-10) 

9.4* 

Ce rama t e c  

Zr02 

YTZP-XS241 

Y 2 0 3  

A1 203 

11 

8 

5.4 

1120 

4.8 

6.6 

777(19) 

21 7 (  - )  

Fine grainelc 
two-phase 
matl. (0.4- 
1 . 5 ~ ) .  Unifor 
d i  stributior 
of  pores 
( 0 . 5 - 5 ~ ) .  

8 
(6-10) 

9.9 

Cerama tec 
CTZP 

r02, Si02 
L O 3 ¶  Ce02 

O/CaO-Trace 

1 

0 

5.7 

864 

- 
7.0 

481 (4)  

186(13) 

Fine grained 
two-phase 
matl. (1-311). 
Uniform d i s -  
t r i b u t i o n  o f  
pores. 

3.1 
(2-6) 

10.7 

Phase change @ 625°C. -k 
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Results obta ined  i n  Task 11. N G K  2191 was the f i rs t  ma te r i a l  t o  be 
eva lua ted  i n  the mini-matrix test  p l a n  under Task 11. 
mate r i a l  was i n i t i a t e d  a t  1050°C i n  10% water  vapor u s i n g  both f a s t  and 
slow loading r a t e s .  
nent p l a s t i c  deformation was observed i n  a l l  the samples tested. 
occurrence of p l a s t i c  deformation i n  2191 prompted the dec i s ion  t o  further 
e v a l u a t e  two o r  three samples of  a l l  of the o t h e r  candida te  systems except 
the TS m a t e r i a l s  a t  1050°C u s i n g  the slow loading r a t e .  
these add i t iona l  MOR tests, i t  was found t h a t  the Kyocera 2201 mater ia l  a l s o  
undergoes p l a s t i c  defomat ion  a t  the s t a t e d  t es t  condi t ions .  
of the o t h e r  m a t e r i a l s  d i sp layed  p l a s t i c  deformation. 
deformation observed i n  the 2201 ma te r i a l  was n o t  as seve re  a s  t h a t  
observed i n  the 2191 mater ia l  (see Figure 2 ) .  

T e s t i n g  of the 2191 

However, a t  the slow loading t e s t  cond i t ions ,  perma- 
The 

As a result of  

However, none 
The degree of  

Subsequent tes t ing a l s o  

Figure 2. Comparison o f  2191 and 2201 m a t e r i a l s  a f t e r  MOR1050 slow 
f r a c t u r e .  

showed t h a t  p l a s t i c  deformation occurs  i n  both the 2191 and 2201 m a t e r i a l s  
when they were tested a t  the  slow loading r a t e  a t  1050°C i n  a dry n i t rogen  
atmosphere. 
ob ta ined  t o  d a t e  i n  the mini-matrix t es t  p lan ,  a s  well a s  the add i t iona l  
modulus of  rupture tes t  results o f  the o t h e r  candida te  m a t e r i a l s  a t  1050"C, 
a r e  presented i n  Table 7. 

A summary of a l l  the Modulus o f  Rupture  (MOR) t e s t  results 



Tem p 
( " 0  

25 
25 

250 
250 
250 
250 

800 
800 
800 
800 

1050 
1050 
1050 
1050 

275 

Table 7. Summary o f  MOR Tes t  Resul ts .  

Loading 
Rate 

(MPa/sec) 

0.5 
77 

77 
0.5 
77 

0.5 

77 
0.5 
77 

0.5 

77 
0.5 
77 

0.5 

M a t e r i  a1 

42301 2191 2201 241 MS TS 121 CTZP 

1103 
1265 

897 
X 

1036 
892 

? 
X 
? 
? 

? 
? 

554 
620 

1014 
1004 

900 
X 

82 7 
86 2 

460 
44 7 
325 
26 1 

319 
120 
296 
115 

775 761 621 
957 777 679 

689 X 540 
X X X 
? X 525 
? X 448 

? X 299 
X X X 
? X 282 
? X 270 

? X ? 
175 X 248 
247 217 225 
173 248 254 

583 567 472 
677 556 481 

X X 523 
X X X 
X x 433 
X X 341 

X X 216 
X X X 
X x 202 
X X 218 

X X ? 
X x 191 

251 252 186 
X 251 154 

X - n o t  t o  be t e s t e d  as p a r t  o f  t h e  m i n i - m a t r i x  
? - t o  be t e s t e d  

The 2191 m a t e r i a l  has been eva lua ted  a t  a l l  o f  t h e  m a t r i x  t e s t  condi -  
t i o n s ,  as w e l l  as a t  t h e  800°C t e s t  temperature.  I n  a d d i t i o n ,  i t  was 
decided t o  a l s o  i n v e s t i g a t e  t h e  Kyocera 2201 m a t e r i a l  f u r t h e r  because o f  
t h e  l e s s  severe p l a s t i c  de format ion  as compared t o  t h e  191 m a t e r i a l .  
However, f u r t h e r  t e s t i n g  o f  bo th  t h e  2201 and AZ301 m a t e r i a l s  has been 
l i m i t e d  because of t h e  de lay  by t h e  manufacturer  i n  supp ly ing  t h e  needed 
t e s t  samples. As shown i n  Table 7, t e s t i n g  o f  t h e  MS and CTZP m a t e r i a l s  
a r e  almost completed. A g r a p h i c  d i s p l a y  of a l l  t h e  modulus o f  r u p t u r e  
t e s t  r e s u l t s  a r e  presented i n  F igures  3 through 6. 

d i f f r a c t i o n  a n a l y s i s  (XRD) and scanning e l e c t r o n  microscopy (SEM). A 
summary of t h e  XRD r e s u l t s  a r e  presented i n  Table 8. 
o f  t h e  f r a c t u r e d  MOR samples showed l i t t l e  d i f f e r e n c e  between t h e  mic ro-  
s t r u c t u r e  observed i n  t h e  as-received m a t e r i a l  and t h e  m i c r o s t r u c t u r e  
observed i n  t h e  samples t e s t e d  a t  t h e  d i f f e r e n t  m i n i - m a t r i x  t e s t  c o n d i t i o n s .  
However, i t  i s  observed t h a t  t h e  2191 and 2201 samples which f a i l e d  by 
p l a s t i c  de format ion  have smooth f r a c t u r e  sur faces.  
i n  t h e  more convent iona l  manner d i s p l a y  a much coarser  f r a c t u r e  sur face.  

The modulus o f  r u p t u r e  t e s t  specimens were a l s o  e v a l u a t e d  by x- ray 

The SEM micrographs 

Specimens which f a i l e d  

Aging s tud ies .  The extended exposure o f  t h e  t r a n s f o r m a t i o n  toughened 
ceramic samples t o  water  vapor a t  low and moderate temperatures (ag ing)  i s  
a l s o  be ing  i n v e s t i g a t e d  i n  t h i s  study. Several  d i f f e r e n t  ag ing  t reatments 
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Figure 3. Summary of MOR data  i n  Dry N 2  a t  f a s t  loading r a t e s .  
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Figure 4. Summary of MOR data  i n  Dry N L  a t  s low loading r a t e s .  
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Table 8. Sumnary of  XRD Data f o r  M a t e r i a l s  Evaluated. 

M a t e r i  a1 / 
Condi t i on 

As-Received 

A f t e r  MOR 250 
Dry NZ (FF) 

A f t e r  MOR 250 

A f t e r  MOR 800 
Dry N2 (FF) 

A f t e r  MOR 800 

A f t e r  MOR 1050 
Dry N2 (FF) 

A f t e r  MOR 1050 

10% H20 (FF/SF) 

10% H20  (FF/SF) 

10% H20 (FF/SF) 

z191 
% Major  

Mono Phase 

? T 

-._- 

? T 

7/8 T 

4 T 

3/15 T 

0 T 

0/0 T 

CTZP 
% Major  

Mono Phase 

1 T 

0 T 

0/0 T 

0 T 

0/0 T 

0 T 

0/0 T 

MS-PSZ 
% Major  

Mono Phase 

23 T 

21 T 

24/25 T 

17 T 

21/21 T 

77 M 

88/50 M 

2201 
% Major  

Mono Phase 

3 T 

0 T 

? - 

? - 

? - 

0 T 

0/0 T 

AZ30 1 * 
% Major  

Mono Phase 

28 T 

? - 

? - 

- ? 

? - 

? - 

21/17 T 

* - A l Z O 3  i s  t h e  major  phase 
? - t o  be t e s t e d  
FF - f a s t  l o a d i n g  r a t e  
SF - slow l o a d i n g  r a t e  
Mono - monoc l in ic  
T - t e t r a g o n a l  
M - monocl i n i c  

have been employed i n  s t u d y i n g  t h e  candidate t r a n s f o r m a t i o n  taughened 
ceramics. 
i s  presented i n  Table 9.  The r e s u l t s  o f  t h e  XRD a n a l y s i s  o f  t h e  aged 
samples a r e  sunimarized i n  Table 10. 
of t h e  aged samples a r e  suinmidrized i n  Table 11. 

and t h e  ATR FT- IR spec t ra  ob ta ined a r e  be ing  compared w i t h  t h e  spec t ra  
ob ta ined f o r  the. as-received t r a n s f o r m a t i o n  toughened ceramics. 
t o t a l  r e f l e c t i o n  (ATR) techniques have been widely used t o  study the s u r -  
faces o f  s o l  i d  s t a t e  inorganic ,  m a t e r i a l s .  
r e p o r t e d  t h a t  t h e  combinat ion o f  ATR w i t h  FT-IR prov ides  a t o o l  t h a t  has 
e x c e l l e n t  s e n s i t i v i t y  t o  a wide s p e c t r a l  reg ion.  The pr imary  ob ject - ive 
f o r  u s i n g  ATP, FT- IR  t o  s tudy t r a n s f o r m a t i o n  toughened ceramics i s  t o  b e t t e r  
understand t h e  mechanism i n v o l v e d  i n  t h e  phase t r a n s  Formations a t  t h e  

A c o m p i l a t i o n  o f  t h e  aging t reatments employed i n  our  s t u d i e s  

The modulus o f  r u p t u r e  t e s t  r e s t u l s  

Selected aged samples a r e  a l s o  be ing  s t u d i e d  by i n f r a r e d  spectroscopy, 

At tenuated 

A number o f  papers have 
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Table 9. Aging Treatments. 

Materi a1 I n i t i a l  Aging Advanced Aging 

z191 

A2301 

2201 

CTZP 

xs121 

xs241 

MS-PSZ 

TS-PSZ 

25 hrs. @ 300°C 

25 hrs. @ 300°C 

25 hrs. @ 300°C 

25 hrs. @ 300°C 

25 hrs. @ 300°C 

25 hrs. @ 300°C 

200 hrs. @ 800'C 

200 hrs. @ 800°C 

120 hrs. @ 250°C 

--- 

120 hrs. @ 250°C 

120 hrs. @ 15OoC/120 Firs..@ 250°C 

120 hrs. @ 250°C 

120 and 240 hrs. @ 250°C 

120 hrs. @ 250°C 

120 hrs. @ 250°C 

Table 10. XRD Analysis  of Aged Samples. 

% Monoclinic % filonocl i n i  c % Monoclinic 
Mater ia l  As-Received (MP)* I n i t i a l  Aging (MP)*  Advanced Aging (MP)*  

2191 

AZ301 

2201 

CTZP 

xs121 

XS241 

MS-PSP 

TS-PSZ 

*MP - major z i r c o n i a  phase 
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Table 11. MOR Test Resul ts  o f  Aged Samples. 

MOR MOR A f t e r  MOR A f t e r  
As-Received I n i t i a l  Aging Advanced Aging 

Mater i  a1 ( MPa 1 (MPa 1 (MPa) 

2191 

A2301 

2201 

CTZP 

XS121 

XS241 

MS-PSZ 

TS- PSZ 

1004 

1265 

957 

48 1 

556 

777 

679 

608 

957 

1206 

79 1 

481 

556 

729 

674 

677 

I 

492 ((3150°C) 

645 (120 hrs .  @ 250°C) 

519 (120 hrs.  @ 250°C) 

- 

662 (120 hrs .  @ 250°C) 

p o l y c r y s t a l l i n e  sur face which have been accelerated by t h e  presence o f  
mois ture du r ing  aging o f  t h e  specimens a t  r e l a t i v e l y  low temperatures. 

w i t h  a KRS-5 c r y s t a l  p l a t e .  I R  spec t ra  were obta ined us ing  a N i c o l e t  
DBX Model 20 w i t h  2000 t o  4000 scans. The spec t ra l  range extended from 
4000 t o  400 cm-' , and most of t h e  exper imental  work was focused on 
c r y s t a l l i n e  phase t rans format ions  o f  z i r c o n i a  i n  the  reg ion  o f  800 t o  
400 cm-' . 
c o n d i t i o n  and aged a t  se lec ted  temperatures. 
i n f r a r e d  spectroscopy are descr ibed i n  Table 12. 

A s i n g l e  beam m u l t i p l e  i n t e r n a l  r e f l e c t i o n  attachment i s  being used 

The ATR FT-IR spect ra were ob ta ined f o r  specimens i n  the  as-received 
The samples s tud ied  by 

A summary o f  the  I R  

Table 12. Specimens Studied by ATR FT- IR .  

Aging Treatment 
15Q"C, 250"C, 250"C, 8 O O 0 C ,  1050"C, 

Ma te r ia l  As-Received 120 hrs. 120 hrs. 240 hrs. 200 hrs .  MOR 

2201 X X 
XS241 X X X 
CTZP X X X 

MS-PSZ X X X X 
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a b s o r p t i o n  bands de tec ted  f o r  each of t h e  cand ida te  m a t e r i a l s  i n v e s t i g a t e d  
i s  presented i n  Table 13. 
f e r e n t  aged m a t e r i a l s  analyzed are  presented i n  F igures  7 th rough 10. 

T y p i c a l  s p e c t r a  ob ta ined f o r  each o f  t h e  d i f -  

Table 13. ATR FT-IR Absorp t ion  Bands of Specimens Studied. 

Specimen Absorp t ion  Bands ( i n  cm-') 

PSZ-Z201 

As-Received 
Aged (250°C, 

120 h rs .  ) 

As-Received 
Aged (250°C, 

120 hrs .  ) 
Aged ( 2 f i O o C ,  

240 hrs .  ) 

xs-241 
762 (sh) ;  640 ( s ) ;  562 (sh) ;  522 ( s )  

762 (br,sh);  640 ( b r ) ;  562 ( s h ) ;  531 ( s ) ;  478 (w,sh) 

- 709 ( b r  s h ) .  665 (v ,br ) ;  640 (sh) ;  562 (s,sh); 8 (m);  425 ( w j  
CPZP 

As- Rece i ved 
Aged (150°C, 

120 hrs .  ) 

Aged (25OoC, 
120 hrs .  ) 

As-Received 
Aged (250"C, 

120 hrs.  ) 
Aged (800*C, 

200 h rs .  ) 
A f t e r  MOR1 050 

t e s t i n g  

MS-PSZ 

(w/lO% w 2 0 )  

776 (w3bt-I; 644 (s); 632 ( sh) ;  540 (sh) ;  527 ( s ) ;  465 (w); 
452 (w); 418 (w) 

776 (w); 632 (s); 540 (sh); 527 ( s ) ;  465 ( w ) ;  452(w); 418(w) 

-673 (v ,b r ) ;  572 ( s )  

-673 (v ,b r ) ;  572 ( s ) ;  475 (sh)  

709 (sh) ;  -615 (v ,b r ) ;  562 (m);  475 (s,sh) 

sh: shoulder  
b r  : broad 
v: v e r y  
s :  s t r o n g  
m: medium 
w: weak 
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F i g u r e  8 .  ATR FT- IR  spectra f o r  XS241. 
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Figure 10. ATR FT-!R spectra forMS-PSZ. 
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In  addition t o  the ATR FT-IR analysis, samples o f  MS-PSZ and 
XS241 materials in the as-received and aged condition were evaluated by 
x-ray photoelectron spectroscopy ( X P S ) .  
samples analyzed by high resolution XPS scans are presented i n  Table 14. 

