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CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL 
PROGRtSS R t P O R I  !-OR P E R I O D  APRIL - StP1MBER 1985 

SUMMARY 

The Ceramic Technology F o r  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  Conserva t 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  requ i rements  o f  t h e  OTS 's  au tomot ive  techno logy  p r o y r m s .  

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 ( D O E ) ,  Nat iona l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
(NASA) and Department o f  Defense (DOD) advanced heat  eng ine  programs have 
p r o v i d e d  ev idence 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- tempera ture  
eng ine  env i ronments 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 ing  
development, des ign  methodology, and da ta  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  techno logy  base from which t o  produce 
r e 1  i a b l e  c o s t - e f f e c t i v e  ceramic engine components commercial l y .  

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  techno logy  base r e q u i r e d  f o r  
r e l i a b l e  ceramics f o r  a p p l i c a t i o n  i n  advanced au tomot ive  heat  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 imu la ted  engine env i ronments t o  c o n f i r m  r e l i a b i l i t y .  A l though 
t h i s  i s  a gener 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 bea r ings  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. Th is  advanced m a t e r i a l s  techno logy  i s  b e i n g  developed i n  
p a r a l l e l  and c l o s e  c o o r d i n a t i o n  w i t h  t h e  ongoing DOE and i n d u s t r y  p r o o f -  
o f - concep t  engine development programs. To f a c i l i t a t e  t h e  r a p i d  t r a n s f e r  
o f  t h i s  techno logy  t o  U.S. i n d u s t r y ,  t h e  major  p o r t i o n  o f  t h e  work i s  
b e i n g  done i n  t h e  ceramic i n d u s t r y ,  w i t h  t e c h n o l o g i c a l  suppor t  f rom 
government l a b o r a t o r i e s ,  o t h e r  i n d u s t r i a l  l a b o r a t o r i e s ,  and u n i v e r s i t i e s .  

Systems, Heat Engine P ropu ls ion  D i v i s i o n ,  and i s  c l o s e l y  coo rd ina ted  w i t h  
complementary ceramics t a s k s  funded by  o t h e r  DOE o f f i c e s ,  NASA, DOD, and 
i n d u s t r y .  A j o i n t  DOE and NASA t e c h n i c a l  p l a n  has been e s t a b l i s h e d ,  w i t h  
DOE focus  on au tomot ive  a p p l i c a t i o n s  and NASA focus  on aerospace a p p l i c a -  
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 i l i -  
t a t e  c o o r d i n a t i o n .  The work desc r ibed  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:  

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

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  

T h i s  p r o j e c t  i s  managed by ORNL f o r  t h e  O f f i c e  o f  T r a n s p o r t a t i o n  

1 
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0.0 PROJECT MANAGEMENT AND COORDINATION 

D. R. Johnson 
Oak Ri dge Na t iona l  Labora to ry  

Ob jec t i ve /scspe  - 

dance w i t h  t h e  p r o j e c t  p l  ans and management p l a n  approved by the Department 
of  Energy ( D O E )  Oak Ridge Opera t ions  O f f i c e  ( O R O )  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 g 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  
proposd ls  i n i t i a t i o n  and management o f  subcon t rac ts  and in te ragency  
agreements, and management o f  O K N L  techrsi c a l  tasks .  Month ly  management 
r e p o r t s  and b imon th l y  r e p o r t s  are p r o v i d e d  t o  O E ;  h i g h l i g h t s  and semi- 
annua l  t e c h n i c a l  r e p o r t s  a re  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 .  1t-i 
a d d i  t i  on, t h e  program i 5 coo rd i  na ted  w i t h  i n t e r f a c i  ng p r o g r a m  sponsored 
by o t h e r  DOE o f f i c e s  and f e d e r a l  agencies,  i n c l u d i n g  t h e  Na t iona l  Aero-  
n a u t i c s  and Space Admi n i s t r a t i o n  (NASA) and t h e  Department o f  Defense (DUD), 
T h i s  c o o r d i n a t i o n  i s  accomplished by p a r t i c i p a t i o n  i n  b imon th l y  DOE and 
NASA j o i n t  management ineetings, annual i n t e r a g e n c y  heat  engine cerainics 
c a o r d i n d 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  meetings, and D O E  Energy 
fv la ter ia ls  C o o r d i n a t i n g  Coinmit%ee (EMaGC) meet ings,  as well as s p e c i a l  
cos rd  i n a t i  on meet i nys. 

T h i s  t ask  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- 

Techn ica l  p rogress  

a d d i t i o n ,  forrrral c o o r d i n a t i o n  and/or rev iew meet ings were h e l d  as listed 
i n  Table 1. 

Dur ing  t h i s  r e p o r t i n g  p e r i o d  seven research  c o n t r a c t s  were signed. I n  
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Table 1. Farina1 c o o r d i n a t i o n  o r  rev iew meetings i n v o l v i n g  t h e  
Ceramic Technology P r o j e c t  

Agency Dates o f  meetings 

Department o f  Energy (sponsor)  4/24; 5/30; 6/18; 7/23; 8/22; 9/23 
Department o f  Energy ( o t h e r  4/23 8 24 

Nat iona l  Aeronaut ics  and Space 4/17; 4/18; 5/20 & 21; 6/27; 8/20; 

Defense Advanced Research 5 /21  

Department o f  Commerce 7/10 & 11 
O f f i c e  o f  Technology Assessment 4/23 8 24 
I n t e r n a t i o n a l  groups 

programs ) 

A d m i n i s t r a t i o n  9/18 

P r o j e c t s  Agency 

DFVLRa 
Japanese s tudy  m i  s s i o n  
I E A  work ing  groupb 

4/29; 7/22 
5 1  1 

aDeutsche Forschunys- und Versuchsansta l t  f u e r  L u f t -  und 

harking group f o r  the  I n t e r n a t i o n a l  Energy Agency's Annex I1 - 
Raumfahrte. V. 

Cooperat ive Programme On Ceramics For Advanced Engines and Other 
Conservat ion App l i ca t i ons .  



1.0 MATERIALS AND PROCESSING 

INTRODUCTION 

Th is  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 1.0 
w i t h i n  t h e  work breakdown s t r u c t u r e  (WBS). It c o n t a i n s  f o u r  subelernents: 
(1) M o n o l i t h i c s ,  ( 2 )  Cerainic Composites, (3)  Thermal and Wear Coat ings,  
and (4 )  Joi n i  ng. Cerami c research  conducted w i t h i n  t h e  Mono1 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 phys i  c a l  p r o p e r t i e s  o f  t hese  cerami cs. Research conducted w i t h i n  t h e  
Gerarni c Composites subel ement c u r r e n t l y  i n c l  udes s i  1 i con c a r b i  de and o x i  de- 
based composites, 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  
o x i  de-base c o a t i  ngs and i nvo l  ves c o a t i  ng syn thes i  s, c h a r a c t e r i  z a t  i on, and 
de termi  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  coat ings .  
Research conducted i n  t h e  Joi n i  ng subel ement c u r r e n t l y  i n c l u d e s  s t u d i  es a 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  alloys. 

A ma jor  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 
p r o j e c t  element i s  t o  s y s t e m a t i c a l l y  advance t h e  unders tand ing  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 i  ng v a r i  ab les  i nvo l  ved i n produc i  ng t h e  cerami c rnater i  a1 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 or  improved ways f o r  p roduc ing  economical h i g h l y  
re1  i ab1 e ceraini c components f o r  advanced heat  eng i  nes. 





7 

1.1 MONOLITHICS 

ObjectivelScope 

The o b j e c t i v e  o f  this program i s  to develop a volume scaleable 
process to produce high purity, high surface area sinteratsle s i l i c o r i  
eacb i  de powder, 

f o  1 B0w.i ng e1 emen t s  : 
The program i s  organized i n  t w o  phases. Phase P includes the 

. Verify the technical feasibility o f  the gas phase synthesis robte. 

. Identify the best silicon feedstock on the basis o f  performance 

. Optimiz? the production process at the bench scale. 

. F u l l y  characterize the powders produced and compare with commer- 

. Develop a theoretical model t o  assist in understanding the 

and cast. 

cially available alternatives. 

synthesis process, optimization o f  operating conditions and 
scale-up. 

Phase 11, when authorized will s c a l e  the process to 5 - 10 times the 
bench scale quant7tie.s in order to perform confirmatory experiments, 
produce process flowsheets and to perform economic analysis. 

Technical Highliqhe 

Background --The Gas Phase Synthesis Route 

Given the objective o f  producing a submicron silicon carbide powder 
purer and with more controllable properties than could be produced via 
the Acheson process, Sohio-Carborundum evaluated three candidate process 
1-0 u te s : 

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

As gas phase route utilizing plasma heating was chosen as having the 
most proven technology, the highest product yield and good scaleability 
potential. 

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

Research sponsored by the Advanced Materials Development Program, 
Office of Transportation Systems, U . S .  Department of Energy under 
Contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc. 
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Workp 1 an 

A breakdawn o f  major tasks  and m i les tones  i s  shown i n  F i g u r e  1. 
Subtasks have been developed f o r  Task 4 - Screening Exper iments and w i l l  
be developed for  Task 5 - Extended Paramet r i c  S t u d i e s .  

I]( \ i q n ,  l i i n 5 t r u i  t , arid l e s t  
1 d1xf1  J t o r y  i r a  I c  t (iu i&.ni'Pnt 

llrvclop T h r o r e t i c a l  Model 

l i d s p l  i n e  l h a r a c t e r i z a t i o n  
arid A n a l y t i c a l  Method 
[JPVPI olmien t 

5 c r e e n i n q  t x p e r i m e n t s  

e S e l e c t i o n  o f  l e e d s t o c k  

E x t e n d e d  P a r a m e t r i c  S t u d i e s  

a I'rovide 200-500 q 
Sample t o  OKNL 

Kepor t I ny Reqiri r c w n t s  
I ' h a i e  I 

B i m o n t h l y  

a Semi -Annua I 

I f i n a l  

Q u a l i t y  k w r a n c e  
Phase I 

Only  r v q u i r e d  i f  d e c i s i o n  i s  made not t o  qo o n  t o  I ' t iaie I I  

v . 

Revised 3/15 /65  

F i g u r e  1. M i l e s t o n e  C h a r t  
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Task 1. Design, Construct and Test Laboratory Scale Equipment. 

The Sohio Research and Development Center at Warrensville, Ohio was 
chosen as the site for the laboratory scale gas phase synthesis system 
due to the ready availability o f  applicable engineering and technical 
resources. 
performed by Sohio on behalf of Sohio-Carborundum’s structural ceramics 
e f f o r t  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 proximity to other related research which i s  being 

The conceptual design is shown in Figure 2. 

II 

.- 

I 
i L  t-- LZ 

C A T  S t o r a g e  8, M i x i n q  SICL, M e t e r i n c :  P l a s m a  T r j r c h ,  P a r t i c l e  Vr r i tu r i  T 
R e a c t o r  8 Collection T a i l  Gas  Scrubber 
A f t  e r coo L e r 

-- - 
R Vaporizer 

Figure 2. Conceptual Design and Simplified Process Flow Chart 



F i g u r e  3 .  Photograph ic  Overview o f  Labora to ry  Scale System 

........ Plasma - Torch Subsy_tem __. 

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 o b t a i n e d  from 
Plasma M a t e r i a l s ,  I n c .  w i t h  whom Sohio-Carborundum has p r e v i o u s l y  worked. 
The t o r c h  system i s  r a t e d  a t  50KW. Th is  i s  s i g n i f i c a n t l y  h i g h e r  that7 
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.  I t  i s  installed 
atop  t h e  r e a c t o r  vesse l  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  c o o l i n g  water  f l o w s .  Thermocouples a r e  
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  o f  t h e  r e a c t o r .  

The 

r e a c t o r .  
p r e p a r a t  

t y p e  col 
DC power supp ly  has a 75KW e f f e c t i v e  r a . t i n g .  A s i m p l e  t k i m b  
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  

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 q u e s  w i  1 1  be eval  u a t e d  
on f o r  Phase I 1  scale-up.  

e 
t h e  
n 



f i g u r e  

F jgure  

4 .  

5.  

P l a s m  Torch Atop 
!dater Cooled Reac to r  

E x i t  End o f  Reactor 
w i t h  Simple Thimble 
Col1 e c m r  and 
Isolation Valve  
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Task 2. Development of a Theoretical Model 

The development of a theoretical model is intended to correlate 
particle surface area with major operational parameters. An expansion o f  
previous Carborundurn sponsored work, this wi 1 1  develop a fundamental 
understanding of process reactions and assist in the extended parametric 
studies and scale-up tasks. 

work was subcontracted t o  International Thermal Plasma Engineering, Inc, 
(Professor Boulous - University of Sherbrooke, Quebec, Canada, et al). 

After consultation with the ORNL Technical M o n i t o r ,  the modeling 

The model is being developed in stages: 
1) Development of a model to describe the flow and temperature 

2) The calculation of thermodynamic equilibrium for the 
field in the reactor. 

H,-Ar-CW,-SiCl, system and the study o f  the chemical kinetics 
o f  possi bl e homogenous reactions occuri ng in the plasma 
process. 

3) A literature review of nucieation and growth in an aerosol 
system which could be of relevance to this work. 

4) Incorporation of all the above features in a comprehensive 
model. 

The development of the model for calculating the velocity and 
temperature profile is complete. The standard k - E  model was used in 
describing the turbulent flow in conjunction with wall functions in the 
region close to solid boundaries. Preliminary calculations have been 
carried out with a pure Argon system and the model results seem to be 
consistent. The model will now be used for making calculations with the 

corresponding to what i s  presently used in the Ar/H, blend and for flows 
reactor. 

Calculation of equil 
system has been performed 
method used consists of f 

brium composition for the 1-1, Ar, C, C1, Si 
for temperatures ranging from 300°-64000K. The 
nding the values of N i  (the numerical density 

o f  each species) that satisfies the constraints of minimal Gibbs free 
energy while satisfying mass and electrical charge conservation. A total 
of 44 possible elements/compounds has been considered in making this 
calculation. The results of this study will be incorporated in the final 
comprehensive model for predicting conversion t o  silicon carbide. 
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Task 3. Baseline Characterization and Analytical Method Development 

The objectives for this task include: 

. .  Firmly establish the methodologies to be used for powder 
characteri zati on. 

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

Initially, TWO commercially produced S 1 C  powders were to be 
characterized: H.C. Starck, Inc. (Nest Germany), A10 Grade; and Sohio- 
Carborundum submicron alpha S i c .  

characterize one beta phase powder in addition, Starck 8-10 Grade. 

following: 

As both of the above powders are alpha phase, it was decided to 

The parameters characterized and the methodologies used include the 

Characteri sti c Methodology 

..Surface area 

..Degree o f  agg 

..Particle size 

. . Bul k comoosi t 

. .  