The resul ts  obtained for  the four 

Table 14. Approximate Atom % Surface Composition 
of Samples XS241 and MS-PSZ 

Zirconia by XPS. 
1 .-----. I_.._-.- 

-I-- 

Sampl e O ( H 2 0 )  0(-OH) O(O=) Zr Y Mg 

TZP-XS241 

As-Received 9.3 39.7 26.7 22.9 1.3 - 
As-Aged 5.9 33.6 33.0 25.2 1.9 - 

MS-PSZ 
- As-Recei ved 9.6 47.1 18.8 20.7 3.8 

As- Aged 4 .4  32.4 31 .O 26.2 6.1 - 
--I .~ ..I.I -- -.--I.-__... ,---_I-. I 

Ram a n  s pec t r oscp py s t u  d i e s . 
Introduction. The primary objective of the work during th i s  semi- 

annual period was t o  develop measurement and  analysis techniques which will 
provide quantitative assessments of the concentrations of the phases in 
samples of par t ia l ly  stabil ized zirconia ( P S Z ) .  
approaches to  achieving th i s  objective; namely, (1)  t o  develop a highly 
dependable se t  of standards for the observed phases which i s  then f i t t e d  
t o  the sample spectrum t o  give the absolute concentrations, and ( 2 )  t o  
measure only the re1 ative Concentrations within each sample. 

The f i r s t  approach i s  most d i f f i cu l t  to  achieve w i t h  backscattering 
Raman spectroscopy from solid surfaces, especially of polycrystalline 
materials. The intensity of the Raman scattering froin a crystal i s  pro- 
portional t o  the length L of the scattering volume t h a t  i s  being observed 
times the square of the Raman scattering tensor R.' Single crystal z i r -  
conium oxide i s  transparent t o  vis ible  l ight .  In polycrystalline form, 
however, the material becomes opaque o r  a t  least  translucent. This comes 
from the multiple reflections and refractions of the incident l ight  by 
the boundaries o r  interfaces between the individual crystal l ine grains. 
The high refractive index of 2 . 2  of t h i s  material2 contributes s ign i f i -  
cantly t o  t h i s  resul t .  Thus, the penetration depth or scattering length 
will depend on the grain s ize ,  t he  packing or density of the grains, and 
the nature of the g r a i n  boundaries. Furthermore, in PSZ there are three 
phases; namely, monoclinic, tetragonal, and  cubic, which can be present. 
The Raman tensors of these symmetries are different as well as being 
dependent on crystal l ine orientation and incident' l igh t  polarization for  
the non-cubic phases. 

from sample t o  sample, due t o  surface preparation and surface history. 

There are two basic 

Added t o  the above coinplications are the v a r i a t i o n s  t h a t  can occur 
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Figure 11. The Raman spectrum o f  sample No. 44 of Ceramatec TZP- 
XS241 a f t e r  aging 240hours a t  250°C. 
and tetragonal phases of zirconia are,  respectively, denoted by 'lm" and "t". The l e t t e r  enclosed in parentheses indicates t h a t  phase i s  only 
weakly present. 

The l ines belonging t o  the monoclinic 

Measurements were carried o u t  on eight samples which had been 
fractured. 
each sample. 
second scan taken a t  the very edge of the fractured end on the tension 
side. 
lens t o  forin a l ine  about 20 pm wide and 2 mm long. 
the l ine was oriented parallel t o  the local direction o f  the broken edge 
and positioned to  be within about 20 pm o f  the edge. 

The spectrum between 120 and 210 cm'' was recorded twice on 

The laser  beam was focused by a 100 mm focal length, cylindrical 

One scan was taken a t  5mm from the unstressed end w i t h  the 

On the fractured end, 
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The average laser power incident on t h e  sample was less  t h a n  5 mW. 
The a b i l i t y  t o  record high quality Raman spectra o f  these samples a t  such a 
1 ow pcwer 1 eve1 completely ci rcurrwnts the heating problems t h a t  have been 
experienced with zirconia materials, This heating probleiii comes from the 
rather low thermal conductivity o f  the material. The use o f  a cylindrical 
focusing lens further reduces the heating e f f e c t  by spreading the l ight  
over  a long dimension. This type o f  illumination provides the additional 
advantage o f  integrating the contributions from many grains ~ i ~ h ~ ~ ~  
sacr i f ic ing the capabili ty fo r  achieving good spatial  resolution a t  the 
fractured edge. A spectrum typical o f  the type used for  these data show- 
ing 65% monoclinic phase i s  given in Figure 12. 

i.2 

1.0 

.80 

.60 

.40 

.20 
210. 190. 1-70. 150. 130. 110. 

RAMAN SHIFT [ l / cm]  

Figure 12. The Raman spectrum o f  146 cm-’ tetragonal l ine  and the 
178-188 cm-l monoclinic l ine  p a i r  of the unstressed end o f  sample No. 17 
of Ceramatec ZTA-XS121 zirconia. 
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The software developed for  this data analysis provides the following 

1. 

2. 

3. 

4. 

5. 

processing sequence. 
The intensity coordinate i s  coorected t o  account for  the 
maximum si nal l imit  imposed by grated detection (count 
saturation B . 
The spectrum is  smoothed t o  remove the random noise 
component. 
A background spectrum i s  selected interactively and 
subtracted. 
The peaks i n  the resulting spectrum can then be inte- 
grated between selected points. 
The resul ts  of the analysis are presented i n  tabular 
form. Peak height i n  counts per laser  pulse, peak 
wavenumber position i n  cm-l, fu l l  width a t  half maxi- 
mum i n  c.m-’, and the monoclinic fraction x(m) are 
printed. 
A plot function i s  provided for plotting the smostked, 
background-subtracted spectrum. 

6. 

A good example o f  the effect  o f  fracture on the monoclinic fraction 
i s  seen by comparing the spectrum given i n  Figure 13 t o  t h a t  given i n  
Figure 14 taken on sample No. 10 of Nilcra TS-PSZ. The monoclinic 
fraction changes from 16% a t  the unstressed end t o  63% a t  the fractured 
edge. The resul ts  of these measurements are presented in Table 15. 
minimum detectable percentage of one phase depends mainly on intensity 
of the Raman l ine  being measured. For the l ines  chosen here, a t w o  
percent fraction i s  about a t  the threshold for measurement of t h a t  phase. 
Furthermore, w i t h  almost every sample, i t  was observed that  the Raman 
intensi t ies  were a l l  noticably reduced a t  the fractured edge coiiipared 
to  the unstressed spectra. This strongly suggests t h a t  fracturing causes 
significant changes i n  the material t h a t  e i ther  reduces the effect ive 
penetration depth or increases the fraction of cubic phase as was 
described i n  the Introduction. 

The 

Summary. Measurement and analysis procedures have been developed 
and applied t o  a range of fractured samples to  quantitatively assess 
the degree of phase transformation induced by fracturing. The d a t a  shows 
t h a t  Raman spectra are quite sensit ive t o  these transformations, and 
therefore, provides a good diagnostic tool fo r  evaluating these ceramic 
materials. During the remainder of the current program, th i s  technique 
wil l  be used to  support the mechanical and  enviornmental studies on these 
materials. 

A strong ef for t  will  be made t o  establish procedures for  determining 
the fraction of the cubic phase. High  spa t ia l  resolution (-1 pm) studies 
using the Raman microprobe will also be carried aut on selected samples 
i n  the vicini ty  of cracks or fractures t o  determine the spatial  extent of 
the fracture-induced transformations. Our  goal will be to  generate spatial  
profiles of a given phase. 
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Figure 13. The Warnan s ectriurn o f  the 146 cm-’ tetragonal l i n e  and 
the 178-188 ctn’ml monoclinic Fine pair of the unstressed end o f  Sample 
No. 10 of Wilcra TS-PSE zirconia. 
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Figure 14. The Rarnan spectrum o f  the 146 cm-l tetragonal line and 
the 178-188 cm”’ monoclinic line pair of the  fractured edge an the 
tension side o f  sample No. 10 o f  Nilcra TS-PSZ zirconia. 
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Table 15. The Zirconium Monoclinic Fraction x(m) = 1 - x ( t )  
in Fractured Samples o f  Transformation-Toughened 

Ceramics Relative t o  the Tetragonal 
Fraction x(  t). 

Monoclinic Fraction 
x (m)  

Sample Unstressed End Fractured Edge 
Materi a 1 Number (Percent) (Percent) 

- 

Ceramatec TZP-XS241 
Ceramatec ZTA-SX121 

Ceramatec CTZP 

N i  1 cra TS-PSZ 

Ni 1 cra MS-PSZ 

NGK-Locke 2191 

Ky o cera DTA- AZ 30 1 

Kyocera PSZ-Z201 

10 

17 

13 

10 

10 

10 

10 

10 

10 

65 

0 

16 

3 

0 

42 
0 

21 

68 

17 

63 

12 

0 

55 
0 

Sta t i s t i ca l  analysis o f  MOR data. A Weibull analysis Mas performed 
on available MOR data for  the DTA-AZ301, PSZ-201, CTZP, MS-PSZ, and 2191 
materials. 
obtained for each combination of material, environment, temperature, and 
loading ra te  which contained a t  least four MOR test  resul ts .  
assurnes that  MOR can be modeled by the Weibull dis t r ibut ion function 

F(s) = 1 - esp[- ( S / S O ) ~ J  
where F(s) i s  the probability tha t  a specimen will have a MOR less  than S ,  
So i s  the scale parameter (character is t ic  value), and m is the Weibull 
modulus (shape parameter). 
ing strengths will have MOR'S less  than So. Larger values of m imply 
less s ca t t e r  in the distribution of MOR values. 
variation is  approximately equal t o  l / m . )  For ceramic materials, m i s  
typically in the range of 10 to  20. 

combination for  which four or more MOR values were available for the f ive  
materials. 
N2 a t  25°C. All other i n d i v i d u a l  t e s t  s e t s  contained e i ther  four or 
f ive MOR values. To indicate the potential s ca t t e r  ? n  maximum likelihood, 
estimates of 6i, 90% confidence bounds from a sample of size five are  
given by the interval (0.36 G, 1.46 ki). 

Maximum likelihood estimates of the Weibull parameters were 

T h i s  analysis 

Approximately 63% of the population o f  break- 

(The coefficient o f  

Table 16 presents the estimates of the Weibull module (i) for each 

Nine specimens o f  DTA-AZ301 were tested a t  0.5 MPa/s i n  dry 

For example, i f  h = 15, there 
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Table 16. Maximum Likelihood Estimates o f  Irleibull Moduli (in). 

Atmosphere 
Tempera t u re 

("C) 

25 

2 50 

80 0 

1050 

25 

250 

800 

1050 

77 
0.5 

77 
0.5 

Composite** 

77 
0.5 

Composite** 

77 
0.5 

Composite** 

77 
8.5 

Compos i te** 

77 
0.5 

Composite** 

77 
0 .5  

Composite** 

77 
8.5 

Composite** 

Composite** 

AZ301 2201 CTZP MS-PSZ Zl91 

18.8 28.7 34.0 25.8 9.4 
9.9* 15.3 84.5 22.5 13.9 

11.2 18.8 43.0 24.3 10.9 

7.7 10.2 11 .3  

11.6 23.2 

14.5 21.7 
5.0 14.3 
6.6 17.5 

5.3 18.9 32.4 17.0 
6.4 5.9 28.0 11.9 
5.7 7.5 26.5 14.2 

* 
Sample s ize  = 9. A11 other ind iv idua l  loading r a t e  sample s i zes  were 

4 o r  5. 

a f t e r  normalizing by the loading r a t e  scale parameters.  
Compasite e s t ima tes  were c a l c u l a t e d  from pooled loading r a t e  da t a  sets ** 

i s  90% confidence t h a t  the i n t e r v a l  (5 .4 ,  21.9)  will conta in  the true 
value of m. 

The  maximum l ike l ihood  e s t ima tes  of the s c a l e  parameters (so) a r e  
presented i n  Table 17. 
63rd p e r c e n t i l e )  of the d i s t r i b u t i o n  o f  breaking strengths. 
canfidence limits on So depend an t he  e s t i m a t e  o f  the Weibull modulus and 
the sample s ize-  

The values  a r e  r e p r e s e n t a t i v e  o f  the middle ( the 
The 90% 

For a sample s ize  of f i v e ,  the 90% confidence limits f o r  
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Table 17.  Maximum Likelihood Estimates o f  Weibull Scale Parariieters (So).  

c_....-.__ 

Atmosphere 

Dry N2 

I 

10% H20 

Temper a t  u re 
("0 

25 

250 

800 

1050 

25 

250 

800 

1050 

Loading 
Rate 

(MPa/s 1 

77 
0.5 
77 

0.5 

77 
0.5 

77 
0.5 

77 
0.5 

77 
0.5 

77 
0.5 

77 
0.5 

DTA- PSZ- 
AZ30l 2201 CTZP MS-PSZ 2191 

1311 978 489 694 1062 
1160* 859 475 637 1052 

736 551 566 

201 253 

449 538 
371 46 7 

602 195 230 304 
670 167 259 120 

* 
Sample s i ze  = 9. All other sample s izes  were 4 o r  5. 

selected m values a re  g iven  by: 

n Lower Con f i dence Upper Confidence 
- m L i m i t  Limit 

5 0.801 $0 1.283 50 
10 0.899 30 1.133 $0 

20 0.946 50 1.064 $0 

30 0.964 30 1.042 $0 

For example, f o r  a sample size o f  f ive ,  i f  = 10, there i s  90% confidence 
t h a t  the scale  parameter wil l  be estimated with 10 t o  13%. 
i n  the estimate o f  So is  corngarable t o  tha t  in the estimate of the mean 
(or  median) o f  a population. 

loading r a t e s  were pooled and a l l  other  experimental conditions were fixed. 
This procedure i s  based on the assumption t h a t  the Weibull modulus i s  
independent on loading ra te .  
depend on loading r a t e  ( a  fundamental assumption of delayed failure theory 
i n  ceramics), the MOR values a r e  normalized by dividing the respective 

The uncertainty 

To obtain better estimates of the Weibull moduli, data from the two 

Since the sca le  parameters a re  expected t o  
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estimate of So. 
moduli of the normalized d a t a  are also presented i n  Table 16. 
nique presents a composite estimate of m, b u t  confidence bounds f o r  such an  
estimate are n o t  known. 

Finally, the appropriateness o f  the Weibull model was considered. Sam- 
ples of s ize  f ive are n o t  suff ic ient  t o  demonstrate the adequacy of a proba- 
b i l i t y  model, b u t  they may indicate a large departure from an assumed model. 
No such departures were detected. The pooled d a t a  rate (of normalized 
values) were a l s o  analyzed, and no significant departures from a bkibull 
distribution were detected. As an example, Figure 75 presents the equiva- 
lent o f  a Weibull plot o f  14 normalized MOR values from the DTA-,AZ301, dry 
N2,25"C t es t s .  T h i s  i s  the  largest  available d a t a  se t .  Deviat io i - is  from a 
s t ra ight  l ine would indicate the lack o f  a Weibull f i t .  The deviations 
from linear observed i n  Figure 15 are not  significant for  a sample S ~ Z P  o f  
14. 

The composite maximum likelihood estimates of the Weibull 
This tech- 
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Figure 15. Weibull plot for  normalizzd MOR DTA-AZ301, dry N2,  25°C. 
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Table 18 presents estimates of the Weibull parameters froin the speci- 
mens which were aged for  25 hours a t  300°C. 
the a g i n g  process, these data have been separated from those o f  the unaged 
specimens. 

Due t o  the unknown effect  of 

Table 18. Maximum Likelihood Estimates of Weibull 
Modulus ( m )  and Scale ( S o )  Parameters 

Aged Specimens, Dry N 2 ,  25OC 
77 MPa/s. 

DTA-AZ30 1 13.7 1254 

PSZ-2201 8.0 840 

CTZP 28.3 49 1 

MS-PSZ 54.2 681 

z191 6.2 1024 
-.- 

Sample = 5 for  a l l  f ive  data se t s .  

An analysis t o  quantify the ef fec t  o f  s t r e s s  ra te  on MOR was s ta r ted ,  
Since MOR d i d  not increase w i t h  s t r e s s  b u t  resul ts  are n o t  yet available. 

ra te  for  some of the data se t s ,  the usual methods of analysis may not be 
appropriate for  these data. 
the selected materials are also necessary for  a more meaningful analysis. 

Larger data sets and more s t r e s s  rates for  

Analysis of modulus of rupture and x-ray diffraction resul ts .  The 
MOR data displayed i n  Figures 3 through 6 clearly demonstrate the rapid 
decline i n  bend strength with increasing temperature. Except for  t h o  
AZ301 material, the transformation toughened ceramics have an average bend 
strength of about 200 MPa a t  1050°C and between 200 and 300 MPa a t  800°C, 
even though t h e i r  bend strengths range from 480 t o  1000 MPa a t  room tem- 
perature. The AZ301 material has a room temperature bend strength in 
excess of 1200 MPa and an average bend strength of almost 600 MPa a t  
1050°C. The transformation toughened ceramics t e n d  t o  display a l inear  
decrease i n  bend strength w i t h  increasing temperature. 
ments made i n  dry N2 tended t o  be h i g h e r  t h a n  those made in NP with 10% 
H 2 Q .  I n  addition, the MOR measurements made u s i n g  the rapid loading rate  
tended t o  be higher than the measurements made u s i n g  the slow loading rate .  
Although the rapid decline in strength w i t h  increasing temperature i s  of 
considerable concern, i t  should be recognized t h a t  fu l ly  s tabi l ized Zr02 
has an average reported bend strength of 245 MPa a t  room temperature which 
d rops  t o  an average value of 145 MPa a t  1000°C. 
formation toughened ceramics tend t o  have a bend strength about 40% higher 
than fu l ly  stabil ized Zr.02.  

The MOR measure- 

Even a t  1000°C, t h e  trans- 
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A m a t t e r  o f  g r e a t e r  concern i s  t h e  p l a s t i c  o r  permanent deformat ion 
observed i n  t h e  two Y 2 0 3  s t a b i l i z e d  Zr02 m a t e r i a l s  (2191 and 2201) when 
slow loaded a t  1050°C. 
c o n s i s t e n t  w i t h  t h e  creep behav io r  r e p o r t e d  by LarsenY6 e t  a l .  f o r  2191 
a t  1000°C. The v e r y  f i n e  p a r t i c l e  s i z e  -0.3 1-1 and t h e  presence af S i 0 2  
i n  t h s  2191 m a t e r i a l  i s  thought  t o  account f o r  t h e  deformat ion behav io r  
observed. It i s  b e l i e v e d  t h a t  t h i s  deformat ion o r  creep i s  due t o  g r a i n  
boundary s l i d i n g  and p l a s t i c  flow. 

The XRD da ta  (Table 8 )  suggests t h a t  o n l y  t h e  MS and TS m a t e r i a l s  a r e  
s u b j e c t  t o  a l t e r a t i o n  o f  t h e  Zr02 c r y s t a l  s t r u c t u r e  d u r i n g  t h e  MOR t e s t i n g .  
However, t h e  r e s u l t s  of t h e  Raman data  suggest. t h a t  t h e  c r y s t a l  s t r u c t u r e  
o f  t h e  ZrOn  i s  a l t e r e d  f o r  most o f  t h e  specimens a t  t h e  v e r y  s u r f a c e  of 
t h e  t e n s i l e  f r a c t u r e  sur face  (= the f i r s t  2011). I t  i s  b e l i e v e d  t h a t  t h e  
l a r g e  c r y s t a l  change observed by XRD i n  t h e  MS and TS m a t e r i a l s  i s  due t o  
t h e  temperature e f f e c t s  (1050°C) more than t h e  mechanical e f f e c t s  due t o  
f r a c t u r e .  The l a c k  of c r y s t a l  change i n  t h e  2201 and Z191 m a t e r i a l s  
(Y203 s t a b i l i z e d )  i s  n o t  r e a d i l y  e x p l a i n a b l e  and w i l l  r e q u i r e  more study. 

However, t h e  p l a s t i c  deformat ion observed i s  

Ana lys is  o f  ag ing _ _ _ -  studies.  _ _  Asshown i n  Table 10, t h e  aging t rea tment  
does n o t  a l w a y s a l t e r  t h e  ZrOT c r y s t a l  s t r u c t u r e  n o r  as shown i n  Table 11 
does i t  always a l t e r  t h e  bend s t r e n g t h  o f  t h e  aged m a t e r i a l .  
XS241, MS-PSL, and TS-PSZ m a t e r i a l s  a l l  underwent s i g n i f i c a n t  increases i n  
t h e  percent  monoc l in ic  phase as a r e s u l t  o f  ag ing t reatments.  S i g n i f i c a n t  
decreases i n  bend s t r e n g t h  due t o  ag ing was o n l y  observed i n  t h e  2201 and 
t h e  XS241 m a t e r i a l s  (see Table 11) .  
ag ing  was t h e  most pronounced i n  t h e  XS241 m a t e r i a l  aged f o r  120 hours a t  
250°C ( -35% r e d u c t i o n ) .  I t  should a l s o  be no ted  t h a t  the  aging t rea tment  
r e s u l t e d  i n  an inc rease i n  t h e  bend s t r e n g t h s  measured f o r  XS121 and TS-PSZ 
m a t e r i a l s .  The cause o f  t h i s  s t r e n g t h  increase i s  n o t  r e a d i l y  apparent and 
w i l l  be s t u d i e d  f u r t h e r .  

The XPS a n a l y s i s  o f  t h e  MS-PSZ and t h e  XS241 m a t e r i a l s  (see Table 14) 
b e f o r e  and a f t e r  ag ing  showed t h a t  hydroxy l  and water  atoms d i d  n o t  
inc rease a t  t h e  sur face  o f  t h e  aged m a t e r i a l  b u t  r a t h e r  tended t o  decrease 
a f t e r  aging. 
o f  t h e  XPS a n a l y s i s .  
o f  =3500 and 51600 cm’l, t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  I R  spec t ra  
o f  t h e  as-received and t h e  aged specimens. 

I n  F i g u r e  7, t h e  spec t ra  2201 shows l i t t l e  d i f f e r e n c e  between t h e  as- 
rece ived and t h e  aged specimens. The a b s o r p t i o n  bands observed a t  640 and 
568 cm-’ a r e  a t t r i b u t e d  t o  t h e  t e t r a g o n a l  phase o f  z i r c o n i a .  However, i n  
F i g u r e  8, f o r  the  XS241 spec t ra  (B and C )  f o r  t h e  aged specimens, shows a 
number of d i f f e r e n c e s  when compared w i t h  t h a t  o f  t h e  as-received specimen 
( A ) .  
i n t e n s i t y  and a broad shoulder  a t  709 cm-’appeared as t h e  specimen was 
aged a t  250°C f o r  120 hours and 240°C. 
a t  478 and 442 cm-’ increased as ag ing  t i m e  was increased. 
d i f f r a c t i o n  data f o r  these specimens a l s o  showed an i n c r e a s e  i n  t h e  mono- 
c l i n i c  phase as t h e  specimen was aged. 
thought  t o  be a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  t h e  m o n o c l i n i c  phase i n  
z i r c o n i a .  

r e c e i v e d  and aged c o n d i t i o n s  a t  150°C and 250°C f o r  120 hours, r e s p e c t i v e l y .  

The XS121, 

Reduction i n  bend s t r e n g t h  due t o  

The r e s u l t s  o f  t h e  I R  s t u d i e s  f u r t h e r  r e i n f o r c e s  t h i s  f i n d i n g  
I n  t h e  hydroxy l  o r  water  molecule v i b r a t i o n a l  reg ions  

The a b s o r p t i o n  band a t  640 cm-’ i n  spectrum (A) decreased i n  

A t  t h e  same t ime,  a new band 
The x - ray  

These new absorp t ion  bands a r e  

F i g u r e  9 presents  t h e  ATR FT-IR spec t ra  f o r  CTZP specimens i n  t h e  as- 
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The absorption band a t  519 cm-’ in spectrum ( A )  shif ted t o  a higher wave- 
number w i t h  a lowered intensity for  b o t h  aged specimens. 
630 cm-’ and the shoulder a t  638 cm-I of the as-received specimen i n  
spectrum (A)  were reversed compared t o  the in tens i t ies  in the spectra for  
(B) and ( C )  . 
nounced a s  compared with the spectra o f  ( A )  and ( C ) ,  and  very weak bands 
a t  465, 452, and 418 cm-l were shown in spectra ( a )  and ( C ) .  However, 
these spectral differences identified for  the CTZP specimens are  re la t ively 
negligible, and there is  l i t t l e  difference between the aged and unaged 
specimens. 

The 
spectra ( A ) ,  ( B ) ,  ( C ) ,  and (D)  were obtained for  MS-PSZ samples i n  the as- 
received condition, aged a t  250°C fo r  120 hours, aged a t  800°C for  200 
hours, and a f t e r  MOR tes t ing a t  1050°C in 10% H20, respectively. A 
gradual change of the tetragonal phase ( A )  t o  the monoclinic phase ( D )  
can be seen a t  ~ 7 0 0  cm-’ and  475 cm-l. These resu l t s  are i n  good agree- 
ment with the resul ts  of t he  XRD analysis. The XRD data showed that  the 
major crystal phase for  the as-received specimen was tetragonal with 23% 
monoclinic and 88% monoclinic fo r  the specimen tested a t  1050°C in 10% 

resul ts  reported in the 1 i t e ra ture  for  similar 
been unable t o  identify the specif ic  mechanisms responsible for  the pre- 
mature surface transformation o f  tetragonal phase to  the monoclinic phase 
during aging, we have developed a basic description for  the process. 

The aging process i s  somewhat complex and depends upon the speci-Fic 
s tabi l izat ion agent, the quantity (mole/percent) of s t ab i l i ze r  employed, 
the par t ic le  s ize  (which i s  a function of processing treatment), %he 
amount of moisture present, and the aging temperature. 

The complex relationship between the various materi a1 paramaters and 
aging effects  has been described in the work o f  e t  a l . ,  in the 
investigation of Y203 stabi l ized Zr02. The resul ts  o f  his work shaw t h a t  
grain s ize  and mole/percent of Y203 are the dominating factors effecting 
the amount of t ransi t ion t o  the monoclinic phase as a function of aging 
temperature. 

the lower the aging ( c r i t i ca l  1 temperature necessary t o  generate s ign i f i -  
cant quantit ies o f  transformation. In a l l  cases, the transformation 
peaked between 200°C and 300°C for  most of  the materials evaluated. 

degree o f  transformation a t  a much lower c r i t i ca l  temperature. 
appears  t h a t  the higher t h e  moisture content present, tire more accelerated 
t h e  transformation process. The s t u d i e s  by Sato, e t  a l . ,  have a l s o  shown 
t h a t  the addition o f  5 and 10% A I 2 0 3  t o  the Y203 stabilized. Zr02 will 
inhibit  premature transformation due t o  a g i n g .  

o f  ti-ass formati on toughened cerairii cs i t i  moisture 1 aden envi ronments w i  11 
jjY’c)motr premature phase trans formation on t h e  surface. A7 though same 
a g i n g  conditions will promote a reduc t i on  -in s t rength,  the rirechanisrns 
involved and t h e  specific r e l a t i o n s h i p s  between material properties, 
a g i n g  parameters, arid strength are not we1 1 established. Ho\s;ever, i t  
woinld appear t h a t  by controll i n g  par t ic le  s i z e  and s tabi l izat ion content ,  

The bands a t  

A broad band a t  776 cm-’ of the spectrum ( B )  was more pro- 

These findings are also confirmed by the XRD data. 
Figure 10 presents the I R  spectra for  selected MS-PSZ specimens. 

H20. 
The resul ts  of our aging studies are in general agreement with the 

A1 t h o u g h  we have 

The lower the amount of Y203 s t ab i l i ze r  and the larger the grain s ize  

Aging i n  water compared t o  aging in a i r  resulted in a much greater 
I t  a1 so 

Based on t h e  d a t a  reviewed, i t  i s  defini te ly  apparent t h a t  t h e  a g i n g  
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i t  may be p o s s i b l e  t o  i n h i b i t ,  i f  n o t  complete ly  e l i m i n a t e ,  premature 
phase t rans format ion .  
i n v o l v e d  i n  t h i s  process would f a c i l i t a t e  e f f o r t s  t o  p revent  phase 
t r a n s f o r m a t i o n  and s t r e n g t h  degradat ion.  

A b e t t e r  understanding o f  t h e  s p e c i f i c  mechanism 

Future p lans  

Dur ing  t h e  n e x t  severa l  months, t h e  f o l l o w i n g  a c t i v i t i e s  are planned: 
1 )  Complete t h e  m i n i - m a t r i x  t e s t  p l a n  i n  f u l f i l l m e n t  o f  t h e  r e q u i r e -  

2 )  S e l e c t  t h e  two f i n a l i s t  m a t e r i a l s  f o r  Task 111. 
3)  I n i t i a t e  t h e  m a t r i x  t e s t  p l a n  f o r  t h e  two f i n a l i s t  m a t e r i a l s .  
4) Continue t h e  ag ing  s t u d i e s :  ( a )  u s i n g  t h e  I R  equipment t r y  t o  

m o n i t o r  t h e  aging process i n  s e l e c t e d  samples and ( b )  i n v e s t i g a t e  t h e  
e f f e c t  o f  thermal ag ing i n  t h e  absence o f  ti20 on s e l e c t e d  t r a n s f o r m a t i o n  
toughened m a t e r i a l s .  

ments f o r  Task 11. 

_I.-.__.- Sta tus  of milestone?- 

M i l e s t o n e  331402 was completed June 30, 1985. M i l e s t o n e  331403 has 
n o t  been completed due t o  de lay  i n  r e c e i v i n g  t h e  r e q u i r e d  t e s t  samples. 
Expected da te  o f  complet ion i s  A p r i l  30, 1986. 
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3.4 FRACTURE MECHANICS 

3.4.1 Fracture Mechanics 

Improved Methods __ ~ __^_ Lor . Measuring the Fracture Resis tame .. .. ____. ... of -S truc tura l  
Ceramics 
R .  C .  Bradt a n d  A.  S. Kobayashi (University of Washington) 
_I__.- 

Objective/Scope __-_------- 

The long-term goals o f  this s t u d y  a re  t o  develoD and demonstrate a 
technique comprising a s ing le  measurement, o r  a technique comprising a 
s e t  of cor re la t ive  measurements for  s t ruc tura l  ceramics, including mono- 
l i t h i c  and  composite mater ia ls ,  which will allow the r e l i a b l e  and 
accurate determination of t h e i r  res is tance t o  f rac ture  (crack propaga- 
t i o n )  over the temperature range from 25°C t o  1 4 O O O C .  

Technical Progress - 

Using the chevron-notch method, additional room terrrperature data 
has been generated f o r  monolithic Si3N4 ( G T E  A 2 Y 6 )  and S i c  (Hexaloy) 
materials t h a t  were sta.rted d u r i n g  the l a s t  reporting period. The two 
cornposites t h a t  were received f o r  p e l  iminary evaluation include an 
A1203 matrix / 25 vol% SIC whisker composite and an P,l2O3 matrix / 7 . 5  
vol% S i c  whjsker composite. 

f rac ture  toughness has been expanded t o  include c a p a b i l i t i e s  f o r  plot-  
t i n g  o f  J R ,  GR and KR curves, and also the determination of the work of 
f rac ture  from the d ig i t ized  load-displacement da t .a ,  taken d i r e c t l y  froin 
the t e s t  machine. 

reduced a n d  i s  shown i n  Table I .  The work o f  f rac ture ,  as calculated 
by the computer program ( C H E V R P )  , i s  compared w i t h  the K I C  values and 
the respective standard deviations.  
/ 25 v o l %  S i c  whisker and  the A1703 m a t r i x  / 7.5 vol% S i c  whisker chev- 
ron notched bend specimet?s presented i n  Table I1  have been analysed 
using the computer program described abovc. 

nocied ( 3  DOF/node) bricks w i t h  1000 degrees of freedom i n  the solut ion,  
i s  being modified t o  use a f i n e r  mesh. 
s l i c e  model and the Saka i  modified s l i c e  model, the 3-D method has been 
consis tent ly  s t i f f e r .  T h i s  modification will t e s t  the va l id i ty  of the 
current 3-D analysis by considering the e f f e c t  o f  mesh s i z e  on s t i f f -  
ness. Progress of th i s  task has been somewhat l imited by main  fraine 
computer time a v a i l a b i l i t y .  T h i s  problem - i s  being r e c t i f i e d  by the 
implementation o f  an in-house, dedicated computer. 

The h i g h  temperature t e s t  furnace has been ins ta l led  a n d  tes ted t o  
1200°C. Larger heating elements and improved sealing will be necessary 
t o  obtain the goal of 1400°C. These items a r e  i n  progress. 