Pressure1 ess s i  nterabi 1 i ty --Percentage o f  theoretical density 
achieved with and without 
sintering aids. 

- - B . E . T .  surface analysis. 
omerati on --Tap density. 
distribution --Hori ba particle s i z e  analyzer. 
on --Wet chemistry 

Phase distribution --X-ray diffraction. 

The results o f  the baseline characterization o f  the three 
powders i s  as follows: 

Starck 
A10 

Starck 
510 Sohi o-Carborundum 

Pressureless Sinterability 
(percentage o f  theoretical 
density) 

- without sintering aids 
- with sintering aids 

Surface Area 

Degree of Agglomeration 
- Tap density 

63.6% 
96.2% 

14. 3m2/g 

0.847 g/cm3 

N/A 
94.3% 

15. 35m2/g 

0.926 g/cm3 

51.01% 
99 88% 

9.47m2/g 

0.962 g/cm3 
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I Particle ......... Size Distribution 
Cumulative Pprcentage greater than 

t h e  indicated ........... p a r t i  c l  e ............... si ze ^ 

S i z e  S o h i o -  
m S t a r c k  A10 Starck 510 Carborundum 

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

1.8-1.5 
1.6-1.4 
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 
79.8 
38.2 
41.4 
45.7 
50.9 
58 .0  
55.4 
68.2 
7 6 . 7  
85.7 
9 7 . 2  
100.0 

4.2 
4.7 
5.8 
8.7 
11.8 
2 1 . 0  
24.6 
29.0  
36.1 
4 3 . 2  
4 9 . 2  
51.5 
69.9 
84.0 
97.4 
100.0 

0 
0.4 

7 . 0  
9 . 8  

2 4 . 3  
2 7 . 3  
32.2 
39.1 
4 9 . 9  
65.4 
6 7 . 1  
7 6 . 2  
87.9 
97.7 
100.0 

3.8 

-Mean Particle S i z e  (d5,,J 1.4pm 1.  Opm 1.2urn 

Sulk Composition 
Soh i G -  

Starck A10 Starck BlO Carborundum 

Chemical Analysis ( w t  % )  - 
i o t a 1  Carbon 30.3 30.49  29.95 
Free Carbon (corrected f o r  

oxidation) 1.54 1.83 0.36 
Total Oxygen 0 . 7 6  0.90 0 . 2 7  
Free Silicon 0.29 0.40 0.09 
S i  + S i O ,  1.73 1 . 7 1  0.60 
Si02 (caiculated f ro in  0,) 1.44 1.31 0.51 
S i C ( ca 1 c u 1 ate d ) '36.10 95.70 98.80 

Emission Spectroscopy ( w t  % )  
A l u m i n u m  . 0 1  Aluminum .07 Aluminum<.Ol 

Cal c i urn(. 01 Ca 1 c i  urn<. 01 
I ron 0.03 Iron -04 I ron<.  01 

Magnesium<.Ol Maynesium<.Ol Magnesium<.Ol 
Ti t a n  i urn<. 01 Ti tan i urn<. 01 
VanadiurrK.01 Vanadium<.Ol 

Boron .02 

Cal ci urn< I 01 

T i  t a n  i urn , 0 1 



15 

Elements less than . 

Phase Distribution 

Major 
Low T r a c e  

Starck AX 
Chromi urn 
Copper 
Man g a t i  es  e 
Nickel 
Zirconium 
C o b a l t  
Molybdenum 
Vanadi urn 

005% Boron 

6H 
15R/4M 

S o h i o /  
-~ Starck B1Q Carborundum 

h3ron  
Chromi urn Chromi urn 

Copper 
Man g a n e s e Man g an e s e 

N i c k e l  
Z i  rcoiii um Zircanium 

Molybdenum 

3c 
6H 

6H 
15R 



Task .I._I.. . . 4. Screeninq Experiments -_____ 

Task 4 was divided into subtasks for management and reporting 
p u r p o s e s .  

4. Screening Experi 
Subtask Schedule 

SU b- ‘Ta 5; k s  

4.1 Characterize Torch 
Operation under Ar/l-i2 
Blend 

4.2 Define Individual 
Va r i a b I es 

4.3 Initial Synthesis 

4.4 Matrix Variable 

Runs - Feedstock 1 

Screening Experiments 
4.4.1 Feedstock 1 
4.4.2 Feedstock 2 
4.4.3 Feedstock 3 

4.5 Characterize Powders 

4.6 Select Feedstock for 
Extended Parametric 
Studies 

-~ 

- . . . . . . . . . 

Figure 6. Subtask Schedule for Screening Experiments 

The first sub task  was to characterize the operating o f  the plasma torch 
using a Hydrogen/Argon blend. It s h o u l d  b e  noted that the original 
workscope included a short series o f  experiments to investigate the 
feasibility o f  using a hydrogen plasma in lieu o f  Argon.  T h i s  could be 
a d v a n t a g e o u s  as  hydrogen is a reactant (to scavenge chlorine from the 
silicon source) and t h e  argon (necessary only as a carrier o f  energy) 
could potentially b c  reduced or eliminated. 



As both Sohio-Carborundum and t h e  t o r c h  vendor ,  Plasma M a t e r i a l s ,  
i n c .  were c o n f i d e n t  t h a t  t h e  t o r c h  would o p e r a t e  w i t h  a very r i c h  
Hydrogen t o  Argon b lend ,  i t  was d e c i d e d  t o  accomplish t h i s  subtask  f i r s t .  

Concurrent w i t h  t h a t  s u b t a s k ,  c a r e f u l  c o n s i d e r a t i o n  was given t o  t h e  
c h o i c e  o f  t h e  ind iv idua l  v a r i a b l e s  f o r  che screening  experiments .  The 
candida te  f e e d s t o c k s  were descr ibed  i n  t h e  s ta tement  of work, b u t  t h e  
va lues  ( o r  range o f  v a l u e s )  f o r  tempera ture ,  c a r b o n i s i l i c o n  r a t i o  and 
r e a c t a n t  concent ra t ion  had t o  be e s t a b l  i s h e d .  

d e v e l o p e d .  The candida te  feeds tocks  a r e  a s  f o 1 1  ows: 
A matr ix  of '  screening  experiments  depic ted  i n  Figure 7 war; then 

i i e a c t a n t  1: s i 1  icon c e t r a c h l o r i d e  ( S i c 1  + )  
Reactant 2 :  dimethyl d i c h l o c o s l l a n e  [ ( C H , j , S i C 1  
Reactant 3:  methyl t r i c h l o r o s 3 l a n e  ( C H , S . i C l  3 )  

Proposed Test Matrix: Screening Experiments 

Reactant 

Reactant 1 

Reactant 2 

__ - 

Reactant 3 

Temperature Carbon/Silicon Ratio 
- -  - ~ t 

t i  i 

LO 

Hi .... - .............. 

... 49. 

L 1.0 - 

1 -  - t-l I __ 

t-1 i 1 -  I. Hi 

1 ... 
........... -. .... - .... 

L O  
-. .... - ....... LS ...... ... 

Hi ~ - ... 

Lo 

........... H i  ..... ~ ....... 

Hi 
...... ....... .......................... . 

..... L 0 -- ........ .... 

L O  
..___ .. 

Figure 7 .  Screening Experiment Tes t  

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

Reactant Concentration 
Hi 

-. is 
t-4 i 
L O  
Hi 
L O  
C i  i 
Lo 
Hi 
Lo 
Hi 
Lo 
Hi 
L.0 
Hi 
Lo 
Hi 
Lo 
14 I 
L O  
Hi 
L O  
Hi 
l o  

.............................. ~~~~ ..... 

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

....... ....... 1 __ 

........ . . - 

.................. ~ 

.. . __ .............. __ 
............ _ ................ 

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

.... ... 

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

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

.. .. 

~- 

~- 

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

.. 

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

. 

...... ~ ....... - __ ........ 
.................. ....................... 

..... .- 

..... ~ . 

...... . 

- ...... __ ...... _ _ ~  .................. 

M a t r i x  



Once the plasma torch had been stabilized on a vsry r 
blend, silicon feedstock (SiClb) and methane were added to 
Several short runs were made and powder was produced. Ana 
proved t h e  powder to be beta silicon carbide. 

ch H2/Ar 
the systeln. 
ysis later 

Several debugging problems occurred which aborted many o f  the 
initial ~ u n s .  Some of these problems included t h e  silicon f e e d  pump, the 
tail gas scrubber level transducer and a cooling water l eak  into the 
plasma torch. A1 1 i tems were satisfactorily resolved. The cool ing water 
leak resulted in severe damage to the delrin housing, biut. prompt response 
DY Sohio's plasma torch vendor (Plasma Materialsl Inc.) resulted in very 
mi n i rn ci 1 down t i me . 

The torch and reactor system a1 so exgeri enced p l  u g g i  ng pvobl m i s  
which limited run times; some as s h o r t  as 5 minutes. Minor anode con- 
figuration changes were made which has since allowed runs iup to 3 hours 
in duration. Although this problem has not been completely solved, the 
present configuration is capable o f  running long enough to accomplish t h e  
tasks planned for Phase 1. Runs o f  one hour duration will generate 
representative material in sufficient quantities for analysis. 

experiments; a matrix of 24 variations o f  temperature, carbon to silicon 
ratio and reactant concentration (defined as hydrogen .to chlorine ratio). 
However, a priority was placed upon establishing the consistency and re- 
producibility o f  the process. The workplan was modified to first r u n  
four pre-screening experiments to establish a consistent baseling; then 
to prioritize the screening experiments (-focusing primari ly 011 feedstock 
one). Eight experiments ( s i x  o f  Feedstock 1 and two o f  Feedstock 2) will 
be run and the results analyzed. If there i s  any inconsistent data, 
those runs w i  1 1 be repeated. 

firmly identify the most promising feedstock for  further evaluation in 
Task 5 Extended Parametric Studies. 

The four ore-screening runs (two at 30 minutes and two at 60 
minutes) were made with constant operati rig conditions and powder was 
collected from various points in the system. Each of these samples is 
w i n g  analyzed to check reproducibility and to obtain a rough material 
balance closure. 

about November 15, 1985. 

A t  this point, the workplan called for t h e  initiation o f  screening 

A total o f  24-28 screening experiment runs will be made in order to 

The screening experiments are now underway and should be concluded 
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A n a b i s  -- o f  Resul t s  

- I n i t i a l  Synthes is  R u n s  

Powder produced during t h e  i n i t i a l  synthesis runs has been 
sflalyzed. S i x  sati:ples, c o l l e c t e d  from e i t h e r  t h e  r e a c t o r  or  t h e  powder 
hopper  a t  ehe base o f  t h e  r e a c t o r ,  h a d  S i c  c o n t e n t  ranging fconi  83.0% t o  
26.6% and s u r f a c e  a reas  from 11.3 t o  28.4rnd’/g. 

As these were t h e  very firlst run5  o f  the r eac to r  system w i t h  a 
rilicoq f eeds tock ,  the  r e s u l t s  a r e  very encouraging. A t yp ica l  a h o t o -  
micrograph appears  b e l o w :  

Figure 8 .  Photomicrograph o f  powder produced 
during one o f  t he  i n i t i a l  s y n t h e s i s  runs - 3 0 , 0 0 0 ~  
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Task 5. Extefided Parametric Studies Status o f  . . .. Milestones . _._.. 

T h i s  task is intended t o  further evaluate the process parameters o f  
the feedstock selected at the conclusion o f  t h e  screening experiments. 
Among s ther  parameters, gas f l o w  rate will be varied jn order to e v a l u a t e  
the effect a f  residence tinte and t h e  b e s t  conditions f o r  scaling up t h e  
selected process. 

 he structure o f  this task and t he  specific experiments wil be 
dev210pad at the conclusion o f  t h e  screening experiments. It i s  
anticipated t h a t  this t a s k  will get underway about  Oecember 1, 1 85. 

- 

S t a t u s  o f  Mi-1 estones 

Status ______. Milestones - 

Task 1. 

Task 2. 

'Task 3 .  

Task 4. 

Task 5. 

Task 6. 

Task 7 .  

Design, Construct and Test - Complete 
Laboratory Scale Equipment 

Develop Theoretical Model 

Baseline Characterization and 
Analytical Model Development 

Screening Experiments 

..Selection o f  Feedstock 

Extended Parametric Studies 

. .Provide 20Q-50Og Sarripl e 
t o  ORNL 

Reporting Requirements 

Quality Assurance 

- Initiated March 1; on 
schedul e. 

- Complete 

- Initiated April 1; abaut 
t w o  months behind schedule 

- Scheduled f o r  November 15 

- To be initiated December 1 

- Scheduled f o r  - 
April 30, 1986 

- On schedule. 

- Ongoing. 
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1.1.2 Silicon Nitride 

echnol ogy Laboratory)  

ob j ec ti ve/ Scope -. - 
The in-house program i s  eoncen t r a t lng  on s i n t e r i n g  compositions i n  t h e  

Si N -Y 0 S i 0  System us ing  a two-step s i n t e r i n g  method where t h e  N g a s  
pressure i s  raised Erom 1-2 MPa dur ing  t h e  d e n s i f i c a t i o n  process .  During 
t h e  s l n t e r i n g  under high p r e s s u r e  ni  t rogen ,  t he  environment i s  extremely 
redricing and t h e  oxygen c o n t e n t  of t h e  s t a r t i n g  materials is s i g n i f l c a n t l y  
reduced by t h e  formation of SiO. Tbe use  of  cover powder over t h e  samples 
reduces  t h e  oxygen loss. M i l l i n g  t i m e  a l s o  inEluences  “green”  d e n s i t y  and 
r e s u l t a n t  s i n t e r e d  densi t y  by changing t h e  par t ic le  s i z e  d i s t r i b u t i o n  o f  
s t a r t i n g  powders, r educ ing  agglomeration and producing a more equiaxed 
par t ic le  morphology, M i l l i n g  s t u d i e s  are being conducted wi t h  t h r e e  
d i f f e r e n t  sources of s t a r r i n g  Si  N powder. 

3 4  

Technical -- High l igh t s  

3 4  2 3  2 

A m a t r i x  of compositions i n  the Si N - S i  N 0 - Y S i  0 arid Si3N4 - 3 4  2 2  2 2  Yzl ’S i  0 - Y 5 ( S i O 4 I 3 N  c o m p a t i b i l i t y  t r i i ang le s  have been d e n s i f i e d  by 
two-sfep, h igh  gas  p r e s s u r e  s i n t e r i n g .  Temperatures i n  t h e  range  of 
1900-2QOO0C a r e  g e n e r a l l y  used. Nitrogen gas p r e s s u r e  i n  t h e  f i r s t  s t e p  i s  
apprvxlmatly 1.5 MPa and i s  i n c r e a s e d  t o  e i t h e r  5.5 MPa 01: 8.0 MPa i n  t h e  
second s t e p .  Higher s i n t e r e d  d e n s i t i e s  u s u a l l y  occur when 8.0 MPa pres su re  
1s uscd i n  t h e  second s t e p -  Specimens are conta ined  i n  a c losed  RBSN 
c r u c i b l e  when being s i n t e r e d .  A d d i t i o n a l l y ,  they  a r e  covered w i t h  Si N 
powder c o n t a i n i n g  a p p r o p r i a t e  a d d i t i v e s  and BN t o  res t r ic t  oxygen l o s i  4rom 
khe specimen v i a  S i 8 .  When t h e  proper cover powder and s i n t e r i n g  c y c l e  i s  
w e d ,  weight changes observed with specimens a f t e r  d e n s i f i c a t i o n  are less 
than  1%- O f  p a r t i c u l a r  i n t e r e s t  were specimens ranging  i n  compos$ t i o n  from 
S i  N 

7 

- 3.5m/oY 0 ( S . ~ W / O )  - 11,9m/o Si02(5.4 w / o )  t o  Si N - 4,7m/o 
w28,t7.8w/o) - 4 . h / o  si 02(4 .  2w/o). 3 4  

These a r e  compositions which approach t h e  Si N - Y S i  (1 j o i n  from 3 4  2 2 7  t h e  S i02  r i c h  s i d e .  
p e r c e n t  of combined a d d i t i v e  ( Y  0 + S i 0  ), appears t o  be r e q u i r e d  t o  
produce h igh  s i n t e r e d  dens i t i e s :  ?.e, ,  >$7%. 
t h e s e  s i n t e r e d  specimens i n d i c a t e d  t h a t  p r i m a r i l y  two c r y s t a l l i n e  phases 
are p r e s e n t , $  -Si N4 and -Y S i  0 A s  the composltons became more S i 0  
r i c h ,  some re s idua?  g l a s sy  phase remained i n  the specimen. M i c r o s t r u c t u r a l  
ana lys i s  by SEM revea led  t h e  presence of a duplex type m i c r o s t r u c t u r e  wi th  
some e longa ted  g r a i n s  a t  least  15-20l  Long i n  a f i n e r  g r a i n  mat r ix .  
s u g g e s t s  t h e  need f o r  f i n e r ,  uniform s t a r t i n g  m a t e r i a l s ,  developing a 
packing d e n s i t y  wl t h  a f i n e ,  uniform pore  d i s t r i b u t i o n ,  lower s i n t e r i n g  
tempera tures  o r  t h e  a d d i t i o n  of g r a i n  growth i n h i b i t o r s .  Neve r the l e s s ,  t h e  
room tempera ture  MOR of specimens machined from t h e  s i n t e r e d  bodies  ranged 

A l s o ,  f o r  o u r  sinterJmg c o n d i t  oms, a t  l e a s t  IO volume 

X-ray d i f f r a c t i o n  ana lyses  on 

2 2 2 7 ”  

This 
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between 585 MPa and 655 MPa, 
specimens produced o x i d a t i o n l s a t e  c o n s t a n t s ,  kp,  i n  the 10 
1200'C for 125 hours  and 10- 
r u p t u r e  d a t a  w a s  ob ta ined  on a l i m i t e d  number o f  specimens w i t h  a 
composi t ional  range as prev ious ly  i n d i c a t e d .  Specimens w i t h  eomposPt ions  
near  the Si Fa4 - Y2Si207 j o i n  l a s t e d  170 hours  witlnout f a i l u r e  
under 300 M 8 a  stress a t  120OoC. Re ta ined  room t e m p e r n t i w e  MOR on s u r v i v o r s  
w a s  480-550 MPa. rich composl t ions l a s t e d  grgater than 150 hours 
without failugrz under 300 &?a stress a t  1OOOOC and 1100 C bu t  f a i l e d  i n  1-2 
hours  a t  1200 C. 

Pre l iminary  o x i d a t i o n  s t ~ t d - l e g ~ y f  t h  these  
range a t  
Stress  range  a t  1000° f o r  150 hours.  

More S i 0  

Furtl-aer s i n t e r i n g  of specimens near t h e  S I  N - Y Si 0 j o i n  d P 1  
con t inue  with gene ra t ion  of MOR, o x i d a t i o n  and s t r e s s - r u p t u r e  da ta .  
C r y s t a l l i z a t t o n  treatments are also  being s t u d i e d  t o  reduce r e s i d u a l  g l a s sy  
phase 

(SN-E-IO), T S i  (TS-7), and Siconide  (P95) .  

3 4  2 2 7  

Other S i  N, powders being s t u d i e d  as startltag materials incli.ide eTBE 

A v i b r a t o r y  sc reen ing  procedure i s  be ing  used t o  produce powders with 
more uni formi ty .  
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a n t h s s i s  of High Pur i t y  SinterubZe Si3 Iv, P o d e r s  
ICz. M. Crosbie (Ford Motor Company) 

Objective/scope 

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

Through the availability of improved powders, new 

Technical progress 

This task was initiated February 1985. This i s  the first semiannual 
report for this task. 

This process study for synthesis o f  alpha silicon nitride powder 
i s  directed towards a modification of the low temperature reaction o f  
51C14 with liquid NH3. The modification is characterized 1) by absence 
of organics (a  source o f  carbon contamination) and 2) by pressurization 
(for improved by-product extraction). 

designed and construction is underway. 
The pressurized apparatus for synthesis of silicon nitride has been 

In the first months of this task, the use of another liquid precursor 
for silicon, tetraethyl orthosilicate (TEOS), was investigated. Experimental 
results f o r  this precursor are presented i n  the following paragraphs 
and Figure. 
o f  use of carbon-free reactants, technical emphasis was placed on the 
silicon tetrachloride-liquid ammonia process reported above. 

Although equi-axed, alpha silicon nitride has been identified (by 
electron microprobe and x-ray diffraction) in powders formed from TEOS, 
a batch nitriding step is apparently required to convert the pyrolysis 
products. Assay of pyrolysis products from TEOS has shown that Si3N4 
i s  not directly produced under a variety of conditions (Fig. 1). The 
pyrolysis product is primarily an intimate solid state mixture of amorphous 
silica and carbon black. 

In view of interest in circumventing entrapped silica and carbon 
residuals (which are typical for carbothermal nitriding syntheses from 
powdered precursors), experimental emphasis was placed on tests of nitride- 
forming conditions in a single step pyrolysis. Actions included increased 
residence time and increased H z / N 2  ratios in feed gases. These experiments 
typically yielded 0.1 to 0.2 wt% nitrogen (by Leco analysis) in the collected 
powders. 

The highest value (1.03 wt%) for pyrolysis product nitrogen content 
(Fig. 1) was obtained with NH3 as a carrier gas to sweep vaporizing TEOS 
fine droplets into a 1450OC zone, 
were 39.1% oxygen and 25.3% total carbon, by Leco analysis. 

Based on these results and discussions of the desirability 

Other constituents o f  solid products 
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F i g .  1. Chemical analyses o f  powders formed by s i n g l e  s t e p  pyro lys i s  
o f  t e t r a e t h y l  o r t h o s  i 1 i cat t? .  

S t a t u s  O f  Milestones 

There were no major  m i les tones  i n  t h i s  f i r s t  c o n t r a c t  period. Uork 
i s  p roceed ing  t o  meet t h e  December 1985 milestone o f  c o n s t r u c t i o n  and 
c o m i s s i a n i n g  o f  t he  apparatus.  

Pub1 i c a t i o n s  

6.  M. Crosbie,  "Seeded S i l i c o n  N j t r i d e  Synthes is :  A P~ogress Report," 
Paper No. 35-FII-85, presen ted  at the Am. Ceram. SOC. Annual Meet ing,  
C i n c i n n a t i ,  Ohio, May 8, 1985, 
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1 . 2 . 2  Silicon N i t r i d e  Matrix 

kwell l n t e r n a t ~ o  

Obj ec t i  ve/Sco p 

ram is t o  deve’lop 
ceramic matnni x 

fo r  heat engine 
nitride matri x 
w i t h  suitabl  i t i o n s  of othe 

e physical be r. The desire 
r t i es  will be developed by 
IloidaJ suspension, press forming, 
nd microstructure have been 

optimized for  ~ ~ d u c i n ~  samples by the 
injection  din^ process. 

I echnical Progress 

form o f  tetragonal ZrO2 i matrix t h a t  will s ignif icant ly  

Si3N4 and Z r O  
i t  depletes t ntent without toughness and i t  oxidizes a t  
i n t e ~ e ~ i a t e  es t o  monoclin The monoclinic Z r O  
t u r n ,  r esu l t s  i n  ser ious surface crac F. Lange (Ref. ’1 1 
evidence t h a t  the formation of Zr-oxynitride can be prevented o r  
t h a t  a transformable tetragonal Zr02 phase can be obtained by usi 

The basic composite composi t ion sel ected fo r  

~ ~ ~ k g ~ ~ u ~ ~  - The intent o f  this i n i t i a  study is t o  re ta in  a transformable 

the composite ma 
decreasing stren 

ar tensi  t i c  transformation mechanism 
blem experienced i n  the past is  t h a t  

undesi rabl c compound as  

2 al loys have been investigated,  13 .7%,  72.0%, 8.0% and 

%‘by vol. Zr02 alloy plus 7 N4, Two or  4% (by 
w t ,  1 A l  0 was a l so  added a s  a s in te r ing  aid,  micron powders were 

ultrasonic energy while st i l l  suspended i n  water. Disc-shaped samples ( 3 . 8  cm 
dia. ) were formed by pressure f i l t r a t i o n ,  and the dried green density of these 
samples was 40% of theoret ical ,  
prrograrn b u t  this problem was eliminated by adding 2% (based on dry w t .  ) PVA t o  
the slurry. 
i n  NZ i s  now preferred because higher s in te r ing  temperatures can be eas i ly  
obtained and because the MoSiZ hea t ing  elements used for  s inter ing i n  a i r  
often failed.  

obtaine $ 2  y rnulti ple sedimentation processes and they were mixed w i t h  

Severe cracking was experienced ear ly  i n  t h e  

Sintering was i n i t i a l l y  conducted i n  a i r  a t  1700C, b u t  s inter ing 
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Results - E n j t i a l  resu?%s (Table 1 ) of this program show t h a t  70% 
S i g M v d 2  composites ( 1 )  can be sintered t o  inear theoret - ica l  
density u s i n g  a small amount of  sintering a i d ,  ( 2 )  can be made t o  exhibit a 

zll.09 ?lllClyE?d W i t h  13,7% and 12%; Y$%J, Although the  ZPQ2 aaIOj’ 
fillty s tabi l ized before sintering an apprec iab le  amaunt o f  Y2a3 

ssy gra in  boundaries d u r i n g  s inter ing,  
t r i x  retained the cubic structure a f t e r  s inter ing i n  these 
subsequent heat  treatments, of 13.7% Y203 samples anly, t o  

The Zp02 y r t i c l e s  i n  

22006 d i d  not i n i t i a t e  the formation o f  the te t ragona? phase 
containing 8,QX and 4.5% Y203 were evaluated n e x t .  
the tetragonal gdnase b u t  examination o f  the  r n i ~ r o s t r ~ c t ~ r e  D 

howed pw mixin  and the presence of ZrQz a glomerates ( a s  large as 40 
icronsi. rhus, L e  results of the 4.5% and .O% Y2Q3 al loys reported i n  
@le 1 are questionable and these experiment w i l l  be repeated. There may 

be a compositional erwr i n  the 8.0% Y203 cosiiposite. 
s i t i on  s in tered  to  higher densities than any other corn 
r more OF“ l e s s  Y 03, and i t  sintered t o  densi t ies  h i g h  

cal  cul ated theoretiea f densi ty. 

Cornpsi eions 
These sa pl es r e t a i n e d  

sintered samples 

@he ical  analyses are being per-farmed to 
hether the composite conta ins the cor rec t  amount o f  ZrQ2 and 

A parametric study showed t h a t  t he  ZrQ2 zngglomer t.es and the poor m i x i n g  
was due t o  the use of a small ultrasonic mix ing  cham er. 

PVW burn out opesation (800C, l h )  had any e f fec t  on the microstructure or on 
the high sintered densit ies.  

MgO or  CaO, may be more conducive t o  the Formata’on o f  a transformable 
tetragonal Wase than a t r j va l en t  cat ion,  such as  Y2Q . 

spcin1e315 wit.hoilt 
erates and exhibiting good dispersion o f  Zr02 nd Si EJq particles 

i t h  of  an ultrasonic horn. Neither t 2 e USEL o f  PVA o r  t h e  

According t o  theory, a divalent cation alloying agent i n  ZrQz, such as 

Compositions o f  
vol. Si3N4 p l u s  30% Z r O  alloyed w i t h  MgO w i  s 1 be evaluated 

i t h  the Y203-Zr02 alloys $ w i n g  the next. reporting period. 

Status o f  Milestones 

The f i r s t  milestone was met. on schedule and the nex t  two, due 31 December 
1985 and 30 June 1986, are on schedule. 

We f e renc e s 

1. F.F.Lange, L. K. b. F a l k ,  and B. 1. D a v i s ,  “Structural Ceramics 
Composites Based on SigNq-ZrO2(+Y203) Compositions‘” unpmbl ished,  
October 1985. 