B o t h  were obtained from ARC0 Metals Co. 
The computer program used previously only f o r  the calculat ion of 

Some of the i n i t i a l  room temperature, monolithic data has been 

The t e s t  data o f  the A1203 matrix 

l'he "ANSYS" f i n i t e  element numerical model, consisting of e ight  

When compared w i t h  the B l u h m  
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Status o f  Milestones 
--l_-l_--- 

Progress on milestones i s  sat isfactory with the exception o f  the 
ceramic composite materials. I t  i s  evident t h a t  a1 t h o u g h  preliminary 
composite t e s t  specimens have been received and tes ted,  the receipt o f  
the complete ser ies  of specimens for t h a t  p o r t i o n  of the program will 
be s l igh t ly  delayed, 

Prcbl ems Encountered 

No serious problems have been encountered during th i s  period. 

Pub1 ications 

The paper on laser  interferometry i s  being finalized d u r i n g  t h i s  
report period: 

Fracture Toughness Testing o f  Ceramics Using a Laser Interferometric 
Strain Gage, (ACerS. PCRM a t  IrvineT 

Two papers are being written. 

1 .  
2 .  A 3-D Finite Element cI_II-l_lli_.__L-- A n a l y s i s o f o t c h e d  _̂ I__ 3-Point Bend 

______I_______ Fracture Arrest i n  a Ceramic-Ceramic Composite 

Specimen -____-__ 
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Table 5 
Fracture Testing 

(Chevron Notched 3 P o i n t  Bend) 

WO F 

______..* ( J / m z )  
a/W KIC 

(MPa 111 si 
S i-qq- - ( - G m ? - Y - 6 7  _- .......-..___.......___I_ 

0.38  7.99 8 6 . 5  
0.36 7.80 91.1 
0.37 7.99 8 4 . 3  
0.35 7.01 7 5 . 9  

Mean 

0.33 3.31 10 .4  
0.34 2.43 8 . 8 9  
0 .34  3 .08  8.32 
0.32 2.91 1 0 . 0  
0.30 4.34 1 2 . 9  
0.29 3 .83  1 1 . 3  
0.29 3.06 10.7 

___.__-..-.-I__ ___ I_ __- .......... 
7 . 7 0  & 0.47 84.5 i 6.35 ~. .......... ........ 

__ s i c  ( H e x a l o Y r - _ _  
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Table I 1  
Fracture Testing 

ARC0 A1,03/SiC COMPOSITES 
(Chevron Notched 3 Point Bend) 

a/W KI c WO F 

0.47 
0.45 
0.49 
0.44 
0.34 
0.33 
0.38 
0.36 
0.35 

4.93 
5.22 
4.87 
4.07 
4.87 
4.87 
4.30 
4.71 
4.52 

21 f 3  
24.1 
21.1 
21.1 
26.7 
24.2 
21.3 
25.6 
27.4 -. 

23.6 k 2.54 .---- Mean 4.7’1 ?I 0.35 
SA25 

0.43 
0.39 
0.29 
0.34 
0.32 
0.25 
0.34 
0.36 
0.33 
0.35 
0.36 
0.38 
n.37 

5.98 
5.38 
6.75 
6.11 
6.63 
5.08 
5.56 
5.77 
6.39 
5 - 7 5  
6.09 
5,87 
5.91 

43.3 
36.3 
38.6 
45.5 
50.8 
42.4 
41 .O 
37.8 
43.1 
36.9 * 

* 
* 

_I -.- -. ___.. 
I Mean 5.94 -t 0.47 41.6 f 4.24 
*No WOF due t o  incomplete data record 
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Testing and Evaluation of Advanced Ceramics at High Temperature 
in Uniax<aZ Tension 
J. Sankar and V .  S. Avva ( N o r t h  C a r o l i n a  A & T S t a t e  U n i v e r s i t y )  

- Objec t  -i ves/Scope 

The purpose o f  t h i s  e f f o r t  w i l l  be t o  t e s t  and eva lua te  advanced 
ceramic m a t e r i a l s  a t  temperatures up  t o  1 5 0 0 ~ ~  i n  u n i a x i a l  t ens ion .  
T e s t i n g  may i n c l u d e  f a s t  f r a c t u r e  s t r e n g t h ,  stepped s t a t i c  f a t i g u e  
s t r e n g t h ,  and c y c l i c  f a t i g u e  s t r e n g t h ,  a long  w i t h  a n a l y s i s  o f  f r a c t u r e  
su r faces  by scanning e l e c t r o n  microscopy. 
f o l l o w i n g  tasks :  

Task 1. S p e c i f i c a t i o n s  f o r  T e s t i n g  Machine and C o n t r o l s  +- 
( Procurement ) 

Task 2. I d e n t i f i c a t i o n  o f  Pest  M a t e r i a l  ( s )  f (Procurement 
o f  Specimens) 

Task 3. I d e n t i f i c a t i o n  o f  Test Specimen C o n f i g u r a t i o n  
Task 4. S p e c i f i c a t i o n s  f o r  T e s t i n g  G r i p s  and Extensometer + 

(Procurement) 
Task 5. S p e c i f i c a t i o n s  f o r  T e s t i n g  Furnance and C o n t r o l s  + 

(Procurement) 
Task 6. Development o f  Test P lan  
Task 7. High Temperature T e n s i l e  T e n t i n g  
Task 8. Repor t i ng  ( P e r i o d i c )  
Task 9.  F i n a l  Repor t  

T h i s  e f f o r t  w i l l  comprise t h e  

I t  i s  a n t i c i p a t e d  t h a t  t h i s  two ( 2 )  year  program w i l l  h e l p  i n  
understanding t h e  behav io r  o f  ceramic m a t e r i a l s  a t  v e r y  h i g h  temperatures 
i n  u n i a x i a l  t ens ion .  

Techn ica l  -- Progress 

Dur ing  t h e  p a s t  s i x  ( 6 )  months a t t e n t i o n s  were g i v e n  s imu l taneous ly  
t o  a l l  Tasks 1-5 w i t h  s p e c i a l  a t t e n t i o n s  t o  Tasks 3 and 4. The MTS 880 
Automated M a t e r i a l s  T e s t i n g  Machine ordered under Task 1 i s  now a t  A & 'f. 
P r e s e n t l y  c a l i b r a t i o n  and f a m i l i a r i z i n g  o f  the machine i s  underway. As 
r e p o r t e d  p r e v i o u s l y  GTE S i l i c o n  N i t r i d e  SNW-1000 i s  s e l e c t e d  as t h e  
cand ida te  m a t e r i a l  f o r  t h e  program. 

w i t h  t h e  p roper  t e s t  specimen c o n f i g u r a t i o n .  Var ious specimen c o n f i g u r a -  
t i o n s  were i n v e s t i g a t e d  d u r i n g  t h e  r e p o r t i n g  p e r i o d  and q u o t d t i o n s  were 
r e c e i v e d  f rom GTE f o r  f a b r i c a t i n g  GTE S i l i c o n  N i t r i d e  SNW-1000 b u t t o n  
head c i r c u l a r  c r o s s - s e c t i o n a l  t e n s i l e  samples. U n f o r t u n a t e l y  t h e  samples 
des ign  which was r e p o r t e d  p r e v i o u s l y  has t o  be s l i g h t l y  changed now t o  
overcome some d i f f i c u l t i e s  which a r e  a n t i c i p a t e d  f rom t h i s  p rev ious  
design. 
Oxide samples a t  ORNL revea led  t h a t  t h e  shank area which was 10 mm 
( .39")  
t e s t i n g .  

Dur ing  t h e  r e p o r t i n g  p e r i o d  much a t t e n t i o n  was focused on coming up 

D iscuss ion  w i t h  Ken L iu ,  who used s i m i l a r  des igh f o r  Alumninum 

i n  d iameter  p r e m a t u r e l y  cracked under g r i p p i n g  p ressu re  d u r i n g  
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Attached is the final drawing for the SNW-1000 Silicon Nitride 
Tensile Test Specimen. In the new sketch the shank diameter had been 
changed to 12 mm (.47") from the previous 10 mm ( . 3 9 " )  and the shank- 
button head joint radius of curvature to 3 mm R ( .12 R )  from 4 mm R 
(.16 R ) .  With all other previous parameters remaining the same, this 
has resulted in a longer length in the neck section thereby increasing 
the overall length to 152 mm ( 6"). 
tolerances and the surface finish requirements are given in the figure. 
Ordering of the samples from GTE i s  present1 underway. 

As far as the test grips are concerned Y Task 41, a T i p  similar t o  
the hydraulic self-aligning grip system suggested by K. C. Liu of QRNL 
for h i s  program "Tensile Cyclic Fatigue of Structural Ceramics" is 
selected. These grips which are fabricated through the Tennessee Tool 
and Engineering Inc., Oak Ridge are already now at A & T and being mounted 
on the MTS 880 system. 

Status of Milestone 

Other specimen dimensions, 

Tasks 1-4 are complete. 
holders are being worked r?ut now. Furnace specifications are also being 
modified t o  accomodate the new specimen and load train design. 

Specifications for the high temperature 
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Standard Tensi le  Test Development 
S. M .  Wiederharn, Leon Chuck and Tze-jer Chang 
(National Bureau of Standards) 

Objective/Scope 

This project is concerned with the development of test equipment 
and test procedures for measuring the strength and creep resistance o f  
ceramic materials at elevated temperatures. The goal of the project is 
t o  dssist in the development o f  a reliable data base that can be used 
for structural design o f  heat engines for vehicular applications. 

The mechanical strength of ceramic materials is usually measured 
in a flexural test configuration because o f  the ease of conducting such 
tests on these materials. Flexural tests are also relatively 
inexpensive t o  run, requiring a minimum of effort in the way of 
specimen preparation and test facility construction. Specimens 
consisting o f  small rectangular parallel pipeds are prepared by simple 
grinding and polishing operations, and testing is usually conducted 
with a simple compressive load train. 

Despite the usefulness o f  flexural testing as' a general means of 
characterizing strength, the technique is not capable o f  praviding 
critical engineering data for structural design. At l o w  temperatures 
the technique measures strength on a limited volume, which is usually 
not sufficient for the extreme value statistics required for lifetime 
prediction on this materials. At elevated temperatures creep occurs in 
ceramics and as a consequence the stress distribution within the test 
specimen changes with time, precluding an accurate analysis of the 
creep and creep riupture process. Crucial for purposes of design, such 
analyses require testing i n  pure states o f  stress: both compression 
and tension are required, Whereas compressive testing is relatively 
simple, tensile testing is not, and there is a pressing need for a 
relatively inexpensive tensile test that can be used routinely to 
obtain strength and creep data. 

I n  this program an inexpensive technique of measuring the creep 
and strength o f  ceramics at elevated temperatures i s  being developed 
and will be used to characterize the mechanical behavior o f  structlrral 
ceramics a t  elevated temperatures. The t e s t  method will be inexpensive, 
using s e l f  aligning test fixtures, and simple grinding techniques for 
specimen preparation. Creep data obtained with this technique will be 
compared with data obtained from other tensile test techniques, and 
w i t h  data obtained by flexure and compressive creep studies. 

Technical progress 
---11 

An experimental loading fixtiire and test specimen has been 
developed which is of a unique design. Shaped like a clothespin, the 
test fixture permits experiments t o  be conducted i n  compressive 
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loading, which i s  of advantage a t  e levated temperature. The equipment 
i s  capable o f  studying creep in s t r u c t u r a l  ceramics t o  a temperature of  
15000C a n d ,  has been used a t  a temperature as  high a s  1380OC. A 
schematic diagram, and photographs of the  test ,  f i x t u w  a r e  show in 
f igu re  1. As  can be seen the  t e s t  f i x t u r e  cons i s t s  of two levers ,  the  
lower one r e s t ing  aga ins t  the  - f la t  surface of a ram t h a t  i s  attached t o  
a load c e l l  via a push rod t h a t  e x i t s  the  b o t t o m  of the furnace.  The 
upper lever i s  of a s p l i t  design t o  dvoid bending forces about the  
broad  face of the simple dog bone shaped specimen used with t h i s  
f i x t u r e .  Load reversal  i s  accomplished by a r o l l e r  bearing t h a t  i s  
located between the  two levers .  The r o l l e r  bearing i s  half-way betdeen 
the  point; of load appl ica t ion  and the  t e n s i l e  specimen, so t h a t  the  
load  on the  specimen i s  of the same magnitude as  the external  applied 
load. The shoulders o f  the  t e s t  specimens a r e  rounded t o  permit s e l f  
alignment a l o n g  an axis  perpendicular t o  the narrow face of the 
specimen. 

Specimens a re  made by simple grinding operat ions.  A block o f  
material  with two o f  the  dimensions equal t o  the height and  width of 
the t e s t  specimens i s  reduced in cross-sect ion using a shapi?d g r i n d i n g  
wheel, which leaves the cross-sect ion of the  block ident ica l  t o  t h a t  of 
the  cross-sect ion of the  t e s t  specimen. A thin diamond cut t ing  blade 
i s  then used t o  cut  specimens froin the  block. Using a spec ia l  f i x t u r e  
t o  h o l d  each specimen, the  shoulders a re  then rounded f o r  s e l f  
alignment. Following t h i s  procedure, an i n i t i a l  batch o f  35 t e s t  
specimens were made in the  NBS grinding shop. The estimated c o s t  o f  
these specimens was approximately $60 each, which makes them only three 
times as expensive as f lexura l  t e s t  bars from the  same mater ia l .  The 
p r i ce  per specimen i s ,  however, much l e s s  t h a n  other  specimens t h a t  
have been used the  past  creep s tud ie s .  If t h i s  experimental 
configurat ion works o u t  wel l ,  addi t ional  specimens wi l l  be made from 
the  other  mater ia l s  used in the  p ro jec t .  

I n i t i a l  t e s t s  a r e  being conducted a t  1300°@, on a cornmercial grade 
of s in t e red  s i l i con ized ,  s i l i c o n  carbide ( K X - 0 1 ) .  The t e s t  temperature 
i s  s u f f i c i e n t l y  h i g h  t h a t  the  s i l i c o n  behaves as  a s o f t  metal. 
Consequently, specimens creep a t  a reasonable r a t e  fur  t h i s  s tudy,  

sec- l  t o  s e c - l .  To o b t a i n  accurate  measurements o f  the  
creep r a t e ,  displacement measurenients were made d i r e c t l y  on the  gauge 
sect ion of  the  specimens. A high reso lu t ion  te lescope with a working 
d is tance  of  approximately 10 cm was constructed t o  view the  specimen 
surface.  The gauge sect ion was marked with a s e t  o f  a l p h a  s i l i c o n  
carbide f l a g s  t h a t  were glued onto the  specimen gauge sec t ion .  At 
elevated temperatures,  the  f l ags  s in te red  t o  the gauge sect ion and  
hence were firmly attached t o  the  specimen, f igu re  2 .  To enhance 
v i s i b i l i t y  o f  the  f l a g s ,  p l a t i n u m  wires were attached t o  each f l a g .  
The surface of the  f l a g s  were marked w i t h  l i nea r  indentat ions so t h a t  
the posi t ion of the  wires c o u l d  be monitored during creep with the  
te lescope.  A high- in tens i ty ,  f i b e r  op t ics  tungsten lamp was used f o r  
i l luminat ion,  and  a blue-green f i l t e r  was used t o  screen the  background 
rad ia t ion  froin the  furnace.  Using t h i s  system, the  displacement during 
creep could be measured t o  an accuracy of approximat,ely 2 micrometers, 
a t  1300OC. 
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HIGH TEMPERATURE SILICON 
CARBIDE TENSILE FIXTURE 

I 
SIC Lower  Fixture 

,All! 