TABLE 1 
SUbMR'6 OF RESULTS - 

-̂ 

SLIP zroz AI 03 SINTERING 6FUGE X OF Zr02 FRACTURE 
NO CONTENT %&NT* SXiTER TEMP (6) BULK CALC'D PHASE TOUGHNESS_ 

( V o l .  'b) (UT. 9 ; )  AID AND ATFI, DENSITY THEO. {trlpa rnllf)  
(UT X )  1 HOUR (g/cc 1 DENSITY* 

S9 30 4.5 2 iaco, N 3.69 13) 91.3 ND blD 
SI 0 30 4.5 4 IBQO, N 4.00 ( 6 )  99.0 Tetra 7,1 ( 1 )  

SI 4 30 
s1 5 30 
SI ti 30 

s5 30 
S6 30 
sa 30 

s70 30 

s14 30 
SI 5 30 
SI 6 30 

8.0 
8.0 
8.0 

13.7 
13.7 
13.7 

2 
4 
4 

8 
2 
4 

1800, N 
'i800, N 
1800, N 

1800, N 
1800, N 
1800, N 

4.19 (6) 
4.16 ( 5 )  
4.23 (8) 

2.46 (1) 
3.82 (19  
3.92 (31 

4.5 

8.0 
8.0 
8.0 

1750, N 

1750, H 
1750, II 
1750, bl 

3.90 ( 2 )  

4.04 (2) 
4.17 (2) 
4.28 ( 1 )  

(1 03.7 1 
(103.0) 
(104.7 1 

60.9 
95.6 
97.0 

96.5 

( 100.0) 
(103.2) 
(105.9) 

Tetra 
Tetra 
Tetra 

Cubic 
Cubic 
Cubic 

IID 

Tetra 
NB, 
Tetra 

MI 

ND 
6.0 (1 )  
NO 

56 30 13.7 2 1700, N 3.47 ( 1 1  85.9 Cubic M) 
s7 30 13.7 4 9700, N 3.78 ( 1 )  95.6 Cubic 7,s (4) 

s10 30 4 ,s  4 1700, Air 3,93 ( 3 )  97.3 Mono + ND 
Tetra 

BD 30 12.0 4 1700, A i r  3.91 (2) 96.9 Cubic 

s5 30 13.7 0 1700, A i r  3,07 ( 1 )  76.0 ND m 
S6 30 13.7 2 '1700, Air 3.87 ( 2 )  95.8 Cubic 6.4 (1 1 
57 30 13.7 4 1700, Air 3,88 429 96.0 Cubic 5.9 ( 1 )  

57 i a  13-7 0 1700, Air 2.53 (1) 68.4 Cubic ND 
52 18 13.7 2 1700, A i r  3.18 ( 1 )  85.9 Cubic ND 
S3 18 13.7 4 1700, Air 3.45 (1) 93.2 Cubic 7.2 ( 1 )  

s1 18 13.7 0 1700, Air (3h) 2.63 ( 1 )  71.1 Cubic MI 
s2 ia 13.7 2 1700. A i r  ( 3 h )  3,43 (1 )  92.7 Cubic ND 
s3 18 13.7 4 1700, Air (3h) 3.53 (1)  95.4 Cubic 6.9 (1)  

53 i a  13.7 4 1750. Nz 3.32 ( 1 1  89.1 Cubic ND 

s9 30 4 . 5  2 1700. Air 3.59 (5) 88.9 NQ rn 

52 18 13.7 2 1800, N2 3.15 (1) 85.1 Cubic tJD 
53 18 13.7 4 1800, hl2 3.54 ( 1 )  95.7 Cubic ND 

* = 

* f =  
0 = Number of samples 
MI = Not determined *** * 

A l l  Compositions are 30% (by v o l . )  partially stabilized ZrD2 + 70% Si3t4. 
Y2O3 content is the amount of s t ab i l i z ing  agent i n  the ZrO2. 
Based on 4.04 g/cc fo r  30% ZrOz and 3.70 g/cc for 18% Le. 

Poor sample fo r  diamond indention method because the surfaces were not parallel .  
However, the value i s  p-obably representative. 

The 



Silicon Nitride-Metal, a oraLor,es Carbide C o p o s i t e s  ‘frrc‘;”j . ....- 
T.- I. t3u I jan (G1T-I- b 

Objectivelscope ._ ................. I_^ 

The objective of t h i s  program i s  t o  develop s i l icon  nitride-based 
composites o f  improved toughness, u t i l i z i n g  S i c  a n d  TiC as  particu1at.e 
o r  whisker dispersoids,  and t o  develop and demonstrate a process for  
near n e t  shapp p a r t  fabr icat ion.  Near net shape process development 
will  explore forming by inject ion molding and consolidation by h o l  
i s o s t a t i c  pressing or conventional s in te r ing .  

Tech n i ca 1 p ro y re  s s ............ -. - 

material .  
t h e y  have 
avai labi l  
will a l so  
whiskers. 

Raw Mater 

__ Io date ,  most o f  the work has focussed on CharacLerization o.F the 
raw materials used for t h i s  study a n d  development of processing routes 
for  incorporation o f  the  whisker dispersoid into .titie Si 3 N 4  matrix 

Whl’le Tateho S i c  whiskers were n o t  proposed f o r  this study, 
been included and a r e  considered a second source should the 
t y  of the ARCO material become more l imited.  This iiiaterial 
be used f o r  process development a n d  comparison w i t h  the ARC0 

a l s  Characterization 

Previous has shown the importance o f  maintaining law im- 
purity levels  f o r  control o f  in te r fac ia l  reactions between the matrix 
material and dispersoid in Si3N9-TiC composites. The dispersoid 
material was ident i f ied a s  a ma’or source of impurit ies.  

The s i l icon  n i t r i d e  powder’ used for  current s tudies  has an  oxygen 
content o f  1.5  w t .  % w i t h  less than 700 ppm of other impurit ies,  The 
powder consis ts  o f  9 4 . 1  w t *  % a-Sj3N4,  5 .8  w t .  % @-Si3N4 and 6 .1  w t .  % 
Si.  The surface area o f  t h i s  powder** was detei”rTl.ined i o  be 4.0 m2/gm. 
Impurity leve ls ,  oxygen and carbon contents for -  the Sic  and TiC d i s -  
persoid materials a re  given in Tab le  1. To determine i f  the impurities 
were sur.face contaminants or contained in the crys-tal str-ucture, 
Secondary Ion Mass Spectrometry (SIMS) analysis  was used 
layers of ARC0 S i c  whiskers were found to contain inajor concentrations 
of F, Al, and Mg, while the Tateho whiskers conta-in Mg and Al. The 
major impurities observed on the Cerac S i c  par t icu la te  surfaces were F, 
A l ,  a n d  Mg, while only A 1  was detected on the Lonza S i c  p a r t i c l e  
surfaces.  Reduction of some o f  the surface impurit ies,  including oxygen, 
may be accomplished by acid leaching o f  the materials a s  observed by 
Tiegs, Becher and lki a t  QRNL fo r  ARCQ whiskers. Eased on t h e  measured 
t o t a l  carbori content,*”* a1 I potential  dispersoids a re  between 95% and 
100% of the stoichiometric compositions. 

Surface 

*GTE SN502 

Beterrn’l’ned by BET 

Leco Technique 

** 
*** 
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The average aspect ratio (l/d) of the ARC0 Sic whiskers was cal- 
culated to be 33 with an average length o f  17.5 um and an average 
diameter of 0.53 pm. The aspect ratio of the GTE Labs' Tic whiskers 
was determined to be 53 with an average length of 275 1.m and average 
diameter of 5.1 pm. 
lengths (up to 1000 urn), development of a method to shorten these 
whiskers and separate them into narrower size fractions will be can- 
si dered . 

Crystal structure characterization o f  the Tic whiskers in the STEM 
(Figure 1) determined that the faceted whiskers were single crystals 
elongated in <110>, sometimes with polycrystalline terminal globes. To 
reduce the impurity level of the whiskers, leaching i n  a hot 1:l 
HC1:water solution was implerraented. Microprobe analysis of t h e  whiskers 
after leaching indicated removal of iron and nickel with only a slight 
reduction in the chromium content. 
whiskers showed essentially no further removal o f  impurities. Exarn- 
ination of other leaching solutions t o  further reduce the impurity 
levels of the whiskers will be continued. 

Since a portion o f  these whiskers has extreme 

A second leaching o f  the same 

Powder Processing 

Initial powder preparation was accomplished by simple dry mixing 
of pre-processed Si3N4f6 w/o Y203+1.5 w/o A1203 with the as-received 
Si6 whiskers (ARC0 and Tateho) (I Microstructural observation of 
polished sections from hot pressed samples showed poor dispersion of 
the whiskers. 
using wet dispersion of the whiskers and mixing with the powders was 
developed. A flow chart for the wet processing procedure is given in 
Figure 2. 
disperses greater than 98% of the whisker agglomerates as observed in 
the hot pressed composite (Figure 3). 

To obtain better whisker dispersion, a processing route 

The combined sonification and homogenization o f  the whiskers 

Densi f i cati on 

Initial attempts to densify the Si 3W4-SiC whisker composite 
materials used material processed by dry mixing the as-received 
whiskers with a previously prepared Si3N4-Y203-A12Q3 composition. 
Prepared powder mixtures were hot pressed at 1725°C and 34.5 MPa in an 
inert atmosphere. Table 2 shows the results for some of the hot 
pressing runs carried out with the two whisker materials and two pro- 
cessing techniques. Initially densification of the dry processed 
material using the ARC0 whiskers showed that the poor whisker dis- 
persion required increased time for densification and yielded a micro- 
structure which contains voids associated with whisker agglomerates. 
For the Tateho whiskers processed in the same manner, a faster densi- 
fication rate was achieved for both the 10 and 20 volume percent 
whisker loadings. The observed phases after hot pressing were 6-Si3N4 
and Sic. The material containing better whisker dispersion prepared 
by the wet processing route densified more rapidly than the dry 
processed material. 
B-Si3N4,, Si6 and an additional phase Si20N2 not previously observed in 

These materials after hot pressing contained 
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Fig. 1. Characterization of Tic whiskers: a )  SEM photomicrograph 
o f  T i C  whiskers w i t h ,  b )  single  crystal  e lectron d i f f rac t ion  pat tern,  
and c )  backscatter electron channeling pat tern;  d )  i l l u s t r a t e s  poly- 
c rys t a l l i ne  globe sometimes observed a t  whisker t i p  and e )  the associated 
d i f f rac t ion  pat tern.  
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F i g .  2. Flow chart for wet processing o f  silicon nitride-silicon 
carbide whisker composites. 

Fig. 3. Dispersion o f  silicon carbide whiskers in the silicon 
nitride matrix after h o t  pressing. 



Tab le  2. Hot pressing results o f  Sic-whisker reinforced silicon nitride composites 
(pressing conditions: 34.5  MPa a t  1 7 2 5 O C )  

Densification Density Observed Phases Whisker 
Con t en t  T i  me 

Type (Val % )  Processing (rnin) ( gm/cm3) ( %  Th ) XRD 
~~ 

ARC0 10 240 3.22 98.6 %-Si3N4, Sic  

20 
20 
20 
20 
20 
20 

Tateho 10 
20 
20 
20 
20 
20 

Dry 
Dry 
\de t 
Wet 
Wet 
Wet 

90 
310 
480 
200 
200 
140 

130 
240 
100 
160 
160 
1 a0 

2.86 
3.17 
3.20 
3.21 

3.21 
3.20 

3.21 
3.20 
3.13 

3.20 
3.21 
3.21 

88.0 
96.4 
98.3 

98.8 
98.8 

9%. 3 

98.6 
98.3 
96.0 

98.3 
98.8 
98.8 

W 
w 

%-Si3N4, S i c  

3-Si3N4, S i c ,  Si20N2 
t 
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the dry processed materials. 
fabricated into MOR bars for determination o f  mechanical properties. 

A series of composites containing 10 v/o, 20 v/o and 30 v/o of 
fine (2 pm) particulate TiC in Si3N4 (6 w/o Y 2 O 3  + 2 w/o Al203) matrix 
have been prepared and evaluated f a r  their room temperature toughness 
using the indentation technique. Obtained KIC values have been found 
to be statistically invariant with increased T i C  content, and equivalent 
to that o f  matrix material. The absence of toughening may be attributed 
to antagonistic effects produced by the chemical interaction of the 
matrix and dispersoid as well as the textural complexity o f  the matrix 
phase, which may require considerably coarser dispersoids to obtain 
more effective crack-particle interaction. Preparation o f  initial 
specimens of the composites is expected to be completed by November, 
1985, at which time work will focus on mechanical property determination 
and further microstructural tailoring. 

The higher density materials have been 
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Sic-Whisker-Toughened Si l icon iVit&.de 
K. Maynes, M. Mart in  and H. Yeh (AiResearch Casting Company) 

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

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 
t o  d e v e l o p  t h e  t e c h n o l o g y  base 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 .  T1ii.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 Z P  as t h e  d e n s i f i c a t i o n  
method.  

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  is 
S i  N i- 6 %  Y 0 + 2 %  A 1  0 and  f o u r  t y p e s  of Sic w h i s k e r s  
are t o  b e  e v a l u a t e d .  F e a s i b i l i t y ,  as gauged by 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  N con- 
t a i n i n g  no w h i s k e r s ,  w i l l  b e  d e m o n s t r a t e d  i n  T a s 2  4. 
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  be c o n d u c t e d  i n  Task 2 t o  de-  
v e l o p  optimum process p a r a m e t e r s ,  m i c r o s t r u c t u r e ,  arid 
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 the  
o p t i m i z e d  ma te r i a l  w i l l  b e  carried o u t  i n  Task 3 .  

3 4  2 3  2 3  

Technical H i  g h l  i ghts 

Materials and  P r o c e d u r e s  

I n  I t e r a t i o n  1, 1 0  volume p e r c e n t  l o a d i n g  of ARCO 
S C - 9  Sic w h i s k e r s  w a s  u s e d  t o  d e t e r m i n e  s u i t a b l e  methods 
of i n c o r p o r a t i - n g  t h e  Sic w h i s k e r s  i n t o  t h e  S i  N m a t r i x  
ma te r i a l  as w e l l  as d e f i n e  HIP p a r a m e t e r s .  
w h i s k e r  d i s p e r s i o n  w a s  a c c o m p l i s h e d  by m i l l i n g  f o l l o w e d  
w i t h  s l i p  a g i n g .  

UAiPorrn 

I t e r a t i o n  2 w a s  c a r r i e d  o u t  u s i n g  w h i s k e r  i n c o r p o -  
r a t i o n  a n d  H I P  p a r a m e t e r s  d e v e l o p e d  i n  I t e r a t i o n  1. 
Three  Sic w h i s k e r s  w e r e  i n c o r p o r a t e d  a t  20  volume per- 
c e n t  l o a d i n g .  The S i c  w h i s k e r s  u s e d  w e r e  ARCO SC-9 ,  
ARCO SC-9 c o a t e d  b y  Naval R e s e a r c h  C e n t e r ,  and  T a t e h o  
SCW-1. D i f f i c u l t y  was e x p e r i e n c e d  i n  p r e p a r i n g  s l i p s  i n  
this i t e r a t i o n  due  t o  the u n e x p e c t e d  v a r i a t i o n  i n  GTE 
SN-502 S i  N powder wh ich  w a s  u s e d  ds t h e  b a s e l i n e  as 3 4  



36 

w e l l  as t h e  m a t r i x  mater ia l .  S o l i d  c o n t e n t s  had t o  b e  
r e d u c e d  and  s t r o n g e r  d e f l o c u l a n t s  u s e d .  I n  a d d i - t i o n  t o  
t h i s  p rob lem,  t h e  c o a t e d  ARCO SC-9 ( N R C )  c a u s e d  g e l l i n g  
p rob lems  n o t  e n c o u n t e r e d  w i t h  t h e  s t a n d a r d  ARCO SC-9. 
The s o l i d  c o n t e n t  of t h i s  s l i p  had t o  b e  r e d u c e d  f u r t h e r .  
The 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 .  A c r a c k i n g  
problem d e v e l o p e d  which  w a s  a t t r i b u t e d  t o  t h e  GTE powder 
v a r i a t i o n .  The bi.7.1.ets i n  t h i s  case w e r e  4 "  X 6"  x $ ' I  

p l a t e s .  

A new l o t  of GTE SN 5 0 2  Si3N4 powder w a s  s u b s e y u e n t -  
l y  r e c e i v e d  which  had improved p r o p e r t i e s .  I t e r a t i o n  2 
s amples  w e r e  remade ( i d e n t i f i e d  as I t e r a t i o n  2 A )  u s i n g  
t h i s  new powder ,  and  c r a c k  f r e e  c a s t i n g s  w e r e  o b t a i n e d .  
Sample p r e p a r a t i o n s  f o r  a l l  o t h e r  i t e r a t i o n s  c o n t i n u e d  
w i t h  t h i s  new GTE powder.  

The c a s t i n g  b i l l e t  geomet ry ,  s t a r t i n g  w i t h  I-tera- 
t i o n  2A, w a s  changed  f rom t h e  o r i g i n a l  p l a t e s  ( a p p r o x i -  
m a t e l y  6 "  X 41f X $ I f )  t o  c y l i n d e r s  ( a p p r o x i m a t e l y  2 "  d i d  
X 4 "  l o n g ) .  A c y l i n d r i c a l  b i l l e t  f i t s  i n t o  a c y l i n d r i c a l  
q u a r t z  capsule  w i t h  minimum gaps  between t h e  b i l l e t  and  
t h e  c a p s u l e .  T h i s  w a s  i n  a n  a . t t empt  t o  minimize  c a p s u l e  
f a i l u r e  d u r i n g  H I P ' i n g .  The c y l i n d r i c a l  b i l l e t s  r e q u i r e d  
l o n g e r  c a s t i n g  t i m e  ( 7  d a y s )  v e r s u s  t h e  r e c t a n g u l a r  
p l a t e s  ( 2  d a y s )  b e c a u s e  o f  t h e  r e d u c e d  c a s t i n g  s u r f a c e .  

An a lumina  f r e e  c o m p o s i t i o n  w a s  i n v e s t i g a t e d  .in 
I t e r a t i o n  3 .  T h i s  c o m p o s i t i o n  w a s  t o  minimize  p o t e n t i a l  
l i q u i d  p h a s e  r e a c t i o n  w i t h  S i c  w h i s k e r s  d u r i n g  d e n s i f i -  
c a t i o n .  Four Sic w h i s k e r s  have  been  i n c o r p o r a t e d ,  t h e s e  
b e i n g  ARCO SC-9, ARCO S C - 9  c o a t e d ,  T a t e h o  S C W - 1 ,  and  
Toka i  "iTokamax". G e l l i n g  problems w i t h  t h e  c o a t e d  ARCO 
w h i s k e r s  w e r e  a g a i n  e n c o u n t e r e d  i n  t h i s  i t e r a t i o n .  Even  
a f t e r  s o l i d  c o n t e n t  r e d u c t i o n ,  a u s u a b l e  s l i p  c o u l d  not 
be p r e p a r e d  f o r  c a s t i n g .  C a s t i n g s  w e r e  p r e p a r e d  f rom 
t h e  t h r e e  r e m a i n i n g  s l i p s .  

I n  g e n e r a l ,  t h e  S i  N s l i p s  c o n t a i n i n g  S i c  w h i s k e r s  
had a t e n d a n c y  t o  g e l l ,  3 e $ p e c i a l l y  s l i p s  c o n t a i n i n g  
c o a t e d  ARCO S C - 9  S i c  w h i s k e r s .  Due t o  the problems 
a s s o c i a t e d  w i t h  t h e  c o a t e d  ARCO S i c  w h i s k e r s ,  f u r t - h e r  
e v a l u a t i o n  i n  Task 1 i n v o l v i n y  t h e  c o a t e d  ARCO Sic '  was 
d i s c o n t i n u e d .  A l though  t o  a lesser d e g r e e ,  s l i p s  con- 
t a i n i n g  T a t e h o  SCW #I S i c  w h i s k e r s  and  Toka i  Carbon 
"Tokamax" S I C  w h i s k e r s  a l s o  showed g e l l i n g .  T h i s  re- 
s u l t e d  i n  d e f e c t i v e  c a s t i n g s  o c c a s i o n a l l y .  The S i  N4 
b a s e l i n e  mater ia l  s l i p s ,  and  t h e  S i  N / S i c  composize 
s l i p s  c o n t a i n i n g  ARCO SC-9 Sic w h i s g e r s  y i e l d e d  good 
c a s t i n g s  more c o n s i s t e n t l y .  

4 
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I t  w a s  found  t h a t  T a t e h o  SCW #1 Sic w h i s k e r s  ex -  
h i b i t e d  t h e  h i g h e s t  t e n d e n c y  t o  a b s o r b  m o i s t u r e ,  ARCO 
SCW #1 Sic w h i s k e r  s e c o n d ,  a n d  GTE Si3N4 t h e  l e a s t .  
T h i s  w a s  r e f l e c t e d  i n  t h e  w e i g h t  l o s s  v a l u e s  upon 
h e a t i n g  as shown i n  T a b l e  1. T h i s  f i n d i n g  and  t h e  
g e l l i n g  phenomenon o b s e r v e d  i n  s l i p  c o n t a i n i n g  T a t e h o  
SCW #1 v e r s u s  S C - 9  s u g g e s t s  t h a t  t h e  T a t e h o  SCW #1 Sic 
w h i s k e r s  have  u n d e s i r a b l e  w h i s k e r  s u r f a c e  c h a r a c t e r i s -  
t i cs  which  r e s u l t e d  i n  d i f f i c u l t y  of sample  f a b r i c a t i o n .  
T o k a i  Carbon Sic w h i s k e r s  w e r e  n o t  a n a l y s e d  due  t o  
e x h a u s t i n g  t h e  s u p p l y  of  t h e s e  S i c  w h i s k e r s .  However, 
s l i p  b e h a v i o r  u s i n g  T o k a i  Sic i s  s i m i l a r  t o  T a t e h o  SCW 
#1 Sic  w h i s k e r  b e h a v i o r .  

Specimens were 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  ARCO 
SC-9  and  T a t e h o  Sic w h i s k e r s  as w e l l  as b a s e l i n e  S i  N 
These  c y l i n d r i c a l  b i l l e t s  w e r e  p r e - s i n t e r e d  a n d  are 
a w a i t i n g  e n c a p s u l a t i o n .  

3 4 '  

Powders w e r e  m i l l e d  f o r  I t e r a t i o n  5 c o l d  p r e s s i n g  
e v a l u a t i o n s .  Again b a s e l i n e ,  ARCO S C - 9  and  T a t e h o  con-  
t a i n i n g  powders  w e r e  p r e p a r e d .  Cold  i s o s t a t i c  p r e s s i n g  
a t  60  k s i  p r e s s u r e  w a s  c a r r i e d  o u t  u s i n g  r u b b e r  c y l i n -  
d r i c a l  molds .  The b a s e l i n e  mater ia l  p r e s s e d  v e r y  w e l l .  
T h e  c o m p o s i t e  mater ia l s  c o n t a i n i n g  Sic w h i s k e r s  d i d  n o t .  
Wafe r ing  w a s  e x p e r i e n c e d  as s e e n  i n  F i g u r e  2 .  A d d i t i o n a l  
powders  w e r e  p r e p a r e d  t o  wh ich  a 1 p e r c e n t  PVA b i n d e r  
a d d i t i o n  w a s  made. P r e s s i n g s  w e r e  made b u t  the  w a f e r i n g  
p rob lem rema ined .  

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

Dur ing  t h e  i n t i a l  HIP s t u d i e s  w i t h  samples c o n t a i n -  
i n g  ARCO w h i s k e r s ,  spec imens  p r o c e s s e d  a t  1750-1800°C 
w i t h o u t  e n c a p s u l a t i o n  showed severe w h i s k e r  d e g r a d a t i o n .  
Q u a r t z  e n c a p s u l a t i o n  a n d  l o w e r  p r o c e s s  t e m p e r a t u r e s  w e r e  
i n v e s t i g a t e d .  Composi te  s a m p l e s  up t o  9 2 %  t h e o r e t i c a l  
d e n s i t y  w e r e  o b t a i n e d .  

I t e r a t i o n s  1, 2 and  3 samples were a l l  e n c a p s u l a t e d  
i n  q u a r t z .  H I P  r u n  c o n d i t i o n s  a n d  r e s u l t s  f o r  t h e  above  
i t e r a t i o n s  are summarized i n  Table  2. Most r u n s  d i d  n o t  
y i e l d  d e n s i f i e d  s a m p l e s  due  t o  c a p s u l e  f a i l u r e  d u r i n g  
H I P ' i n g  cycles. Based on o b s e r v a t i o n s  a f t e r  e a c h  HIP 
r u n ,  t h e  f a i l u r e s  w e r e  j u d g e d  b y  one  o r  a c o m b i n a t i o n  of 
more t h a n  o n e  of t h e  f o l l o w i n g  r e a s o n s :  1) p o o r  vacuum 
i n  t h e  c a p s u l e ,  2 )  g a s  f o r m a t i o n  be tween w h i s k e r s  a n d  t h e  
m a t r i x  mater ia l ,  3 )  p o o r  capsule s ea l  and  4 )  v a r i a t i o n s  
i n  HIP c y c l e  t e m p e r a t u r e  and  p r e s s u r e  p r o f i l e s .  I n  H I P  
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r u n  number 4 2 1  ( T a b l e  2 )  a l l  b i l l e t s  e x c e p t  f o r  bi.l.3.et 313 
(ARCO Sic w h i s k e r )  e x h i b i t e d  e v i d e n c e  s u g g e s t i n g  explo-  
s i o n  r e s u l t i n g  f r o m  g a s e o u s  p h a s e  f o r m a t i o n  w i t h i n  irhe 
b i l l e t s  d u r i n g  H I P '  i n g .  F r a c t u r e  o r i g i n s  n e a r  t h e  c e n t e r  
of t h e  b i l l e t s  w e r e  c l e a r l y  v i s i b l e  i n  t h e  e x p l o d e d  
b i l l e t s  .) These r e s u l t s  arid t h e  g e l l i n g  resti1.t.s d i s c u s s e d  
ear l ie r  i n d i e a t e  t h a t  A R C 0  SC-9 Sic w h i s k e r s  seem t o  be 
-the m o s t  s t a b l e  a n d  eas ies t  t o  p r o c e s s  among t h e  f o u r  S i c  
w h i s k e r s  e v a l u a t e d  i n  t h i s  program. 

Due t o  t.he low success rate, qual-t.z e n c a p s u l a t . i o n  
was a b a n d o n e d  and t h e  use o f  r e f r a c t o r y  metal. cans was 
i . n i . t i a t ed .  I n  t h e  first a t t e m p t s ,  molybdenum was u s e d  i n  
p r e p a r i n g  t h e  c a n s ,  D u r i n g  t h e  f a b r i c a t i o n  of the cans, 
probl -ems developed i n  E l e c t r o n  B e a m  Weldj.ng causing 
briLtle f r a c t u r e  of t h e  can. T h e  second group was f o r m e d  
f r o m  t a n t a l u m  to a v o i d  t h e  p r o b l e m s  e n c o u n t e r e d  wit.h t h e  
M o  cans. 

Five s p e c i m e n s  f r o m  Tahke  2 w e r e  e n c a p s u l a t e d  i n  
the t a n - t a l u m  c a n s .  I n  r u n  4 5 1 ,  a s i n g l e  can c o n t a i n i n g  
a b i l l e t  of S i  N / A R C 0  SC-9 w a s  p r o c e s s e d  t o  1 7 0 0 ° C  and 
2 7  k s i  p r e s s u r e  argon. The co l l apsed  c a n  a n d  s p e c i m e n  
can b e  s e e n  i.n F i g u r e s  3 a n d  4 .  L i - t t l e  i f  a n y  d e n s i f i -  
c a t i o n  o c c u r r e d  i n d i c a t - i n g  a c a n  f a i l u r e .  The c a n  w a s  
v e r y  b r i t t l e .  

3 4  

To m i n i m i z e  t h e  d e f o r m a t i o n  d u r i n g  <:.he b r i t t l e  
phase t r a n s f o r m a t i o n ,  t h e  r e m a i n i n g  f o u r  cans w e r e  c o l d  
i s o s t a t i c a l l y  pressed a t  6 0  k s i ,  T h i s  allowed Lhe c a n  
t o  c o n f o r m  to t h e  s p e c i m e n  w h i l e  i n  a more d u c t i l e  
s t-ate. 

Two s p e c i m e n s  w e r e  p r o c e s s e d  i n  r u n  4 5 3 .  A b a s e -  
l i n e  b i l l e t  and a b i l l e t  c o n t a i n i n g  Tateho Sic w h i s k e r s  
were IILP'ed a t  1700°C a n d  2 8  ks i . .  After HIP'ing t h e  
caris w e r e  aqai .n  v e r y  b r i t t l e  a n d  can be seen i n  F i g u r e  
5. The b a s e l i n e  mater ia l  d e n s i f i e d  v e r y  w e l l  b u t  t h e  
T a t e h o  s a m p l e  did n o t .  E x a m i n a t i o n  of t h e  can t h a t  
c o n t a i n e d  t h e  T a t e h o  Si.c w h i s k e r s  revealed d i s c o l o r a t i o n  
i n d i c a t i n g  s o m e  f o r m  of c o n t a m i n a t i o n  a n d  r e a c t i o n .  I t  
a p p e a r s  f r o m  t h e  y e l l o w / b r o n z e  d i s c o l o r a t i o n  t h a t  a 
t a n t - a l u m  n i t r i d e  compound might. be f o r m e d .  'The processed 
s p e c i m e n s  c a n  be s e e n  i n  F i g u r e  6 .  