T e n s l l e  S p e c l m e n  

S p e c l f l c a t l o n s  

1500 o c  
s 2 . 0  %E 
0 > 2 0 0  MPa 

F i g u r e  1. C l o t h e s p i n  Design t e s t  f i x t u r e :  ( a )  Schematic o f  f i x t u r e  and 
t e s t  specimen; ( b )  photograph o f  t e s t  f i x t u r e  mounted i n  furnace.  
Specimen i s  mounted t o  t h e  f i x t u r e  and f l a g s  a r e  a t tached  t o  t h e  gauge 
s e c t i o n  o f  t h e  specimen. The l o c a t i o n  o f  t h e  thermocouple which i s  used 
t o  measure t h e  temperature o f  t h e  specimen i s  a l s o  apparent on t h e  
f i g u r e .  
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Figure 2. Photograph of the alpha silicon carbide flags that are used 
to measure the displacement of the gauge of the specimen during 
deformation. The linear indentations in  the platinum wires are not 
visible i n  this figure. 
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Creep tests on siliconized, silicon carbide specimens prepared by 
the NBS grinding shop are being carried out at 130OoC at applied 
stresses ranging from 75 to 200 MPa, for periods of the order of 200 
hours. The system is capable of determining displacements to an 
accuracy of approximately 2 micrometers which permits creep rates as 
low as 
to date, the test fixture has performed well. However, two of the 
fixtures have broken, suggesting the need for a stronger grade of 
silicon carbide for higher stresses. Studies suggest that steady state 
creep occurs in siliconized, silicon carbide at approximately 20 hours 
after load application, figure 3 .  This result contrasts with bending 
creep studies on this material, in which transient creep was observed 
for periods of time ranging up to hundreds of hours. Because the 
characterization o f  creep in complex loading is important to the 
development of engineering criteria for structural desigo, one of the 
first investigations to be conducted will be directed towards the 
resolution of this difference in creep behavior. 

of the applied tensile stress, a full evaluation o f  the accuracy and 
reproducibility of the tensile creep test being developed requires a 
determination of the bending that occurs during the test. To evaluate 
the amount o f  bending, an apparatus was constructed for us by Professor 
K. Jakus of the University o f  Massachusetts. The equipment is similar 
in design to that o f  a Tzlysurf Profilometer, but is capable o f  
measuring surface displacement over much longer distances ('"5 cm). The 
stylus used to contact the surface is a sapphire sphere which reduces 
wear during contact. The equipment i s  controlled by a computer so that 
the curvature o f  the specimen can be calculated directly from the 
displacement data. The curvature is used to calculate the strain due to 
bending. Preliminary investigations suggest that strain in bending is 
approximately 10 percent of that in tension. Once the construction of 
the equipment has been completed, it will be used t o  monitor bending of 
tensile specimens from this and other laboratories. 

sec'l to be measured. In the eight tensile tests conducted 

Since bending leads to parasitic stresses, which are not a result 

Status of Milestones 

Test technique development: To date all milestones have been met 
or are on target. The clothespin design test fixture has been 
constructed and i s  operational. The construction of a second test 
fixture using a more standard pin and clevis fixture has been started, 
and should be completed by 9/86. If agreement is obtained between these 
two techniques, the construction of a third type of test fixture 
(powder grip design) will be canceled. 

Comparison of Creep data obtained in tensile testing with that 
obtained in compression and bending: This portion of the program is 
ahead of schedule. Creep data has already been obtained in bending; 
compressive creep equipment is being constructed. Data collection on 
this portion of the program will be completed as of 9/86. Two lectures 
on this subject will be presented at the Annual Meeting o f  the American 
Ceramic Society in May. In collaboration with T.-J. Chuang who is 
supported by the Fossil Energy program of the Department of Energy, a 
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Figure  3. Creep da ta  ob ta ined on s i l i c o n i z e d ,  s i l i c o n  carb ide  ( K X - O l ) ,  
a t  130OoC and a l o a d  o f  100 IlPa. T r a n s i e n t  creep i n  t h i s  specimen 
l a s t s  for  o n l y  20 hours. 
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,tress analysis o f  creep in bending has been completed. T h i s  
11 be used to explain our creep d a t a .  A paper on this 
1 be written by 12/86. 
aboratory comparison o f  tensile test method: Although the 
for this portion o f  the program lie in the f u t u r e ,  a 
is being made between our data and that collected at 
a State University on the same material. We view this 
as a prelude t o  a interlaboratory comparison on tensile test 
for ceramic materials at elevated temperatures. 

Publications 

"Design Criteria for High Temperature Structural Applications" S.M. 
Wiederhorn and E.R. Fuller, Jr. Proceedings o f  the Second International 
Symposium "Ceramic Yaterials and Components for Engines," Libeck- 
Travemsnde, Federal Republic of Germany, April 14-17, 1986. 
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3 .5  NONDESTRUCTIVE EVALUATION DEVELOPMENT 

Nondest ruc L- ive Exeinination 
R. W .  McClung (Qak 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 purpose o f  t h i s  program i s  t o  conduc t  n o n d e s t r u c t i v e  e v a l u a t i a n  
( N E )  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  ceram- 
i c s  t h a t  a f f e c t  t h e  s t r u c t u r a l  per fo rmance.  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  c o n s i d e r e d  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 i c r o s t r u c t u r e .  T h i s  
work  seeks t o  c h a r a c t e r i z e  t h o s e  f e a t u r e s  b y  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 a w s  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 .  

T_e_chni c a l  p r o q r e s  

U l t r a s o n i c s  - W .  A .  Simpson, J r .  

We have r e c e i v e d  a h igh-speed u l t r a s o n i c  peak d e t e c t o r  t h a t  was 
o r d e r e d  t o  p e r m i t  r e c o r d i n g  o f  sma l l  f l a w s  i n  ceramics .  T h i s  u n i t  i s  
capab le  o f  respond ing  t o  t h e  s i n g l e  occu r rence  o f  o n e - h a l f  c y c l e  o f  a 
100-MHz s i g n a l .  Upon r e c e i p t  o f  t h e  d e t e c t o r ,  we scanned a 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  s t a n d a r d  t h a t  had p r e v i o u s l y  been shown t o  c o n t a i n  
numerous v o i d s  ahou t  25 p m  i n  d i a m e t e r .  Us ing  an e x t e r n a l  120-luiHz, 20-elB- 
g a i n  p r e a m p l i f i e r  t o  b o o s t  t h e  t o t a l  g a i n  o f  t h e  system, we found t h a t  t h e  
s c a t t e r i n g  f rom such f l a w s  c o u l d  e a s i l y  d r i v e  t h e  peak d e t e c t o r  t o  f u l l -  
s c a l e  o u t p u t  even when t h e  r e p e t i t i o n  r a t e  o f  t h e  u l t r a s o n i c  p u l s e r  was 
reduced t o  a v a l u e  t h a t  wou ld  p e r m i t  o n l y  a s i n g l e  occu r rence  t o  be 
a c q u i r e d .  

d i g i t i z a t i o n  o f  t h e  a c q u i r e d  s i g n a l ,  we m o d i f i e d  o u r  system scan 
c o n t r o l l e r  t o  p e r m i t  t h e  d e t e c t o r  o u t p u t  t o  be i n t e r f a c e d  t o  o u r  rninicorn- 
p u t e r .  The system p r e s e n t l y  d i g i t i z e s  t h e  u l t r a s o n i c  s i g n a l  a m p l i t u d e  b u t  
has an upper  f requency  l i m i t  o f  abou t  20 MHz. With t h e  i n t e g r a t i o n  o f  t h e  
new d e t e c t o r ,  we can g e n e r a t e  u l t r a s o n i c  g ray -sca le  C-scans a t  f r e q u e n c i e s  
f r o m  1 t o  100 MHz. 

As an i n i t i a l  t e s t  o f  t h e  new system, we used a 50-MHz c e n t e r -  
f requency  t r a n s d u c e r  t o  scan t h r e e  z i r c o n i a  modulus o f  r u p t u r e  (MOR) b a r s  
t h a t  we had p r e v i o u s l y  examined w i t h  a c o n v e n t i o n a l  20-MHz u l t r a s o n i c  
system and f o r  w h i c h  we r e p o r t e d  t h e  d e t e c t i o n  o f  e i g h t  f l a w s  h a v i n g  
a m p l i t u d e s  e q u i v a l e n t  t o  o r  l a r g e r  t h a n  a 250-prn ( 0 . 0 1 - i n . )  manufac tured  
f l a w .  A l l  e i g h t  o f  t h e s e  f l a w s  were d e t e c t e d  and r e c o r d e d  w i t h  t h e  new 
system ( i n  f a c t ,  a l l  e i g h t  y i e l d e d  s i g n a l s  s u f f i c i e n t l y  l a r g e  t o  s a t u r a t e  
t h e  d e t e c t o r )  and sco res  o f  s m a l l e r  i n d i c a t i o n s  a s  well. I n  p a r t i c u l a r ,  
two o f  t h e  b a r s  were found  t o  have c l u s t e r s  o f  20 t o  50 i n d i c a t i o n s  ( a l l  
b u t  two o f  w h i c h  were s m a l l e r  t h a n  t h e  s i g n a l  f r o m  a 250-prn d i s c o n t i n u i t y )  
w i t h i n  a 0.4-cm2 a r e a .  

Because t h e  peak d e t e c t o r  i s  a d i g i t a l  i n s t r u m e n t  w i t h  i n t e r n a l  
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F i g u r e  1 shows t h e  r e s u l t s  o b t a i n e d  on t h r e e  z i r c o n i a  ba rs .  The 
f i g u r e  i s  p l o t t e d  i n  g r a y  s c a l e  so t h a t  t h e  f u l l  range o f  s c a t t e r i n g  
amp l i t udes  can be dep ic ted .  
f rom d i s c r e t e  sources w i t h i n  each b a r  and r e p r e s e n t  d i s c o n t i n u i t i e s  i n  t h e  
l o c a l  a c o u s t i c  p r o p e r t i e s  o f  t h e  ceramic.  These d i s c o n t i n u i t i e s  a l l  l i e  
a t  a dep th  o f  about  1 .5  mm; a d d i t i o n a l  scans would be necessary t o  f u l l y  
cove r  t h e  volume o f  each b a r .  

These samples were scanned w i t h  b o t h  25- and 50-MHz broad-band t r a n s -  
ducers,  and t h e  r e s u l t s  were v i r t u a l l y  i d e n t i c a l .  T h i s  i s  n o t  s u r p r i s i n g ,  
because t h e  r e l a t i v e l y  l a r g e  g r a i n  s i z e  i n  t h i s  m a t e r i a l  causes severe 
s c a t t e r i n g  l o s s e s  and l i m i t s  t h e  maximum f requency t o  about  35 MHz. 

125-prn (0.005- in . )  manufactured d i s c o n t i n u i t y  i n  s i l i c o n ,  was a v a i l a b l e  
f o r  s tudy .  A scan o f  t h i s  sample i n d i c a t e d  t h a t  t h e  f l a w  c o u l d  e a s i l y  be 
d e t e c t e d  and recorded, d r i v i n g  t h e  peak d e t e c t o r  t o  f u l l - s c a l e  o u t p u t  w i th  
a g a i n  r e s e r v e  o f  about  16 dB. 

z i r c o n i a  t h a t  con ta ined  a number o f  n a t u r a l l y  o c c u r r i n g  i n d i c a t i o n s  whose 
frequency-dependent s c a t t e r i n g  c h a r a c t e r i s t i c s  were p r e v i o u s l y  r e p o r t e d  t o  
i m p l y  a d iamete r  o f  about  25 vm. 
i n d i c a t i o n s  were reco rded  a t  about 75% o f  t h e  f u l l - s c a l e  o u t p u t  o f  t h e  
peak d e t e c t o r .  W i t h  a scan index  o f  25 pm, a l l  i n d i c a t i o n s  were 
r e p e a t e d l y  and r e l i a b l y  d e t e c t e d  and recorded.  

e v a l u a t i o n ,  and p r e l i m i n a r y  examinat ion i n d i c a t e d  t h a t  t h e r e  was l i t t l e  
b u l k  s c a t t e r i n g  l o s s  f rom these specimens up t o  t h e  100-MHz l i m i t  o f  o u r  
system. A c c o r d i n g l y ,  a 645-mm' ( 1 - i n . ' )  area was scanned w i t h  a 50-MHz 
broad-band t ransducer  whose -20-dB upper- f requency l i m i t  exceeds 80 MHz. 
FT'gures 2 and 3 show t h e  r e s u l t s .  I n  F i g .  2, t h e  d a t a  a r e  p resen ted  i n  
g r a y  sca le ,  and numerous i n d i c a t i o n s  can be seen as w e l l  a s  a p e r i o d i c  
v a r i a t i o n  i n  t h e  background b r i g h t n e s s ,  which i s  p robab ly  caused by den- 
s i t y  v a r i a t i o n s  i n  t h e  ceramic.  The l i g h t  s t r e a k  a t  t h e  r i g h t  o f  
t h e  f i g u r e  i s  a su r face  f e a t u r e .  

F i g u r e  3 shows t h e  same da ta  p l o t t e d  i n  a manner such t h a t  o n l y  those  
f e a t u r e s  whose s c a t t e r i n g  amp l i t ude  exceeds a t h r e s h o l d  a r e  p l o t t e d .  T h i s  
shows o n l y  t h e  f l a w s ;  t h e  t h r e s h o l d  i s  6 dB below t h e  f u l l - s c a l e  o u t p u t  o f  
t h e  peak d e t e c t o r ,  so t h e  i n d i c a t i o n s  shown i n  t h e  f i g u r e  have r e l a t i v e l y  
large amp l i t udes .  A s  b e f o r e ,  t h e  b a c k s c a t t e r i n g  spec t ra  f rom some o f  t h e  
s m a l l e s t  o f  t hese  i n d i c a t i o n s  i m p l y  a d iamete r  o f  about 25 im. 

We have a l s o  r e c e i v e d  on l o a n  t h r e e  s i l i c o n  n i t r i d e  standards From 
GTE Products  Corp. These samples ( I ,  11, and 111) c o n t a i n  manufactured 
f l a w s  c o n s i s t j n g  o f ,  r e s p e c t i v e l y ,  numerous 100- t o  200-pm vo ids ;  t h r e e  
"cracks"  200 psn t h i c k  by 1 . 5  mm'; and c y l i n d r i c a l  v o i d s  100 pin i n  diameter  
by 1 .5  mrn l ong .  Because o f  t h e  r e l a t i v e l y  l a r g e  s i z e  o f  these f l a w s ,  a 
25-MHz cen te r - f requency  t ransducer  was found t o  he s u f f i c i e n t .  
t h rough  6 show t h e  c o n s t a n t  g a i n  r e s u l t s  on t h e  t h r e e  samples. I n  F igs .  5 
and 6, seve ra l  i n d i c a t i o n s  i n  a d d i t i o n  t o  t h e  i n tended  f l a w s  were 
de tec ted ,  and t h e r e  i s  a p p a r e n t l y  o n l y  a s i n g l e  manufactured d e f e c t  i n  
sample 111. F i g u r e  7 shows t he  d a t a  From sample I1 i n  pseudo three- 
dimensional  form, which g e n e r a l l y  p r o v i d e s  be t te r -  ampl-itude d i s c r i m i n a t i o n  
than  even a gray -sca le  p r e s e n t a t i o n .  

The b l a c k  specks a r e  caused by s c a t t e r i n g  

A second sample, f a b r i c a t e d  on another  program and c o n t a i n i n g  a 

The n e x t  sample examined was a smal l  p i e c e  o f  p a r t i a l l y  s t a b i l i z e d  

W i t h  maximum g a i n  o f  t h e  system, these 

Severa l  p i e c e s  o f  m o n o l i t h i c  s i l i c o n  n i t r i d e  were a l s o  a v a i l a b l e  f o r  

F igu res  4 
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ORNL-DWG 86-10214 

F i g .  1. Z i r c o n i a  modulus o f  rupture (MOR) b a r s ,  showing numerous 
u l t r a s o n i c  i n d i c a t i o n s .  



317 

Fig .  2. Gray-scale p r e s e n t a t i o n  o f  s c a t t e r i n g  f rom 645 mm2 (1 i n . 2 )  
o f  m o n o l i t h i c  s i l i c o n  n i t r i d e ,  showing numberous i n d i c a t i o n s .  
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FREQUENCY = 2 5 . 0 8  G R I N  = la0 

THRESHOLD = 128 

F i g .  4 .  Detec t ion  of 100- t o  200-~rn voids i n  s i l i c o n  n i t r i d e .  
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DISC ~2 

FREQUENCY = 25 .00  

G R I N  = 40  

THRESHOLD = 128 

0 

F i g .  5 .  Detect ion o f  t h r e e  "cracks" i n  s i l i c o n  n i t r i d e .  
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DISC # 3  

FREQUENCY = 25.00 

G R I N  = UO 

THRESMULD = 128 

F i g .  6 .  D e t e c t i o n  o f  a 100-~rm-diam cylindrical v o i d  i n  silicon 
n i  t r i d e .  