F u r t h e r  e n c a p s u l a t i o n  s t u d i e s  w i l l  be carr ied o u t  
u s i n g  n i o b i u m  c a n s  o r  tanLdlurn c a n s .  The o n e  r e m a i n i n g  
t a r i t d u r n  e n c a p s u l a t e d  s p e c i m e n  i s  a n  ARCO sample a n d  
w i l l  be p r o c e s s e d  i n  t h e  n e a r  f u t u r e .  
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Eva1 u a t i  ons 

Three of the  tes t  b a r s  t h a t  have been d e n s i f i e d  t o  
9 2 %  t h e o r e t i c a l  ( 3 . 0 3  g/cc, HIP r u n  # 3 9 6 ,  Table  2 )  w e r e  
MOR t e s t e d  i n  t h e  as p r o c e s s e d  s t a t e ,  These t es t  b a r s  
have rough s u r f a c e s  and w e r e  s l i g h t l y  warped d u r i n g  
H I P ' I X ~ ~ .  T h e  MOR tesr r e s u l t s  are 6 1 , 0 ,  53 .3  and 38.9 
k s i .  C o n s i d e r i n g  t h e  c o n d i t i o n s  of t h e  b a r s  and t h e  
d e n s i t i e s  a c h i e v e d ,  t h e  maximum MOR v a l u e  of 6 1  ks i .  
s u g g e s t s  a h i g h  p o t e n t i a l  i n  p r o p e r t y  improvements.  

Many w h i s k e r s  w e r e  v i s i b l e  on t h e  f r a c t u r e  s u r f a c e s  
of t h e  MOR b a r s  under  SEM, i n d i c a t i n g  t h e  w h i s k e r s  w e r e  
n o t  s e v e r e l y  degraded .  These can  be s e e n  i n  F i g u r e  7 .  
No obvious  wh i ske r  d e g r a d a t i o n  w a s  d e t e c t e d  and wh i ske r  
p u l l o u t s  are e v i d e n t .  A d d i t i o n a l  t es t  b a r s  from run  396  
w e r e  machined f o r  f r a c t u r e  toughness  t e s t i n g .  These b a r s  
( a p p r o x i m a t e l y  9 2 %  d e n s e )  w e r e  t e s t e d  u s i n g  s i n g l e - n o t c h  
t e c h n i q u e s  e These t y o  bars y i e l d e d  toughness  va lues  of 
5 .60  and 5 .86  k s i - i n '  r e s p e c t i v e l y ,  Two s i m i l i a r l y  p r e -  
p q e d  b a s e l i n e  bars y i e l d e d  v a l u e s  of 4.38 and 4 . 7 4  k s i -  

. A comparison of t h e  two would g i v e  a n  approx ima te ly  
2 6  p e r c e n t  increase i n  f r a c t u r e  toughness .  The composi te  
specimens c o n t a i n e d  10 p e r c e n t  loading of  ARCU SC-9 Sic 
whi ske r s .  P o t e n t i a l l y  h i g h e r  v a l u e s  c o u l d  be  a c h i e v e d  
w i t h  t h e  c u r r e n t  2 0  p e r c e n t  l o a d i n g s  of Sic. 

in '5 

Status o f  M i  lestones 

A r e v i s e d  m i l e s t o n e  s c h e d u l e  has been s u b m i t t e d  t o  
ORNL f o r  a p p r o v a l .  

Pub1 i c a t i o n s  

None. 
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TABLE 1 

WEIGHT CWANGE OF MATERIALS UPON HEATING 

_..__I_ 

WEIGHT Q 300°C WEIGHT CHANGE 
(%) -- 

GTE SN-502 0.159 
(Lot SN-165) I 0.156 -1.89 

ARC0 SC-9 0.144 0.137 -4.86 
Sic whiskers 

Tateho S W  #l 0.095 
Sic whiskers 

0.089 -6.32 



TABLE 2 

SUFMARY OF HIP EXRRIMENTS WIM pUARli! ENCAPSULATION 

4/29/85 3% 1700 15 1 5 Baselhe/ CR/N w 2.26 6. I 

1 B Baseline/ CL G 3.03 43.5 
10s ARC0 

lop m 

5/2/85 m 1750 25 1 B Baseline W N  w 2.54 21 .o 
1 B Baseline/ m/N W 2.35 10.3 

10s ARC0 - 
5/21/85 401 1700 15 2 R Baseline/ N CRP 2.24 6.2 

2 R Baseline/ N ajw 1.72 14.7 

2 R Baseline/ N C R f l  2.15 6. J 

2 R Baseline N m/W 2.41 13.9 

20% rn 

2% C o s t &  

20% Tateho 

5/26/85 405 1100 15 2 R Baseline/ CR 

2 R Baseline/ CR 

2 R Baseline CR 

20s Gal 

2% Tateho 

w NA NA 

W HA NA 

W NA NA 



TABLE 2 

6CONTINVEO) 
S M A R Y  OF HIP  EXPERIMENTS WITH QJAKPz EPKAPSWLATION 

PEAK EM RESULTS DENSITY 
H I P  TEMP PrdSSUW SW,PLE SLMPLE ENCAPSULA7:OII SW.PLE DENSITY IIGEASE 

DATE RUN I ('C) (kS1) 1TERAT:ON SHAPE MATERIAL CCN3IT:M.I rn?IITX3N (q/cc) (5) MMAMS 
/9/85 4 1 7  2 R 9asebine/ N K NA hA Aborted 

20% ARC0 run: 
2 R Basel ine/  N EIC MA WA rerun as 

2 R Basel ine/  N K: NA t4A 
20% Tateho I 418 

20% Tokai 

2 R Basel ine/  t9 M: NA kA 
20% Arm3 

20% Tateho 

20% Tokai 

205 Tateho 

2 R Basel ine/  s, Nc NA hA 

2 R Basellno/ CR M: NA NA 

3 CYL Basel ine/  S BR NA NA 

/1s/es 419 :700 29.7 3 CYL Basel ine/  S 32 2.07 8.9 
20% A m  

20% Tokai 
9 CYL Basel ine/  CL tic 2.02 6.9 

- 

/12/85 420 1300 J CYL Basel ine/  N 
206 m 

20% fokal  

20% Tateho 

3 CYL Basel ine/  W 

3 CYL B a s e l f m i  N 

3 CYL Basel ine/  w 
20% Tateho 

M;: NA NA A b r  ted 

tc NA Wi rerun as 

Nc MA NA 

run; 

# 421 

/I5/85 421 1750 29 38 CYL Bssel ine/ L 

20% nRC0 

206 Tokod 

X)% Tateho 

201 Tatoho 

3D CYi Basel ine/  S 

3E 2 Y i  aaoeline/ S 

JE CYL Basel ine/  S 

Nc 2.07 8.9 

E I .JB 4.8 

E 1.87 1.1 

E I .w 7.6 



* EXPLANATXDN OF TABLE 2 

BR - Broken 

B 

R 

- 'Test Bars (about 2" X 1/4" X 1/8") 

- Rectangular Plates (about 2" X 6" X Ij2"l 

CYL - Cylinders labout 2" dia. X 4" long) 

CL - Collapsed 

CR - Cracked 
E - Exploded 

- Gocd - No Warpage/Distortion 

N - No Collapse of Encapsulation Materials 

NA - Not Available 

NG - No Change 

S - Shattered 
U - Unencapsulated 
W - Warpage 

WE 1: Test bars were not encapsulated i n  an attempt to evaluate 
s in ter/H IP poss ib i 1 it ies. 



44 

F i g u r e  1: SEM m i c r o g r a p h  s h o w i n g  fiber 
d i s p e r s i o n  i n  a g r e e n  compact 
( b a s e l i n e  + 2 0 %  ARC0 SC-9 Sic ) 

W 
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u 
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F i g u r e  3:  Collapsed can containing A R C 0  specimen. 



47 

Figure 4 :  ARC0 specimen from r u n  451. 
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F i g u r e  5: C o l l a p s e d  c a n s  from r u n  4 5 3 .  
L e f t :  Tat.eho sample R i g h t :  B a s e l i n e  sample  
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Figure 6: S p e c i m e n s  from r u n  4 5 3 .  
Left: Tateho R i g h t :  B a s e l i n e  
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t i  an a 1 La bora t a ry 1 

i s  work involves develo ~ a c t ~ r i ~ a t i ~ ~  o f  Sic-whisk 
chanica? performance. To 
the matrix because i t  was 

1 study. Wowev r, ~ ~ t i ~ i ~ a ~ ~ ~ n  
d, The ~ p ~ r ~ ~ ~  to  fabrication 

abrication o f  n ~ a ~ - ~ e ~ - ~ h a p e  
pieces. In i t ia l  work has been described i n  prevjous ~ ~ m i ~ ~ ~ ~ a ~  reportsn 

~ ~ ~ ~ h ~ ~ i  ng and 

To da te ,  essentially a l l  com and process, R e v ~ t l o  
iskel-s obtained f r o  Company. Because ~ l ~ e ~ ~ a ~ ~  

r sources arc new ava 
e a ser ies  of 81203-2 

omest i c and forei gn sources 
r ~ ~ ~ p ~ s i t ~ ~  t o  determine the 

ert ies o f  ~ o ~ ~ o ~ ~  t e s  using these a1 ternate i skers. The comgosi t e s  
hot pressed under conditions typically used for  sarnpl es cantaini ng 
whiskers and $ ~ b s e ~ ~ ~ ~ t l ~  machined into mechanical tes t  specimens. 

~ ~ ~ h a ~ i c a 1  p r o p ~ ~ y  tes t ing are  ~ u ~ a r ~ z ~ ~  i n  Table PI 
anica’l properties were ~ ~ ~ ~ i ~ i c a n t ~ ~  lower for the com- 
the whiskers from other sources. 

raphic examination of: the composites made with the 
arbon whiskers, the S i c  whiskers appeared t o  be intact. 

iskers. This is in direct  contrast t o  A1203-SiC 
t h  ARCO material, where the whiskers are easily 

T h i s  i s  a l so  indicated by 

owever, examination with a scanning electron microscope of a fracture 
surface revealed no Sic 
wha’sker composites made 
v is ib le  on the fracture surface. Further examination w i t h  an electron 
microprobe suggests that  a t  the hot-pressing temperature a reaction be- 
tween the A1,0, and the S I C  whiskers occurred. 
the high weight lasses observed for the composites made w i t h  the Tateho 
and Tokai Carbon whiskers (Table 1). Although the composites made with 
the Versar whiskers have not been examined t o  date, similar degradation 
reactions are believed t o  be the cause o f  the poor mechanical properties. 

the  S i c  whiskers, the various whiskers were analyzed fo r  impurity levels 
(Table 2). A s  shown, the Tateho, Tokai Carbon, and Versar S i c  whiskers 
had impurity levels not very much different from those o f  the ARCO pro- 
duct. Further examination of the whiskers t o  determine any differences 
i s proceeding. 

was examined further t o  determine the reason f o r  the low flexural 
strength b u t  good fracture toughness. 
showed t h a t  the S i c  whiskers were intact  w i t h  no evidence o f  any 

To determi ne any possible cause for reactions between the a1 umi na and 

The composite made w i t h  the Los Alamos National Laboratory whiskers 

Examfnation o f  fracture surfaces 
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Table 1. Summary o f  mechanical t e s t i n g  o f  

f rom v a r i o u s  whisker sources 
A1,0,--20 vol X S i c  whisker composites 

-II_~ ................ _. . ~. 

W R C W  3.82 650 8.3 0.8 
Tokai Carbon 3.79 270 7.2 5.17 
Tatehs 3.74 370 4.2 1.53 
Versar 3.72 340 n 2.32 
I_ANLe 3.83 430 9.1 4.85 

%up.-poi n t  bend tes t .  
h u l  ti e i n d e n t  method. 
(?Typi t a l  val uesc 
d ~ o t  ideterini neci. 
@ Lss A1 amas N a t i  anal Laboratory.  

Table 2. 119;lpearities fri S i c  whiskers 

Implsri t i  cs (ppm) 

Na Mg A I  K Ca CP Mn Fe Co Ni 
_.I-- _I - .- .- .- __-11̂ 1----11_11- 

Whisker 
SOUTCE? 

A R C 0  30 300 200 20 100 50 100 100 1 30 

Tateho 5 30 30 30 300 30 50 50 1 10 

Tokai Carbon 50 3 10 3 20 50 5 50 1000 18 

VPt-Si37- 5 50 30 30 300 30 50 50 >1 10 
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react ions.  However, l a rge  f laws were observed t h a t  were r i c h  i n  n i cke l  
and i ron.  
were not removed dur ing  whisker c leaning procedures and caused t h e  low 
observed f l exu ra l  strengths. 

Apparently, these r e s u l t  from some o f  t h e  c a t a l y s t  b a l l s  t h a t  

Pressure1 ess s i  n t e r i  ng 

Several specimens o f  A1203 - S i c  whisker composites were fab r i ca ted  by 
pressure1 ess s i n t e r i n g  and then machined i n t o  bars f o r  f l e x u r a l  s t rength  
t e s t i n g .  Add i t iona l  samples were subsequently ho t  i s o s t a t i c a l l y  pressed 
( H I P )  t o  h i  gher dens i t i es  and t h e i  r f l e x u r a l  s t rengths determi ned. The 
r e s u l t s  are summarized i n  Table 3. As shown, s t rength  reduc t ion  a f t e r  t he  
H I P  processing was apparent although increases i n  dens i ty  were observed. 
Examination o f  the  t e n s i l e  f r a c t u r e  surfaces w i t h  a scanning e lec t ron  
microscope showed degradation o f  the  S i c  whiskers w i t h i n  0 t o  50 pm of t he  
specimen surfaces. The HIP procedures are being reexamined t o  determi ne 
t h e  causes o f  t he  problems and means t o  a l l e v i a t e  them. 

Thermal shock o f  a1 umi na--Si C whi sker composites 

Another important cons idera t ion  i n  the  use o f  these Sic-whisker- 
r e i n f o r c e d  alumina composites f o r  s t r u c t u r a l  app l i ca t ions  i s  t h e i r  thermal 
shock resistance. Because of t h e  h igh  f r a c t u r e  s t rength  and toughness o f  
these composites they would be expected t o  have good thermal shock 
res is tance,  bu t  s ince t h i s  p roper ty  i s  a complex func t i on  o f  several 
ma te r ia l  p roper t ies ,  t e s t s  were conducted t o  determine i f  indeed these 
composites had good thermal shock resistance. An alumina-20 vo l  % S i c  
whisker composite ho t  pressed t o  f u l l  dens i ty  was compared w i t h  a commer- 
c i a l  alumina w i t h  no S i c  whisker reinforcement. 

The changes i n  f l e x u r a l  s t rength  as a func t i on  o f  t he  temperature 
drop from t h e  furnace t o  t h e  b o i l i n g  water bath are shown i n  Table 4. As 
shown t h e  alumins-20 vo l  % S i c  whisker composite shows v i r t u a l l y  no 
decrease i n  f l e x u r a l  s t rength  w i t h  temperature d i f f e rences  up t o  900OC. 
Alumina, on t h e  o ther  hand, shows a s i g n i f i c a n t  decrease i n  f l e x u r a l  
s t reng th  w i t h  a temperature change o f  700OC. 
s i m i l a r  r e s u l t s  from thermal shock t e s t s  on alumina.1.2 
inc rease t h e  temperature d i f f e r e n c e  up t o  14OOOC t o  determine i f  any 
s t reng th  degradation occurs. 

quench, some specimens were subjected t o  10 quench cyc les from 800°C i n t o  
t h e  b o i l i n g  water bath. As shown i n  Table 4, some s t rength  degradation 
was observed: an average s t rength  of 540 MPa versus more than 610 MPa f o r  
t h e  unshocked and s i n g l y  shocked composites. While t h i s  i nd i ca ted  some 
f a t i g u e  e f f e c t s ,  t h e  thermal shock res is tance o f  t h e  alumina-20 vo l  % S i c  
whisker composite i s  considered t o  be excel lent .  

Other researchers have shown 
Plans are t o  

Because t h e  thermal shock res is tance was exce l l en t  f o r  t h e  s i n g l e  

Oxidat ion o f  alumina-Sic whisker composites 

A hot-pressed alumina-20 vo l  % S i c  whisker composite was machined 
i n t o  bend bars, which were subjected t o  isothermal ox ida t i on  a t  elevated 
temperatures. The r e s u l t s  are summarized i n  Table 5.  As shown con- 
s ide rab le  ox ida t i on  o f  t he  composite mater ia l  occurred. The ox ida t i on  
r a t e s  up t o  1000 h a t  800 and 1000°C appear t o  be r e l a t i v e l y  l i n e a r ,  i n d i -  
c a t i n g  oxygen t ranspor t  through t h e  alumina w i t h  no format ion o f  a 
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Table 3. Sutmnary o f  r e s u l t s  fo r  f l e x u r a l  s t r e n g t h  o f  
p r e s s u r e l e s s - s i n t e r e d  and h o t - i s s s t a t i c a l l y -  

pressed a1 urni na-SiC whisker camposites 

Pre-HIP p r o p e r t i e s  Post-HIP properties -_ _I- --- Whisker --.I-- 

Sampl e content Dens i ty  F l e x u r a l  Density Fl exarm1 
( v o l  %) (% T.D.) s t r e n g t h  ( X  T.D.) s t r e n g t h  

( W P d  (F"IPa 1 
scw- 51 - 4  5 97.7 280 99.9 250 
SCW- 68- 1 10 92.5 280 93.3 25 5 
s cw- 68-2 i a  92.5 280 93.7 320 
SCV-69-5 10 93.0 260 94.0 260 
S CW-83- 1 A  10 92.6 275 94.2 245 
S CW- 83 - 6 0 10 96.8 310 97.5 28 5 
s cw - 9 0- 6 0 10 94.8 310 96.5 230 

--_ - __ 

Table 4. Resul ts  f rom thermal shock t e s t i n g  o f  
alumina and alumina-20 vol X S i c  

whisker  composite 

Alumin&-20 v o l  % S i c  whiskers A1 urni na 
~ 

Temperature F l  e x u r a l  Temperature F1 exura l  
change s t  rengt  k change s t r e n g t h  

( " e )  (MPa ) a  ("C> (MPa l a  

0 620 0 305 
300 6 30 
500 685 
7 00 610 700 120 
7 0Ob 540 
900 710 

a four -po i  n t  bend t e s t  a t  temperature. 

'Bend bars sub jec ted  t o  10 quench cycles.  
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99.9 - 
99 
95 
90  
8 0  
7 0  
6 0  

4 0  
3 0  

t- 
0 
J 

> 
sa a 

L8 
JJ  2 0 -  
HF: 

1 8 -  

5 -  
a +  

Q I Y  
2 -  J L  

J 
3 1 -  m 
W 
3 

w 

w 
.5 

. 2  

Table 5. Results o f  isothermal ox ida t ion  o f  
alumina-20 vo l  % SiC whisker composites 

- 
- - 
- - 
- - - 
- 

- 

- 

LI_ ----- II___ --_l_ll_ - 

Room temperature  
Weight f l e x u r a l  s t r e n g t h  

( W a  1 
9 

Oxidation 0x4 da t ion  

(4/m 1 t empera ture  time 

- -- ( k  1 _____-  ("C) 
--- 

510a 
800 500 0.738 470 
8 00 1000 1.772 410 

1000 1000 3.533 350 
1200 100 3.933 460 

1000 500 1.774 380 

-__--_ - - --I - - - -I- - 

aAs f ab r i ca t ed .  

p r o t e c t i v e  l a y e r  a t  the surface. 
r a t h e r  low f l e x u r a l  strength i n i t i a l l y ,  w i t h  ox ida t ion  further decreases  
.i n strength were observed. 
planned. 

Meihull modulus o f  hot-pressed composites 

A hot-pressed a l u m i n a 2 0  vol % Sic  whisker composite was machined 
i n t o  bend bars  and mechanically t e s t e d  t o  determine the Weibull modulus 
(Fig.  1). 

Although the oxidized sample had a 

Longer-term oxida t ion  s t u d i e s  are being 

As shown, the Weibull nodulus f a r  the 20 bars  t e s t e d  was 12.2 

ORNL-DWG 86-1816 

+ 
* + 
t + 

ALUHINA-28 vol Z S i c  : 
Q=625 HPa + + 

M=12.2 + 
N = 2  0 + 

+ 
+ 

+ 
+ . 

+ 

I I 1 , I I I  

m m z P 6 1 L p 6 )  m 03 m m m e  
~n ~1 ~ - w m m  

m 
ip 
0 ... m m 

05 N m 6) 
(P 

. I  

STRESS IHPa) 

Fig. 1. Alumina-Sic whisker composites e x h i b i t  a good Weibull modulus. 
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w i t h  a mean flexural strength o f  625 MPa. T h e  flexural strength was 
s l igh t ly  lower t h a n  that  s f  previous samples with coingarable whisker con- 
t e n t s .  Fractography o f  the specimens revealed numerous large defec ts  
( > l Q O  pin), which were evidently introduced from the S i c  whiskers. 
surprising i s  the relatively high mean strength and k i b u l l  modulus i n  
sp i t e  o f  the niimerous defects. 

What i s  

Status o f  milestones --.. - ...--- .... ~ .... 

All milestones were on schedule. 

T. N. Tiegs and P. F. Bec‘ner, “Nhisker Reinforced Ceramic Composites,’’ 
t o  be p u b l i s h e d  by Plenum Press i n  the i r  Materials Science Research Series. 
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SOZ-CBI. Oxi,de Powder 
W, D. Bond, P. F. Becher, and T. N. Tiegs (Oak Ridge Nat iona l  Laboratory)  

Object ive/scope 

t h a t  can be processed a t  modest temperatures whi 1 e o h t a i  n i  ng h i g h l y  un i  - 
fo rm composi t ion i n  dense, f i n e - q r a i n  ceramics t h a t  i n c o r p o r a t e  d ispersed 
second phases t o  inc rease f r a c t u r e  toughness. This  research 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  so l -ge l  processes f o r  (1) synthe- 
s i z i  nq powders of phase-stab? 1 i zed z i  r c o n i  a and a1 urni na and ( 2) coati ng 
wh iskers  t o  c o n t r o l  t h e  p r o p e r t i e s  o f  t h e i r  i n t e r f a c e  w i t h  m a t r i x  phases. 
Sol -ge l  processes t a k e  advantage o f  t h e  h i g h  degree o f  homogeneity t h a t  
can be achieved by m i x i n g  on t h e  c o l l o i d a l  s c a l e  and t h e  Surface p r o p e r t i e s  
o f  t h e  c o l l  oi  dlal  p a r t i c l e s .  The excel  l e n t  bonding 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 r e  a r e s u l t  o f  t h e i r  very  h i g h  s p e c i f i c  sur face  energy, 

Work conducted on so l  -gel  ox ide  powder syn thes is  and process ing w i t h i n  
t h i s  proqram i s  p a r t  of an i n t e g r a t e d  a c t i v i t y  t h a t  i s  a l s o  supported by 
t h e  U.S. Department o f  Energy (DOE) M a t e r i a l s  Sciences Program a t  Oak Ridge 
N a t i o n a l  Laboratory  (ORNL). The M a t e r i a l s  Sciences Program supported 
research  on ceramjc composites d e r i v e d  from t h e  s o l  -gel  powders r e s u l t i n g  
f r o m  t h i s  work. 
methods i s  a c o l  1 a b o r a t i  ve e f f o r t  w i t h  research on S i  C-whi s k e r - r e i  n fo rced 
composi tes under way a t  ORNL i n  t h e  Ceramic Technoloqy Pro jec t .  The 
Cerami c Techno1 oqy research i n c l  udes t h e  necessary research on t h e  
f a b r i c a t i o n  and p r o p e r t i e s  of composites t h a t  a r e  r e i n f o r c e d  w i t h  t h e  s o l -  
g e l  -coated whiskers. 

Sol-qel  processes have t h e  p o t e n t i a l  f o r  t h e  syn thes is  o f  m a t e r i a l s  

The research on t h e  c o a t i n g  of whiskers by s o l - g e l  

Technica l  Drouress 

Studies i n  so l -ge l  syn thes is  inc luded:  (1) development n f  a method f o r  
p r e p a r i  ng boehmi t e  a7 umi na qe l  s t h a t  a re  seeded w i t h  c o l l  o i  d a l  p a r t i  c l  es 
o f  alpha alumina c r y s t a l l i t e s ,  (7) p r e p a r a t i o n  o f  d i s p e r s i b l e  alumina 
powders by t h e  thermal decomposi t ion o f  a l k o x i d e  compounds i n  a i r ,  and 
( 3) p repara t  1 on o f  a1 umi na powders r e i  n fo rced w i t h  S i  C whiskers. Studies 
suppor ted by t h e  TIOE M a t e r i a l  Sciences program were concerned w i t h  t h e  
s i n t e r i  nq behavi o r  o f  gel  -der ived  powders and t h e  p r o p e r t i e s  o f  t h e  
r e s u l t a n t  composites. 

Sol -gel synthes is  

The presence o f  seed c r y s t a l s  o f  a lpha alumina (1  t o  2 w t  %) i n  
boehmite alumina q e l s  i s  repor ted  t o  s i g n i f i c a n t l y  lower t h e  s i n t e r i n g  
temperature i n  t h e  p r e p a r a t i o n  o f  h i g h - d e n s i t y  alumina composites. Alpha 
alumina i s  t h e  s t a b l e  h igh- temperature form ( > 8 O O " C )  f o r  A1203. 
t o  improve s i n t e r i n g  even f u r t h e r  by u s i n g  c o T l o i d a l  m i x t u r e s  o f  bo th  t h e  
a lpha and boehmite c r y s t a l  forms. A boehmite alumina gel  powder seeded 
w i t h  2 w t  9: alpha alumina was prepared by us ing  t h e  mixed sol approach. A 
hydroso l  o f  a lpha alumina was prepared by d i s p e r s i n g  a h i g h - p u r i t y  commer- 
c i a l  a-A12% powder i n  n i t r i c  a c i d  a t  9O"C, u s i n g  0.05 mole o f  HNO, per  
mole o f  A1203. C o n d u c t i v i t y  t i t r a t i o n s  i n d i c a t e d  t h a t  t h i s  s t o i c h i o m e t r y  
was about optimum f o r  a s t a b l e  d i s p e r s i o n  o f  t h e  powder. The boehmite 
a1 umi na sol was prepared by t h e  usual  p r e c i  p i  t a t i o n - p e p t i  z a t i  on method. 

We hope 
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Table 1. Dens i ty  of composites prepared by h o t  p r e s s i n g  gel powders 

Powder 
p r e p a r a t i o n  
run number 

Compos i t  i on 

Sintering Densi ty  o f  
Gel prepa rat i on c o n d i t i o n s  composite 

Gel G e l a t i o n  Temp. Time (% t h e o r . )  
_c_ 

precursor methoda ("C) ( rn in )  

240 

241 

207 

2 08 

230 

231 

232 

2 33 

A1203 - 14 vol X (Zr02 3 mol % Y z O 3 )  

A1203 - 19 vol % (ZrO:! 1 mol % Y203) 

ZrO2 - 3 mol % Y203 

A1203 - 20 vol % (ZrOz - 1 mol % Y203) 

Zr02 - 10 mol % HfO2 

ZrO2 - 10 vo7 % HfO2 

ZrO2 - 5 mol % HfO2 

ZrO2 - 5 no? % Hf02 

Metal salts RGP 

Metal ox ide  RGP 

Mixed oxide FED 

sol s 

sol s 

Metal ox ide  FED 

Metal s a l t s  RGP 

Metal ox ide  SEW 

Metal s a l t s  RGP 

Mixed ox ide  SEW 

so7 s 

sols 

sols 

1450 95 

1450 128 

1500 55 

1410 60 

1450 65 

1450 30 

1450 30 

1450 30 

96 

92 

95 

97 

95 

95 

98 

96 

-- 
*RGP = r a p i d  gel p r e c i p i t a t i o n .  

FED = f l a s h  e v a p o r a t i o n  of d r o p l e t s .  
SEW = slow e v a p o r a t i o n  o f  water. 
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ddvarzced Trans f orrmti on -Toughened Ozide s- 
T. K. Brog, J .  S .  Wallace, and T. Y. T ien  ( U n i v e r s i t y  o f  Mich igan)  

The fracture toughness, strength, and modtilus of W1203- 

CrZOa(matrix)/ZrOZ-Mf02(dispersed phase) composites were 

measured. The lEracture toughness increased with increas ing  

volume fraction dispersed phase whereas the s t r e n g t h  and 

modulus remaine nearly c a n s t a n t  up $a 1Ov/o dispersed phase 

and then decreased for larger volume fractions. Multiple 

toughening mechanisms are apparently active i n  this system, 

with microcrack nuc lea t ion /g rowth  dominating at h i g h  

monoclinic contents. 

INTRODUCTION 

Zirconia toughened alumina ( Z T A )  has received 

considerable interest: in recent. yea r s  due t o  the enhancement 

in fracture toughness ( 1 - 5 ) .  The improvement in fracture 

toughness and strength of zirconia containing- materials, as 

well as the long-term stability, has made possible t h e  

prospect of using some of these materials f o r  h i g h  

temperature structural applications such as far adiabatic 

engine components. 



A modification of ZTA was investigated here to evaluate 

this material as a preliminary candidate material for engine 

applications. 

solution. Additions of Cr203 were made to both lower the 

thermal conductivity and to modify the matrix properties, 

fracture toughness and modulus. 

that Cr203 additions lowers the thermal conductivity (6) and 

increases the hardness ( 7 ) .  Slight increases in the bulk 

modulus with CrZ03 additions (0-15m/o) have also been 

reported (8). 