F i g .  7.  Pseudo three-dfmensiona’l v i e w  o f  crack standards 9’r; s-il-icon n i t r i d e .  
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Because t h e  d e t e c t a b i l i t y  o f  a f l a w  i s  dependent on t h e  wavelength o f  
t h e  u l t r a s o n i c  energy and f o c a l  spo t  s i z e  o f  t h e  t ransducer ,  we a r e  
o r d e r i n g  h ighe r - f requency  (75-100-MHz) u n i t s  f o r  e v a l u a t i o n .  They should 
p r o v i d e  some improvement, because i t  i s  c l e a r  t h a t  we a r e  now l i m i t e d  by 
t ransducer  c h a r a c t e r i s t i c s  r a t h e r  than  by t h e  u l t r a s o n i c  i n s t r u m e n t a t i o n .  

Three composi te ceramic specimens c o n s i s t i n g  o f  s i l i c o n  c a r b i d e  
wh iske rs  i n  a lumina have been ob ta ined .  
wh iske rs  about  100 and 200 p m  i n  d iameter ,  r e s p e c t i v e l y ,  as determined by 
scanning e l e c t r o n  microscopy a n a l y s i s  o f  a f r a c t u r e  su r face .  
sample appears t o  be r e l a t i v e l y  homogeneous. We p r e v i o u s l y  were a b l e  t o  
examine b r i e f l y  a s i m i l a r  specimen and found t h e  e l a s t i c  b e h a v i o r  t o  
approximate t h a t  o f  m o n o l i t h i c  ceramics,  because t h e  wh iske r  d iamete r  i s  
much s m a l l e r  t han  t h e  u l t r a s o n i c  wavelength (-100 pm). 

u l t r a s o n i c  s t u d i e s .  

Two o f  them have clumps o f  

The t h i r d  

The samples a r e  b e i n g  radiographed, f o l l o w i n g  which we w i l l  b e g i n  

Radiography - 8. E. F o s t e r  

A t h i r d  s i l i c o n  n i t r i d e  MOR b a r  was o b t a i n e d  w i t h  no apparent  d i s -  
c o n t i n u i t i e s .  
However, we o n l y  o b t a i n e d  h o l e s  5 and 8 vm deep. .We were success fu l  i n  
p l a c i n g  100-pm-diam h o l e s  w i t h  depths o f  30 and 70 pm and 75 pm-diam h o l e s  
w i t h  depths o f  22 and 37 pm. 

Three o f  t h e  f o u r  h o l e s  were imaged w i t h  a r a d i o g r a p h i c  technique.  
We now have h o l e  s tandards w i th  c a l c u l a t e d  e q u i v a l e n t  penetrameter sensi -  
t i v i t i e s  f rom 0.5 t o  3% and s imu la ted  s p h e r i c a l  v o i d s  w i t h  approximate 
d iamete rs  o f  20 t o  180 p m .  

The t h r e e  MOR b a r s  ( r a d i o g r a p h i c  h o l e  s tandards)  c o n t a i n i n g  f l a t -  
bot tom h o l e s  w i t h  d iamete rs  o f  75, 109, 125, and 250 p m  and depths f rom 10 
t o  70 IJm were taken t o  Ridge, I n c . ,  Tucker,  Georgia,  The purpose was t o  
e v a l u a t e  the  ach ievab le  s e n s i t i v i t y  o f  mic ro facus  p r o j e c t i o n  and tomography 
equipment. 
i n t e r n a l  t o  t h e  X-ray tube .  Suspected were a m i s a l i g n e d  f i l a m e n t ,  
a s t i g m a t o r  c o i l s ,  and a h a l o  f o c a l  spo t  ( a  second f o c a l  spot ,  but. l a r g e r  
i n  d iamete r ) .  A f t e r  t h e  equipment problems a re  r e s o l v e d ,  we w i l l  a t t empt  
t h e  e v a l u a t i o n  again.  

We requested and r e c e i v e d  t h e  sho r t - te rm l o a n  o f  t h r e e  s i l i c o n  
n l t r i d e  "s tandards"  f r o m  GTE Products  Corp. i n  Belmont, C a l i f o r n i a .  The 
sample i d e n t i t y  and c h a r a c t e r i z a t i o n  o f  t h e  i n t e n t i o n a l  i n t e r n a l  d e f e c t s  
were as f o l l o w s :  

We at tempted t o  p l a c e  50-pm-diam h o l e s  w i th  50-l.1~ depths.  

However, we exper ienced problems t h a t  were diagnosed as b e i n g  

Thickness ~ D iameter , 
Sample .....x. ~ mm ( i n . )  mm ( in. tq _I_-......____.._._...I_______I__ Defec ts  

I 4.2 (0.167) 17.3 (0.691) Voids 0, l -0.2 mm (0.004-0.008 i n . )  

I1 5.6 (0.226) 17.3 (0.691) Cracks 0 .2  mrn t h i c k  by 1.5 mm long 
(0.008 by 0.062 i n . )  

I I I  5.0 (0.198) 17.3 (0.691) C y l i n d r i c a l  v o i d s  0 . 1  mrn diam by 
1.5 mm l o n g  (0.004 i n .  by 
0.062 i n . )  
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The samples were f i r s t  r a d i o g r a p h e d  (X-ray beam p a r a l l e l  t o  sample 
The exposure t ime was a x i s )  w i t h  an X-ray energy  o f  48 kVcp and 25 mA. 

v a r i e d  t o  accommodate t h e  d i f f e r e n t  sample t h i c k n e s s e s  w i t h  t h e  f o l l o w i n g  
o b s e r v a t i o n s :  

Sample I - Many i r r e g u l a r l y  shaped v o i d s  (0.1-0.2 mm i n  d iamete r ) .  
Sample I1 - Three r e c t a n g u l a r  v o i d s  (1.5---2 rnm per s i d e ) ;  no i n d i c a -  

Sample I11 - A s i n g l e  v o i d  ( 0 . 1  mm w ide  by 1.5 rnm l ong ) .  

Pho tog raph ic  r e p r o d u c t i o n s  o f  t h e  r a d i o g r a p h s  o f  t h e  three samples 

t i o n s - o f  c r a c k s .  

a r e  shown i n  F i g .  8 w i t h  an en la rgement  o f  a p p r o x i m a t e l y  2 .5 t i m e s .  The 
r a d i o g r a p h s  were p r i n t e d  d i r e c t l y  i n s t e a d  o f  making n e g a t i v e s  and t h e n  
p r i n t i n g ,  r e s u l t i n g  i n  t h e  image r e v e r s a l  ( t h e  v o i d s  a r e  t h e  w h i t e  areas 
i n  t h e  photographs) .  

We t h e n  r a d i o g r a p h e d  t h e  samples w i t h  t h e  X-ray beam p a s s i n g  t h r o u g h  
t h e  d i a m e t e r  ( t h e  17.3-rnm t h i c k n e s s )  w i t h  an energy  o f  95 kVcp and 10 FA, 
and we o b t a i n e d  t h e  f o l l o w i n g  r e s u l t s :  
- Sample I - The v o i d s  were shown t o  be loca ted  i n  a cent ra l  p l a n e  

( 8 . 1  riim wide) a c r o s s  t h e  d i a m e t e r  s f  t h e  sample. 
Sampl..c_..I.J. - The t h r e e  v o i d s  were s h o w  t o  be l o c a t e d  i n  a cent ra l  

p lane ,  c r a c k 1  i ke i n  appearance w i t h  w i d t h s  l e s s  than 0 . 1  nini and l e n g t h s  o f  
1 .5 t o  2 mm. 

c y l i n d r i c a l  w i t h  a d i a m e t e r  o f  0 . 1  inm. 
Sample 111: - The v o i d  was showi! t o  be loca ted  i n  i', central  p lanep  

S t a t u s  o f  mi les tonec ,  

No m i l e s t o n e s  were comple ted  du r ing  t h i s  p e r i o d .  

P u b l i c a t i o n s  

None. 
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Fig .  8. Photographic reversal  o f  radiographs o f  th ree  s i l i c o n  
n i t r i d e  "standards".  



326 

Computed Tomography - W. A. Ellingson and E. Segal (Argonne National 
La bora t ory ) 

Ob j ec t i  ve/scope 

The purpose of this program is to  develop x-ray computed tomographic 
( C T )  imaging for  application to  structural  ceramic materials. 
technique has the potential for mapping density dis t r ibut ions,  detecting 
and sizing h i g h -  and low-density inclusions, and detecting cracks i n  
green-state and densified ceramics. CT imaging is  capable of inter-  
rogating the fu l l  volume of a component, and is noncontacting. 
re la t ively insensit ive t o  part shape and thus can be used to  inspect 
components w i t h  complex shapes , such as turbocharger rotors or turbine 
blades. l Y 2  

T h i s  

I t  i s  also 

Technical progress 

Efforts d u r i n g  the current reporting period included extensive ana- 
lyt ical  and experimental work on beam-hardening corrections for  a medical 
x-ray CT scanner. 
several other materials in order to  develop the necessa?y information f o r  
calibration. 

the detailed resul ts  of t h i s  work are discussed, a few general comments 
will be made about the CT technique. I t  i s  n o t  possible here, however, 
t o  give more than a brief overview o f  how CT scanners work. More complete 
discussions of the method may be found in Refs. 3-5. 

CT scans were made of green-state Si  N4 as well as 

This is  the f i r s t  report submitted on this project, and so before 

Brief background on CT scanner operation 

Computed tomography i s  the reconstruction by d ig i ta l  computer of a 
tomographic plane ("s l ice")  of an object. 
intensity of a collimated x-ray beam passing through a t e s t  object i s  
measured by an array of detectors located on the other side of the object. 
Figure 1 i l l u s t r a t e s  the t ranslate-rotate  method used i n  f irst-  and 
second-generation CT scanners. After each translation, which generates a 
projection data s e t ,  the source-detector p a i r  i s  rotated about the object 
(or conversely, the object is rotated s l igh t ly  and moved through the beam 
again). 
180 degrees, the individual projection data se t s  are "summed" w i t h  a com- 
puter t o  generate a highly accurate reconstructed cross-sectional image 
of t h a t  s l i c e  of the object. 
be raised or lowered to  a different  location on the object and another 
s l i c e  scanned. Because the reconstructed image i s  processed by a com- 
puter, enhancement techniques can be used to  accentuate various parts of 
the image. 

I n  computed tomography, the 

When the object has been scanned/rotated through , typically , 

The x-ray source and detector array can then 
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X-RAY SOURCE I OBJECT 
PLANE OF INTEREST 

DETECT0 R- 

Figure 1. Schematic diagram of the computerized transaxial  scanning 
procedure used t o  obtain transmission-profile data.  
t ec tor  move synchronously a t  each 8 posit ion.  

The source and de- 
Four 9 posit ions a re  shown. 

A tomographic system exposes only a small cross-sectional s l i c e  o f  
the t e s t  object a t  any g i v e n  time, thus eliminating the superposition of 
features tha t  occurs when a three-dimensional object i s  portrayed i n  two- 
dimensional imagery -- one o f  the main sources of ambiguity i n  conven- 
t ional f i lm radiography. The r e s u l t  o f  such superpositioning i s  t h a t  
defects often cannot be characterized o r  located w i t h  precision. 

The numerous design considerations for CT systems include range o f  
specimen s i zes ,  dens i t ies ,  and weights; t h r o u g h p u t ;  resolution require- 
ments; and cost .  Figure 2 shows a diagram of  several CT scanner con- 
f igurat ions tha t  are  available.  
scanner, which uses a single detector.  
t rans la t ing  the source-detector (S-D) pa i r ,  then rotat ing the object  o r  
the S - D  pai r  t h r o u g h  N angular posit ions,  as shown i n  F i g .  1. The second- 
generation CT scanner i n  F i g .  2(B) d i f f e r s  from a f i rs t -generat ion scanner 
primarily i n  the s u b s t i t u t i o n  o f  a detector  array for the s ingle  detector.  
T h i s  greatly decreases data acquis i t ion time. Figure 2(C) is a diagram o f  
a third-generation CT scanner. T h i s  d i f fers  from the second-generation 
machine i n  t h a t  the detector array forms an a rc ,  so tha t  rotat ion i s  the 
only motion required. Figure 2(D) shows a fourth-generation CT scanner, 
which has s ta t ionary detectors arrayed i n  a complete c i r c l e .  
rotat ion o f  the x-ray source alone, and further increases the speed of 
data acquisit ion.  

Figure 3 shows a simplified diagram of a typical s ta te-of- the-ar t  
medical CT scanner. 
contains the x-ray head and detectors ,  and the t rans la t ing  tab le ,  which 
pos i t io  the ' the gantry. Either a monochromatic isotope source 
(e.g.  , @Co, l @ ~ ~ ~ t , d r A m )  o r  a polychromatic x-ray source can be used. 
W i t h  a monochromatic isotope source, no beam-hardening corrections a re  
necessary. The determination o f  appropriate corrections f o r  polychromatic 
x-ray sources i s  the focus of the present project.  

Figure 2(A)  shows a f i rs t -generat ion CT 
The data a re  accumulated by 

This  allows 

The two major components a re  the gantry, which 
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( C )  

SOURCE 
I- 

3rd GENERATIOI 
CT SCANNER 

SOURCE AND 
FAN BEAM 
DETECTOR 
ROTATE 

4 th GENERATION 
CT SCANNER 

SOURCE ROTATES 
WITH FIXED 360° 
DETECTOR ARRAY 

Figure 2 .  Souree-detector configurations used in CT scanners. 

Beam-hardening problem for  ceramics 

The reconstructive imaging process used in CT scanners i s  based on 

Any real nonlinearity in the 

the assumption that  the p ~ ~ c e s s  i s  l inear ;  i .e .  , the measured attenuation 
i s  proportional t o  the l inear attenuation coefficient,  1.1, o f  the radiation, 
and the dimensions of the scanned object. 
imaging process will introduce a r t i f ac t s  (streaks or rings) into the 
resulting images. Nonlinearity i s  avoided when a monoenergetic radiation 
saurce i s  used. However, in most medical CP scanners, the source i s  a 
polychromatic x-ray tube with a wide range of photon  energies. I n  t h i s  
case, the value of 1-1 depends on the energy o f  the x-ray photons as 

Therefore, the total  1-1 value measured by the system i s  given by 

E V  

~ - l  = \ u(E) dE ( 2 )  

and the photon attenuation i s  proportional n o t  only t o  the penetration 
length o f  the radiation i n  the  object, b u t  also t o  the energy of the beam. 
Since the l inear  attenuation coefficient i s  higher for lower-energy 
photons, these are successively f i l t e r ed  o u t  as the x-ray beam passes 
into the material, leaving only high-energy photons; hence the term "beam 
hardening. " 
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X-RAY HEAD 

TRANSLATING 

Figure 3. Schematic diagram o f  typical state-of-the-art  
medical CT scanner. 

The photon energy spectrum o f  medical CT scanners usually ranges 

Hence, the b ~ ~ m - t i ~ r d ~ ~ ~ ~ g  effect  i s  

from about 20 t o  140 keV ( F i g .  4). 
ceramics decreases by more than an order o f  magnitude over  t h i s  energy 
range, as shown i n  F i g .  5 f o r  S I  N 4 .  
a severe prabl em for inspecting 2erarnic components. 

The attenuation c o e f f i c i e n t  f o r  

E f f e c t  o f  s p e c i m ~ n  s i z e  an beam hardening i n  S i  N 3 4  

Eabcuck 8 Milcox ( ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~  VA) 
specimea size on beam hardening. 
pre551B.nq t o  6000 p s i  Followed by i s o s t a t i c  conipactior-i. Table I shows the 
dimensions and f e a t u r e s  o f  t h e  S i  N blocks. 

A series o f  nine S i  N ceramic blracks, prepared fo r  t h i s  program by 3 were used t a  t e s t  the e f f e c t  o f  
The specimens were prepared by cold 

3 4  
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Figure 4. Typical photon energy spectrum o f  x-rays generated by a 
Siemens Model D R  CT scanner w i t h  an applied voltage o f  125 kV. 

- 
PHOTON ENERGY RANGE OF 
SIEMENS MODEL DR @T 
SCANNER AT 125-kV HEAD 

- 

- 

.- 

Figure 5. Linear attenuation coef f ic ien t  u as a fiunction o f  photon 
energy f o r  dense a n d  green-stale Si3N4. 
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Table 1. Si3N4 Specimens Tested w i t h  the Siemens Model DR CT Scanner 

Sample No. 
Babcock i3 CT Scan Dimensions Dens i ty  
Wi 1 cox Identi f i c a t i  on (mm) (g/cm3) Remarks 

18x1 3x6 
18x1 3x6 
18x1 3x6 
48x38~26 
48x38~26 
48x38~26 
57x43~31 
57x43~31 
57 x4 3x 3 1 

1.967 
1.967 
1.967 pa r t i a l ly  sintered 
1.995 
1.995 
1.995 p a r t i a l l y  s intered 
1.967 
1.967 
1.995 pa r t i a l ly  sintered 

Each image o f  F i g .  6 shows a 2-mm-thick CT s l i c e  fo r  one o f  the  
samples l isted i n  Table 1. 
density values i n  Hounsfield uni t s  (HUs) as a function o f  spa t ia l  position 
across the block. 

The superimposed density t races  show computed 

The r e l a t ive  attenuation A,, in HUs, i s  given by 

where K = 1000. In a homogeneous medium, the HU value should be pro- 
portional t o  the local density of the material. However, a l l  the  s l i c e s  
of Fig. 6 show a parabolic-type HU dis t r ibu t ion .  T h i s  e f f e c t ,  known as 
"cupping," i s  caused n o t  by higher dens i t ies  near the edges o f  the blocks, 
b u t  by the higher attenuation of the low-energy par t  o f  the x-ray photon 
spectrum. T h u s ,  the  low-energy photons are absorbed by the edges o f  the 
block. Since the HU value i s  proportional t o  the  absorption, i t  i s  
higher at; the edges.. 
WU values observed for  the small t e s t  block (Fig. ea) ,  since the small 
b l o c k  absorbs 1 ow-energy photons rriore e f f i c i en t ly .  

In order to  obtain an idea o f  the r e l a t ive  e f f ec t  of S i 3 N 4  specimen 
thickness on attenuation fo r  t h e  energy spectrum o f  the CT Scanner used 
here, an analyt ical  study was done for 3 specimen thicknesses. Figure 7 
shows %he e f f cc t ,  o f  specimen thickness on the o u t p u t  energy spectra f o r  
green-state and cleris i f i e d  S i  f.l . Attenuation increases s ign i f icant ly  
with specimen thickness f o r  $h$tan energies tjelo!rr 60 key. ~ o t  example, 
i n  the  green material ,  the a t t e n u a t f o n  a t  50 keV increases by qd5% as 
th ickness inca-edses f rom 1 t o  2.5  cm, and the attenuation increases by 
~ 2 5 %  as  thickness increases f r o m  2.5 t o  5 cm. 

Beam hardening i s  a lso  responsible for  the  higher 
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30 50 70 90 110 130 
PHOTON ENERGY (keV) 

Figure 7 .  Photon energy spectrum o f  x-ray beam from Siemens Model DR 
CT scanner, w i t h  tube voltage o f  125 kV, a f t e r  passage th rough  various 
thicknesses of green and densified Si3N4. 

C a l i b r a t i o n  of CT scanner for  beam hardening 

A second p a r t  of t h i s  research program involves establishing proper 
calibration rriethods for  the inspection of ceramic materials w i t h  CT 
scanners that  have polychromatic x-ray sources. 
i n  obtaining uniform specimens$ i t  i s  not c lear  whether ceramics are the 
best materials t o  use for  calibration purposes. 
ploratory calibration studies w i t h  several possible a1 ternative materials ¶ 

i n  the form of homogeneous circular  rods. Materials of widely different  
densit ies were chosen so t h a t  the calibration would cover the whole HU 
range relevant t o  ceramics. Table 2 gives the materials and diameters 
s f  the calibration rods. Aluminum was chosen t o  represent high-density 
ceramics, w i t h  HU values u p  t o  and exceeding the maximum value of 3000 
fo r  which regular medical CT scanners are  designed. 
Teflon represent the intermediate HU range (500-800), and Lucite en- 
compasses the lower l imit  of the calibration, 
contained i n  cylinders of Styrofoam, which has a very low x-ray photon 
absorption compared t o  Freon. ) A second-generation CT scanner, the 
Elscint model 2002, was used for  the calibration tes t s .  

Because of the problem 

Thus, we conducted ex- 

The  Freon TF and 

(The l i q u i d  Freon TF was 
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Table 2. Samples Used f o r  C a l i b r a t i o n  o f  Beam-Hardening 
Cor rec t ion  

Mater i a 1 
Diameter TF I_ 

Tef  1 on Luc i  t e  (mm) A1 umi num 

5 
10 
20 
30 
40 
50 
70 

100 

X 
X 
X 

X 

X 

X 
X 

X 
X 

X 
X 
X 

X 

X 

X 
X 
X 

X 

X 

Before t h e  specimens l i s t e d  i n  Table 2 were tes ted  i n  t h e  CT scanner, 
a t e s t  was conducted w i t h  a 20-cm-diam water phantom. Since a standard 
beam-hardening c o r r e c t i o n  f o r  water i s  programmed i n t o  the  scanner, one 
would n o t  expect t o  see a beam-hardening e f f e c t .  
o f  the  water phantom. The dark ou ter  reg ion  i s  the k i t e  c i ~ s e  used t o  
conta in  the  water. The square reg ion  i n  the  center  o f  the  water scan i s  
very uni form, bu t  beam hardening i s  s t i l l  ev ident  near the  ol!ter sur face 
o f  t he  L u c i t e  case. The l a c k  o f  a p e r f e c t  bcam-hardening c o ~ r e c t i o n  
causes a no ise  l e v e l  ( i . e .  , a v a r i a t i o n  i n  HI1 number) o f  a b o i t  0.3%. 

F igure 9 shows a t y p i c a l  CT scan o f  a I -uci tP specimen. 
image has been magnif ied,  on l y  the  lawer r i g h t  quadrant o f  t n e  rod i s  seen, 
al though the  e n t i r e  rod  was scanned. 
ev ident .  
dens i t y  o f  the  ou te r  reg ion)  can be obta ined by determin ing the d i f f e r e n c e  
between t h e  HU va lue o f  t he  ou te r  reg ion  and the average HU value over a 
t y p i c a l  i nne r  reg ion.  For F ig .  9, t h e  ou te r  reg ion  has an HU va lue o f  
150. The average f o r  t he  reg ion  bounded by the  smal l  rec tang le  i s  141.9. 
This  8-HU d i f ference,  d i v i d e d  by the  HU range (1200 i n  t h i s  case), 
represents  an absolute hardening e f f e c t  o f  0.6%. 

F igure  10 shows a CT scan o f  t h e  50-mm-diam Tef lon  rod. 
same r a t i o n a l e  as above, one ob ta ins  a hardening e f f e c t  o f  1.8% f o r  t h i s  
rod. 

F igure  11 shows scans o f  t he  30-, 40- and 70-mm-diam Freon cy l i nde rs .  
As the  diameter increases from 30 t o  70 mm, t h e  beam-hardening e f f e c t  
increases from 6 t o  14%. F igure  12 shows CT scans o f  t he  100-mm-diam 
Freon cy l i nde r .  I n  the  image o f  Fig.  12a, which was made w i thou t  t he  
standard co r rec t i on ,  t he  beam-hardening e f f e c t  i s  about 18%. F igure 12b 
shows the same m a t e r i a l ,  bu t  w i t h  the  standard beam-hardening co r rec t i on .  
This  c o r r e c t i o n  reduces the  beam-hardening e f f e c t  t o  about 15%. 

F igure  8 skows a CT scan 

Since the  

Very l i t t l e  beam harde.iing i s  
A measure o f  the  amount of beam hardening ( increascd apparent 

Using the  
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Figure 8. CT scan o f  20-cm-diam water phantom (10-mm-thick s l ice) .  
The noise level in the square region i s  about 3 HU or  0.3%. 
outer region i s  the Lucite container used t o  hold the water. 

The dark 

Figure 9. Portion o f  CT scan o f  10-cm-diam Lucite rod,  showing 
beam-hardening effect a t  the outer edge (10-m-thick s l ice) .  
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Figure  10. CT scan of 50-mm-diam Tef lon  rod  (10-mm-thick s l i c e ) .  

A second, g r e a t l y  exaggerated beam- hardening c o r r e c t i o n  (produced by 
inc reas ing  the  beam-hardening c o r r e c t i o n  a lgo r i t hm by a f a c t o r  o f  10) was 
a lso  made on t h i s  t e s t  specimen (F ig .  13).  
reduced the  beam-hardening e f f e c t  t o  ~ 0 . 5 % .  
r e c t i o n  appears t o  be near l y  appropr ia te  f o r  green-state ceramics. Close 
i nspec t i on  o f  F ig .  13, however, revea ls  a s i g n i f i c a n t  apparent nonuni- 
fo r rn i ty  i n  the  dens i t y  o f  t h e  Freon TF; thus,  i t  seems t h a t  t h i s  beam- 
hardening c o r r e c t i o n  s i g n i f i c a n t l y  a f f e c t s  the  imaged dens i t y  d i s t r i b u t i o n  
Work w i l l  cont inue on i nco rpo ra t i ng  an appropr ia te  beam-hardening cor -  
r e c t i o n  i n t o  the  image recons t ruc t i on  a lgor i thm.  

This  exaggerated c o r r e c t i o n  
T h i s  beam-hardening co r -  

Status o f  mi lestones --.__ 

A l l  mi lestones are s t i l l  on schedule. 
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'C I NT 
YCHRI: 
11 

3 c  

Figure 13. CT scan o f  100-mm-diam Freon TF specimen w i t h  exaggerated 
beam-hardening correction (10-mm-thick s l i c e )  a 
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4 . 0  TECHNOLOGY TRANSFER 

Tech no1 o ~ y  Transft?.r 
D. R .  Johnson (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

Technology t r a n s f e r  i n  t h e  Ceramic Technology P r o j e c t  i s  accompl ished 
by a number o f  mechanisms i n c l u d i n g  t h e  f o l l o w i n g :  

Trade shows. 
b u i l t  and used a t  s e v e r a l  t r a d e  shows and t e c h n i c a l  meet ings ,  most 
r e c e n t l y  a t  t h e  Annual Mee t ing  o f  t h e  American Ceramic S o c i e t y ,  May 5-7, 
1985, i n  C i n c i n n a t i ,  Oh io .  

N e w s l e t t e r .  A Ceramic Technology N e w s l e t t e r  i s  p u b l i s h e d  b i m o n t h l y  
and s e n t  t o  a l a r g e  d i s t r i b u t i o n .  

Repor t s .  Semiannual t e c h n i c a l  r e p o r t s ,  wh ich  i n c l u d e  c o n t r i b u t i o n s  
by a l l  p a r t i c i p a n t s  i n  t h e  program, a r e  p u b l i s h e d  and s e n t  t o  a l a r g e  
d i s t r i b u t i o n .  I n f o r m a l  b i m o n t h l y  management and t e c h n i c a l  r e p o r t s  a r e  
d i s t r i b u t e d  t o  t h e  p a r t i c i p a n t s  i n  t h e  program. O p e n - l i t e r a t u r e  r e p o r t s  
a r e  r e q u i r e d  o f  a l l  r e s e a r c h  and development p a r t i c i p a n t s .  

D i r e c t  A s s i s t a n c e .  D i r e c t  a s s i s t a n c e  i s  p r o v i d e d  t o  s u b c o n t r a c t o r s  
i n  t h e  program v i a  access t o  un ique  c h a r a c t e r i z a t i o n  and t e s t i n g  f a c i l i t i e s  
a t  t h e  Oak R idge N a t i o n a l  L a b o r a t o r y .  

t o  o u r  community. 
f o r  advanced h e a t  eng ines  was h e l d  d u r i n g  t h e  Au tomot i ve  Technology 
Development C o n t r a c t o r s  C o o r d i n a t i o n  Meet ing ,  October  21-24, 1985. 

s u p p o r t i v e  o f  t h e  c o o p e r a t i v e  work  b e i n g  done b y  r e s e a r c h e r s  i n  West 
Germany, Sweden, and t h e  U n i t e d  S t a t e s  under  an agreement w i t h  t h e  
I n t e r n a t i o n a l  Energy Agency. T h a t  w o r k ,  u l t i m a t e l y  aimed a t  development 
o f  i n t e r n a t i o n a l  s tandards ,  i n c l u d e s  p h y s i c a l ,  m o r p h o l o g i c a l ,  and m i c r o -  
s t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  ceramic  powders and dense ceramic  bod ies ,  
and mechan ica l  c h a r a c t e r i z a t i o n  o f  dense ce ramics .  D e t a i l e d  p l a n n i n g  and 
procurement  o f  ce ramic  powders and f l e x u r a l  t e s t  b a r s  were accompl ished 
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 .  

A p o r t a b l e  d i s p l a y  d e s c r i b i n g  t h e  program has been 

Workshops. T o p i c a l  workshops a r e  h e l d  on s u b j e c t s  of  v i t a l  concern  
D u r i n g  t h i s  p e r i o d  a workshop on m a t e r i a l  requ i remen ts  

I n t e r n a t i o n a l  Coopera t i on .  Our program i s  a c t i v e l y  i n v o l v e d  i n  and 
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Standard Reference Materials 
A. L. Dragoo (National Bureau o f  Standards) 

Objective/scope 

demonstration basis. The successful manufacture and use of ceramics 
in advanced engines depends on the development of reliable materials that 
will withstand high, rapidly varying thermal stress loads. Imp ovement in 
the characterization of ceramic starting powders is recognized' as a 
critical factor in achieving reliable ceramic materials for engine 
applications. 
characterization methods and property standards for quality assurance. 

The objectives o f  the NBS program are (1) to assist with the 
division and distribution o f  five ceramic starting powders for an 
international round-robin on powder characterirdtion; (2) to provide 
reliable data on physical (diniensional), chemical and phase 
characteristics o f  two silicon nitride powders: a reference and a 
test powder; and (3) to conduct statistical assessment and modeling o f  
round-robin data. This program is directed toward a critical assessment 
o f  powder characterization methodology and toward.establishment of a 
basis for the evaluation of f i n e  powder precursors for ceramic 
processing. This work w i l l  examine and compare by a variety of 
statistical means the various measurement methodologies employed in the 
round-robin and the correlations among thc various parameters and 
chardcteristics evaluated. The results o f  the round-robin are expected 
to provide the basis for identifying measurements for which Standdrd 
Refererice Materials are needed and t o  provide property and statistical 
data which will Serve the development o f  internationally accepted 
standards. 

Ceramics have been successfully employed in engines on a 

The production and utilization of such powders require 

Technical Proaress 

-- Division and Distribution o f  Ceramic Starting Powders. 
The division of a b u l k  l o t  of powder into many samples requires the use 
o f  probability sarnpl i ng .  
recommended practice for probability sampling as described in ASTM 
Standard E105-58, "Probability Sampling of Materials," and the 
recommendations of statistical consultants at NBS. The protocol is 
intended to insure the use of a verifiable procedure, the maintenance of 
clean operating conditions and the use of randomization procedures 
throughout the operation. The general steps in the procedure are as 
follows: 

1. Blending of bulk powder in cone blender; 
2. Manual division o f  powder, approximate sample size 3.2 Kg 

A detailed protocol- was developed based on the 

(6.4 Kg for zirconia powder); 
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3 .  
4. 
5. 

6. 

7. 

8. 
9 .  

10. 

Random selection o f  sample; 
Partial drying of sample to reduce caking; 
First division of sample with spinning riffler, 
approximate sample size 400 g (800 g for zirconia powder); 
Vacuum drying of powder followed by storing, powder stored under 
dry argon; 
Second division with spinning riffler, approximate sample size 
50 g (100 g for zirconia powder); 
Vacuum drying, storage under- dry argon; 
Randomly selected samples withdrawn for distribution as 100 g 
samples ; 
Third division with spinning rnicro riffler operated in glovebox 
flushed with dry argon, approximate sample size 6.25 g (12 .5  g 

for zirconia Dowder. 
The superiority o f  the spinning riffler over other sa p ing 

techniques has been demonstrated by several investigators"'. For 
sampling o f  a binary sand mixture it was found to give a relative 
standard deviation 0 .  25 percent and an estimated rnaxiinum relative sample 
error of 0.42 percent . Sampling o f  powders by a spinning riffler is 
recommended in ASTM Standard F577H-78. 

Figure 1. This apparatus is enclosed in a p l a s t i c  shield, not shown in 
t h e  photograph, to eliminatp thhe possible introduction of airborne 
contaminates. Since this riffler divides thc oowder bv a factor o f  16, 

!! 
The spinning riffler to be used in stcps "5." and "7." is shown i n  

pairs o f  tubes are randomly selected and then combined4to yield a 
ri f f 1 ed s amp1 ed . 

Two types o f  packaging are shown in Figure 2. An example o f  thhe 
first type is labeled " ( A ) "  in the figure and is shown near the lower 
right center o f  the photograph. This iiiethod uses inner and outer she 
vials and consists of first packaging the powder in the smaller inner 
shell vial which is capped with a plastic stopper. The inner shell v 
is inserted in the outer vial which is .f lame sealed. A flame-sealinq 

1 

a1 

apparatus, belonging to NBS, is availabl? at CT Labs, Skokie, Illinois, 
which prepares powder samplns for the NBS Office of Standard Reference 
Ma ter i a 1 s * 

inner vials at NBS. This operation would be performed in an dry argon 
atmosphere as  samples are removed from the microriffler. Samples would 
be packed in containers filled with dry argon for transportation to CT 
Labs for the flame-sealing operation. A representative of NBS would 
participate in the flame-sealing operation. 

Although flarne-sealing offers the advantage o f  continuous, rigid 
hermetic enclosure, there are three disadvantages. First, in 
transporting the samples f r o m  NBS, Gaithersburg, Maryland, t o  Skokie, 
Illinois, there is the risk of loss or daiiiage to samples. Second, 
samples must be maintained temporarily for several days in nonhermetic 
containers. Third, the flarne-sealing operation may introduce a small 
amount of water vapor, carbon dioxide and oxygen into the outer vial 
during sealing. The possibility of contamination of the IEA samples 
by powder residues and dusts would be minimized by the initial sealing at 
NBS in the stoppered inner vials and by the participation o f  an NBS 
representative in the flame-sealing operation. 

The use o f  the method would require packaging the samples in the 
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The second method consists of first packaging the powder in a culture 
tube fitted with a screw cap having a styrene-butadiene liner faced with 
Teflon. Alternatively, a cone-shaped liner or Teflon-faced septum may be 
used to eliminate possible lodging of powder at the junction of the cap 
and bottle. This packaging step would be performed under dry argon as 
the tubes are removed from the microriffler. A culture tube with powder 
is shown near the center of the photograph in Figure 2. 

Following the initial packaging step, the culture tube may be placed 
either in a polyfilm bag which is made of an aluminum-polymer laminate, 
labeled "(A)" in Figure 2, or in an extruded aluminum tube fitted with a 
gas-tight cap, labeled "(C)" in the figure. Packaging of the culture 
tubes can be carried out on site under dry argon immediately following 
the final riffling operation. Gas-tight seals are thermally formed at 
the closures. 

Experimental Design and Statistical Assessment of Round-Robin Data. 
The powder characterization task undertaken by participants in Assignment 
11-0-1 of the IEA round-robin includes physical measurements, chemical 
measurements, determination of phase composition and defect measurements. 
The objectives of the task is to evaluate and compare current ceramic 
materials characterization methods and to recommend and conduct 
experimental and analytical studies to identify and remedy deficiencies 
in the data base. 

For the analysis of data from the round-robin each observation 
reported can be considered to have five attributes: 

1. Material 
2. Sampling 
3 .  Laboratory 
4.  Property 
5. Measurement technique. 

It is customary to analyze the statistics of an observation with respect 
to a property attribute, such as concentration of a component, to 
determine the effects of the other attributes. However, it is necessary 
to bear in mind that other comparisons may be desired to test hypotheses 
with respect to other variables. 

The data will be first analyzed by frequency histograms, correlation 
plots, plots of residuals and analysis of major sources of variance. 
Computer-assisted analyses will be co d cted as required by means of  
sophicated programs, such as the BMDP',' developed by W .  J.  Dixon at the 
Health Sciences Computing Facility at the Medical Center of the 
University of California at Los Angeles, will be used for 
computer-assisted analyses. These programs provide an array of analysis 
methods, including robust estimators, backward stepping in regression 
analysis, nonparametric statistical tests, graphical outputs, factor 
analysis, bilinear correlations and cluster analysis. 

The set of measured characteristics can be easily partitioned with 
respect to the five materials to be studied. 
characteristics with respect to the material attribute will be used to 
identify measurement problems as well as similarities and differences. 

probabilistic sampling methods. 
will be carried out on randomly selected samples to verify that all 

Comparison of 

Sampling errors will be minimized by use of spinning rifflers and 
Certification o f  samples for homogeneity 
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samples are similar and to provide an estimate of the intralaboratory 
variance for the characteristics used for certification. The 
measurements will not establish absolute or preferred values. The 
following certification measurements are planned: 

* Determination of particle size distribution by x-ray sedigraph or 
* Determination of specific surface area by multipoint B.E.T.; 
* Determination of relative crystalline phase compositions by x-ray 
* Determination of chemical composition and major impurities by 

photon correlation spectroscopy; 

diffraction; 

neutron activation or spectrochemical methods. 
Fifteen samples will be tested in each of the part 

measurements. Phase analyses and chemical analyses wi 
five samples. Independent duplicate measurements will 
each sample. 

The laboratory attribute can be clearly identified 

cle size 
1 be conducted on 
be carried out on 

However, since 
the participating-laboraties will neither apply all of the same 
characterization methods nor measure all of the same properties, it 
will not be possible to compare all methods or properties over all 
laboratories. A balance design is not expected to be applicable to the 
data. 

The generic attribute "Property" includes all of the physical and 
chemical attributes which will be measured in the round-robin. Both 
"fine-graining" - for example, concentration o f  a specific impurity - and 
"coarse-graining" - for example, total impurity content - of the data can 
be performed. Thus, comparisons with respect to both specific and 
generic properties is recommended. 

The measured values for each property are expected to depend strongly 
on the method used for characterization ("Measurement Technique"). This 
is particularly the case with particle size measurements in which the 
size is not measured directly but is estimated from a size dependent 
property. The values obtained for a property may have both an observed 
value and a reduced or formal value. For example, measurement of the 
particle size distribution by x-ray sedigraph readily yields a median 
value from the analog output. However, this value is referenced to a 
mass-weighted distribution and the observed distribution may be 
decomposable into two or more modes. Data reduction is expected to be 
generally necessary to place all data for a property on an equal footing. 
It is advisable that a data table display both observed and formal 
values. 

Status o f  Milestones 

Subtask A, Milestone 1. Draft of sampling protocol prepared. 
Subtask A, Milestone 2. Sampling of silicon nitride reference powder 

Subtask A, Milestone 3 .  
deferred pending Task Group decision on packaging. 

or about April 15. Final riffling and packaging operations to be 
deferred until Task Group decision is obtained. 

Sampling of zirconia powder to commence on 
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Subtask C, M i l e s t o n e  1. P r e l i m i n a r y  d r a f t  o f  document on 
exper imenta l  des ign  and s t a t i s t i c a l  a n a l y s i s  prepared. The document i s  
summarized i n  t h e  above r e p o r t  on t e c h n i c a l  progress.  

P u b l i c a t i o n s  

None. 
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IEA Annex II Specimens and Support 
V .  J. Tennery (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 IEA Annex I1 agreement between t h e  U n i t e d  S t a t e s ,  t h e  Federa l  
R e p u b l i c  o f  Germany, and Sweden c o n c e r n i n g  s t r u c t u r a l  ce ramics  f o r  advanced 
h e a t  eng ines  and o t h e r  c o n s e r v a t i o n  a p p l j c a t i o n s  was r e c e n t l y  s i g n e d  by 
a l l  t h r e e  c o u n t r i e s .  T h i s  agreement i n c l u d e s  f o u r  subtasks :  (1) in fo rma-  
t i o n  exchange, (2 )  ceramic  powder c h a r a c t e r i z a t . i o n ,  (3)  ce ramic  c h e m i s t r y  
and s t r u c t u r a l  c h a r a c t e r i z a t i o n ,  and ( 4 )  ceramjc  mechan ica l  p r o p e r t y  
c h a r a c t e r i z a t i o n .  Each c o u n t r y  has agreed t o  p r o v i d e  s e l e c t e d  ceramic  
powders and s i n t e r e d  s t r u c t u r a l  ce ramics  f o r  s t u d y  i n  a l l  t h r e e  pa 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 a b o r a t o r i e s  i n  a l l  t h r e e  c o u n t r i e s  
have agreed t o  share  a l l  r e s u l t i n g  d a t a  w i t h  t h e  i n t e n t  o f  u s i n g  t h e  
knowledge ga ined  f o r  t h e  purpose o f  e v o l v i n g  s t a n d a r d  measurement methods 
f o r  c h a r a c t e r i z i n g  ce ramic  powders and s i n t e r e d  s t r u c t u r a l  ce ramics .  

The l a c k  o f  such s t a n d a r d  measurement methods has s e v e r l y  hampered 
t h e  e v o l u t i o n  and development o f  s t r u c t u r a l  ceramics ,  and t h i s  new Annex IT 
agreement w i l l  g r e a t l y  a c c e l e r a t e  t h e  development o f  s t a n d a r d  methods ‘Far 
d e t e r m i n 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 hese  m a t e r i a l s .  

I n  t h e  U n i t e d  S t a t e s ,  many companies and t h e i r  r e s e a r c h  l a b o r a t o r l e s  
have agreed t o  c o n t r i b u t e  s i g n i f i c a n t  resources  i n  p e r f o r m i n g  t h e  r e q u i r e d  
measurements. F o r  example, i n  Subtask  2, a t o t a l  o f  t w e l v e  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 ,  a t o t a l  o f  seven 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 ,  and f a r  Subtask  4 ,  a t o t a l  o f  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 .  

t h e  i n i t i a l  phase o f  t h i s  work.  Fo r  Subtasks 3 and 4, t h r e e  s i n t e r e d  
cerama’cs a r e  b e i n g  s t u d i e 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 ce ramic  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, t h a t  f rom Germany i s  a h i p p e d  S i c  f rom ESK Kempton, and t h a t  
f rom Sweden i s  a s i l i c o n  n i t r i d e  f rom Asea Cerama. 

Fo r  Subtask  2, a t o t a l  o f  f i v e  ce ramic  powders a r e  b e i n g  s t u d i e d  i n  

-___I__ T e c h n i c a l  p r o q r e s s  

As a r e s u l t  o f  s e v e r a l  mee t ings  o f  r e p r e s e n t a t i v e s  o f  t h e  t h r e e  
c o u n t r i e s  o v e r  t h e  p a s t  two y e a r s ,  i t  has been agreed t h a t  t h e  ce ramic  
powders t o  be  s t u d i e d  i n  Subtask  2 w i l l  be p r o v i d e d  b y  t h e  U n i t e d  S t a t e s  
and these  w i l l  be d i s t r i b u t e d  by t h e  N a t i o n a l  Bureau o f  S tandards .  The 
f i r s t  o f  t h e s e  powders i s  schedu led  t o  be d i s t r i b u t e d  t o  t h e  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  i n  October  1986. The s i n t e r e d  ce ramics  r e q u i r e d  f o r  
Subtasks  3 and 4 a r e  i n  t h e  f o r m  o f  machined f l e x u r e  b a r s .  The ESK S i c  
b a r s  t o  be s t u d i e d  i n  t h e  U n i t e d  S t a t e s  a r e  a n t i c i p a t e d  t o  be sh ipped  
t o  t h e  Oak Ridge N a t i o n a l  L a b o r a t o r y  by t h e  end o f  August 1986. 
r e q u i s i t e  number o f  b a r s  w i l l  t h e n  be r e s h i p p e d  t o  t h e  p a r t i c i p a t i n g  U.S. 
l a b o r a t o r i e s .  An i n d i c a t i o n  f r o m  Sweden as  t o  t h e  a n t i c i p a t e d  s h i p p i n g  
d a t e  f o r  t h e  Asea Cerama s i l i c o n  n i t r i d e  b a r s  i s  expec ted  by September 
1986. ORNL i s  r e s p o n s i b l e  f o r  p u r c h a s i n g  t h e  GTE-Wesgo SNW-1000 b a r s  and 
d i s t r i b u t i n g  them t o  a l l  p a r t i c i p a n t s  i n  Subtasks  3 and 4 .  I n  a d d i t i o n ,  
ORNL ( w i t h  a s s i s t a n c e  f r o m  P r o f e s s o r  M. K .  Ferbe r  o f  t h e  U n i v e r s i t y  o f  
I l l i n o i s )  i s  d i s t r i b u t i n g  a t e m p l a t e  w r i t t e n  f o r  LOTUS 1-2-3 f o r  d a t a  

The 
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e n t r y  and s t a t i s t i c a l  a n a l y s i s  o f  f r a c t u r e  s t r e n g t h  d a t a  r e q u i r e d  i n  
Subtask  4 .  T h i s  t e m p l a t e  has been p r e p a r e d  and w i l l  be d i s t r i b u t e d  t o  a l l  
p a r t i c i p a n t s  by t h e  end o f  August 1986. I n  d d i t i o n ,  QRNL i s  r e s p o n s i b l e  
f o r  p r o v i d i n g  m e t r i c  f o u r - p o i n t  f l e x u r e  f i x t u r e s  on a l o a n  b a s i s  t o  a l l  
U . S .  p a r t i c i p a n t s  who r e q u e s t  them. These f i x t u r e s  have been f a b r i c a t e d  
and w i l l  be d i s t r i b u t e d  f o l l o w i n g  c e r t i f i c a t i o n  t e s t i n g  d u r i n g  t h e  l a t t e r  
p a r t  o f  August .  The specimens t o  be u t i l i z e d  f o r  t h i s  c e r t i f i c a t i o n  a r e  
o f  a lum ina  and a r e  b e i n g  p r o v i d e d  by NASA-Lewis Research Cen te r ,  a s  t h i s  
l a b o r a t o r y  i s  a l s o  u s i n g  t h i s  m a t e r i a l  t o  c e r t i f y  f i x t u r e s  t o  be used a t  
NASA-Lewis p r i o r  t o  f r a c t u r i n g  specimens o f  n i t r i d e  and c a r b i d e  from t h e  
t h r e e  c o u n t r i e s .  

The s t a t u s  o f  t h e  SNW-1000 s i l i c o n  n i t r i d e  b a r s  f r o m  GTE- 
The purchase o r d e r  was p l a c e d  on August 12, 1985, w i t h  a r e q u i  
a t o t a l  o f  2875 b a r s  be d e l i v e r e d  t o  ORNL by January  1986. I n  January ,  
ORNL was i n f o r m e d  t h a t  a powder b a t c h  c o w p o s i t i o n a l  e r r o r  had occurred a t  
Wesgo and t h a t  a d e l a y  i n  b a r  d e l i v e r y  was a n t i c i p a t e d  which may d e l a y  
d e l i v e r y  u n t i l  May 1986. I n  e a r l y  June, O W L  was i n f o r m e d  t h a t  t h e  b a r s  
may be d e l a y e d  u n t i l  J u l y .  From the b e g i n n i n g  o f  J u l y  u n t i l  t h e  p r e s e n t ,  
Wesgo has been unsuccess fu l  i n  s i i i t e r i n g  a " t h i c k "  b i l l e t  o f  SNW-1000 
w h i c h  has t h e  r e q u i r e d  W e i b u l l  modulus o f  19-20 w i t h  a f l e x u r e  s t r e n g t h  o f  
> l o 0  k s i .  A s e r i e s  o f  p r o c e s s i n g  s t u d i e s  a r e  now underway t o  i d e n t i f y  the  
c r i t i c a l  v a r i a b l e s  w h i c h  have p r e v e n t e d  achievement o f  t h e  r e q u i r e d  prop-  
e r t i e s ,  and i t  i s  a n t i c i p a t e d  t h a t  t h e s e  prob lems w i l l  be r e s ~ l v e d  b y  t h e  
end o f  August.  I f  t h i s  i s  done s u c c e s s f u l l y ,  t h e  s i l i c o n  n i t r i d e  b a r s  
w i l l  be d i s t r i b u t e d  by ORNb i n  t h e  f i r s t  q u a r t e r  o f  c a l e n d a r  y e a r  1987, 
f o l l o w i n q  u l t r a s o n i c  and r a d i o g r a p h i c  N D E  c h a r a c t e r i z a t i o n .  

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

On schedu le .  
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