The matrix consists of an A1203-Cr203 solid 

Previous work has shown 

The dispersed phase consists of a ZrO2-HfOZ solid 

solution. Hafnia additions were made to zirconia to 

increase the tetragonal-to-monoclinic transformation 

temperature, thus increasing the temperature at which the 

transformation can be a viable toughening mechanism (9,lO). 

The critical particle size for the transformation, however, 

decreases with increasing hafnia content. In order to 

retain a reasonable fraction of the zirconia-hafnia 

particles in the tetragonal symmetry using conventional 

processing methods, the maximum hafnia concentration was 

small, 10m/o. 

The present study was undertaken to try to 

experimentally distinguish the various toughening mechanisms 

in this system by measuring the fracture toughness, 

strength, and modulus as a function of zirconia-hafnia 

volume fraction. 



6 2  

EXPERIMENTAL PROCEDURE 

made by mixing appropriate  amaunts af the single oxides and 

solution annealing at. 135Q'C for 2 4  h r s .  These solid 

solutions were attrition-milled in isoprspanol f o r  4 and 8 h 

respectively. The solid solutions were mixed in a ball- 

mill, dried, sieved and isostatically pressed (178 MPa). 

The samples were then sintered a t  1550'C for 2 h in a 

graphite induetion furnace (argon atmosphere) and nearly 

theoretical density (>9 %TD) was achieved, 

Phase determination was performed GIP as-sintered 

surfaces, Integrated intensities of the ( L l _ 1 )  m s n o c h i n i c  

peak (28.5', Cu Ka) and the 1111) tetragonal peak (30.5') 

were measured and the tetragonal phase c o n t e n t  was 

calculated using the method sf Porter and Heuer (11). The 

pellets were then prepared f a r  microstructural exaniinatian 

using standard metallographic techniques. T h e  mean linear 

intercept length was measured u s i n g  a digitizing tabbet  and 

encircling the Zr02-HfQ2 particles on SEM micrographs. 

Machined bars ( S O m  x 3 m  x 2m) were annealed at 

155Q'C (well above the AF temperature) to relieve r e s i d u a l  

stress from the machining praeess t h u s  eliminating the 

effect of machining on the fracture toughness measurement. 

The fracture toughness w a s  measured using the ISB (12) 

technique using s i n g l e  indents ( 2 0 ,  4Okg) and f r ac tu re  



63 

toughness values were calculated using the equation from 

Chantikul et a1 (12), 

Unindented bars (ground, annealed) were broken to measure 

the strength. All measurements were performed in 4 point 

bending with spans of 9.5 and 19.01~1. 

Modulus measurements were made by measuring the sample 

thickness, density, and the propagation time for longitudnal 

and shear waves. The sonic elastic modulus and Poissons' 

ratio were calculated using 

E = 3p[VL2 - 4Vs 2 / 3 1 ( 1 - 2 v )  

2 2 
v = (1-2x ) / ( 2 - 2 x  ) ,  

where x is the ratio of the longitudinal wave velocity, VL, 

to the shear wave velocity, Vs. 

RESULTS AND DISCUSSION 

The dispersed phase mean linear intercept length 

increased with increasing volume fraction dispersed phase, 

as would be expected, due to particle coarsening (Fig. 1). 

As would be expected for increasing mean particle size, the 

tetragonal fraction, Xt, decreases with increasing volume 

fraction dispersed phase, Vv, (Fig. 2 ) .  T h i s ,  however, has 

a l so  been attributed t o  loss-of-matrix constraint ( 4 )  as Vv 

is increased. 

Measurements of t h e  fracture toughness ( F i g .  3 )  show a 

monotonic increase with increasing V,, similar to that 
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reported by Swain and Claussemm (13) and Hori e t  al (14) on 

annealed ZTA samples. While this trend is similar to t h a t  

expected from crack deflection models ( 1 5 )  t h e r e  may be 

contributory mechanisms such as stress induced 

transformation (S IT)  toughening (16,:7) anddar microcrack 

nucleatiow’growth toughening (3,4,18). 

SIT toughening can only occur when tetragonal z i r c o n i a  

particles transform to t h e  rnorraclinicr symmetry i n  the crack 

t i p  stress field, Toughness enhancement h a s  been prapased 

to occur due to a crack shielding mechanism (19) in which a 

large compressive zone e x i s t s  in t h e  region surrounding t h e  

crack t i p ,  effectively shielding t h e  crack t i p  from the 

applied stress field. 

The large volume increase assoc ia ted  w i t h  t h e  t - in  

transformation may cause nucleation and growth of  

microcracks in the matrix surrounding monoclinic zirconia 

particles either occurring spontaneously upon cooling from 

the fabrication temperature or when an e x t e r n a l  stress field 

is applied. The nucleation and propagation of these 

microcracks increases t h e  fracture surface, t h u s ,  absorbs 

energy 

Crack deflection car? increase the fracture toughness by 

deflecting the crack  ou t  of the plane normal to the applied 

stress,  thereby reducing the st ress  intensity applied to the 

crack t i p .  Crack  deflection appears to be insensitive to 

stress state and magnitude in a glass-alumina system (2.0). 

The theoretical model proposed by Faber et a1  (15) suggests 
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that the relative toughness enhancement is a function of the 

volume fraction dispersed phasel the size distribution, and 

morphology of the dispersed phase. 

There is poor correlation between the fracture 

toughness and the total tetragonal valme, The fracture 

toughness does, however, increase with both increasing 

monoclinic valurne and volume fraction dispersed phase. For 

low volume fractions of ZrQ2 the tetragonal fraction is h i g h  

and the toughness enhancement is small due to the low 

tetragonal volume. En this regime S I T  toughening and crack 

are responsible f o r  toughness improvement. For 

high volume fractions of Zr02 the tetragonal fraction is 

quite low, thus SIT cantributions must be small. This 

suggests that crack deflection and/or microcrack nucleation/ 

growth are the primary toughening mechanisms. As the volume 

fraction dispersed phase is increased, t h e  cantributians via 

SIT and microcrack nucleation/growth varies due ta the 

change in tetragonal fraction and volume, and these 

contributions are superimposed on t h e  enhancement due to 

crack deflection. 

It is difficult to evaluate the effectiveness of each 

particular toughening mechanism on the basis of fracture 

toughness measurements alone. Strength and modulus 

measurements combined with fracture toughness data can be 

used to identify or detect the presence of SIT and 

microcrack nucleation/growth toughening. 



Measurements of the strength as a function of Vv (Fig, 

4 )  indicate that t h e  strength remains approximat.ely constant 

with increasing Yv up t o  10v/o dispersed phase, above which 

the strength decreases slightly at 12.5v/o then 

precipitously at l5v/o. This behavior can be attributed to 

t h e  existence of microcracks in the samples with high 

monoclinic contents. These results a re  similar t~ those 

reported by Claussen et al (3) but a re  not in good agreement 

with those reported by Hori et a1 (14) and Becher ( 5 ) .  The 

strength would be expected to decrease when microcrack 

nucleation/growth occurs due to the presence of microcracked 

domains, resulting in a larger critical flaw. Therefore, 

the strength degradation and the toughness enhancement for  

large zirconia contents can be attributed to microcrack 

nucleation/growth. Any toughness enhancement at l o w  

zirconia contents can in part be attributed to SPT 

toughening. SIT toughening may increase t h e  strength by the 

creation of large compressive zones, 

Elastic modulus measurements of composite materials 

which deviate from the rule of mixtures of the components 

are evidence for microcracking. Green ( 4 )  reported a l a r g e  

deviation from the rule of mixtures f o r  A1203-Zr02 

composites which contained high monoclinic fractions and 

attributed this to microcracking. 

Sonic modulus measurements were made on the annealed 

bars (Fig. 5). The modulus shows a linear decrease with 

increasing Vv up to 10v/o dispersed phase and a large 
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decrease for the the 15v/o material. One shortcoming of 

this technique (wave propagation as opposed to dynamic 

modulus measurements) is that it is impossible ta detect 

microcracking in a sample which occurs when an external 

stress f i e l d  is applied. 

The degradation in both the strength and nodulus 

occurs  at the same composition, such that a nearly linear 

relationship exists between the strength and modulus in this 

material (Fig. 6 ) .  Thus, the presence of microcracks in 

this system contributes to a degradation in both the 

strength and modulus and an enhancement in the fracture 

toughness, 

CONCLUSIONS 

1. The dispersed phase particle size increases with 

increasing volume fraction dispersed phase, resulting in a 

decrease in the tetragonal phase content. 

2. Multiple toughening mechanisms are apparently active in 

the system. 

3. Evidence of micracrack nucleation/growth as a toughening 

mechanism is substantiated by a decrease in both t h e  

strength and modulus at high monoclinic contents. 
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F i g u r e  1. Mean linear intercept 1-ength of Z r 0 2 - 1 O r n / O H f Q 2  
particles as a f u n c t i o n  of Z r 0 2 - E I f 0 2  content. 
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Figure 2. Tetragonal phase fraction of Z r 0 2 - 1 O r n / O H f O 2  
particles as a function of Zr02-Hf02 content, 
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Figlure 3 .  Fracture toughness as a function of 
Zr02 - H f 0 2  coritcrit measu red  u s i n g  the 
ISB ( 1 2 )  method. 
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Figure 5. Elastic modulus as a f u n c t i o n  of Zr02-1If02 
content showing the degradation in the 
modulus with increasing Zr02-Hf03 content 
due to microcracking. 
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F i g u r e  6 .  S t r e n g t h  vs .  e l a s t i c  modulus showing t h e  
d e g r a d a t i o n  of b o t h  t h e  s t r e n g t h  and 
m o d u l u s  f o r  high ZrO;?-HfOz contents due  
t o  m i c r o c r a c k i n g .  
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O b j e c t i v e / s c o p e  .._.. 

o f  advdnced ceraini c-cerarrli c cornposi t e s  t o  be i n j e c t i o n  mol ded  and p r o -  
cessed by 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 l  op advanced coinpl ex-shape f o r m i  ng techno1 o g i  es t h a t  wi 1 1  
e l  irni n a t e  some o f  t h e  problems 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 rnus,  c r z c k i n g ,  and low green 
s t r e n g t h .  

-1 

The goa ls  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  the a b i l i t y  

Techn ica l  p rog ress  -- 

llork 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  of S1C 
whisker.---alumina 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  Labora tory .  

The a b i  1 i t y  t o  make w h i s k e r - r e i  n f o r c e d  ceramics  (such as S iC-wh isker -  
r e i n f o r c e d  a lum ina )  by wet f o r m i n g  methods (such as i n j e c t i o n  mold ing ,  
s l i p  c a s l i n g ,  o r  e x t r u s i o n )  depends c r i t i c a l l y  on t h e  flow p r o p e r t i e s  o f  
t h e  l i q u i d - s o l i d  system. It has been demonst ra ted  t h a t  s l u r r i e s  o f  S i c  
wh iske rs  and a lumina i n  wa te r ,  wh ich  have p r o p e r t i e s  s i m i l a r  t u  conven- 
t i o n a l  ceramic  s l u r r i e s z  can be made. However, i t  has a l s o  been shown 
t h a t  t h e  rheo logy  o f  t hese  s l u r r i e s  i s  h i g h l y  s e n s i t i v e  t o  p r o c e s s i n g  
c o n d i t i o n s  such as m i l l i n g  and pH. Our goal  d u r i n g  t h i s  p a s t  r e p o r t i n g  
p e r i o d  was t o  b e g i n  c h a r a c t e r i z i n g  t h e  alumina-Sic w h i s k e r  s l u r r i e s  
c u r r e n t l y  i n  use a t  Oak Ridge N a t i o n a l  L a b o r a t o r y  and t o  document t h e i r  
s e n s i t i v i t y  t o  a v a r i e t y  o f  p r o c e s s i n g  c o n d i t i o n  changes. 

The f o l l o w i n g  p rocedure  was used t o  make t h e  s l u r r i e s .  The s t a r t i n g  
r i a t e r i a l s  a r e  l i s t e d  i n  Tab le  1. 

Two s e t s  o f  a1 umi na-Sic w h i s k e r  sl u r r i  es were p repared  f o r  r h e o l  o y i  - 
c a l  a n a l y s i s ,  Both s e t s  were p repared  acco rd i r i g  t o  t h e  same p rocedure  
excep t  t h a t  Set 1 used w h i s k e r s  i n  t h e  a s - r e c e i v e d  c o n d i t i o n  and Set 2 
used wh iske rs  a f t e r  t h e y  were rod  m i l l e d  i n  w a t e r  f o r  1 h.  The b a s i c  com- 
p o s i t i o n  o f  t h e  mixes was: 

S o l i d  phase - 10 w t  % wh iske rs  
90 w t  % A16SG 

F l u i d  phase - 0.2 w t  % (dwh) Darvan 7 
0.07 w t  % (dwb) c i t r i c  a c i d  
2.5 w t  % (dwb) PEG 4000 
NH,OH t o  a d j u s t  t o  pl? 11 
ba lance  w a t e r  t o  g i v e  s o l i d s  

l o a d i n g s  o f  25, 30, 35, and 40 v o l  % 
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Table 1. Raw m a t e r i a l s  f o r  A120,-SiG whisker  s l u r r i e s  

Desi gnat i on 

code 
M a t e r i  a1 o r  prod \A e t  Role Suppl i e r  

A I  umi na A16SG Ceramic m a t r i x  A1 coa 

S i  C whisker  SC9 R e i n f o r c i n g  phase ARCQ Chem. Co., 

Darvan No. 7 Dispersant  RT Vanderbi it, 

C i t r i c  a c i d  i spersant  F isher ,  

P o l y e t h y l  ene g l y c o l  PEG4080 Bi nder  IJnion Carbide, 

NH, OH sol u t i  on pM adjustment F i  sher, 

Pi t tsburgh,  Pa. 

Greer, S.C. 

Norwal k, Conn. 

P i t t s b u r g h ,  Pa. 

Danbury, Conn. 

P i t t s b u r g h ,  Pa. 

The s o l i d  and f l u i d  phases were mixed t o g e t h e r  i n  a beaker and s o n i -  
c a t e d  f o r  about 3 m i n  t o  e f f e c t  homogeneous mixing. The s l u r r i e s  were 
ayed f o r  24 h ( w i t h  cont inuous a g i t a t i o n  t o  prevent  segregat ion)  p r i o r  t o  
r h e o l  o g i  c a l  c h a r a c t e r i  z a t i  an. f l a w  curves were determi ned w i t h  a 
Rheometri cs  RFS 8400 f l u i d s  spectrometer;  a para1 1 e l  - p l a t e  t e s t  geometry 
was used w i t h  a gap between p l a t e s  o f  about 1.5 mm. 

The s l u r r i e s  made w i t h  t h e  m i l l e d  whiskers e x h i b i t e d  rheology con- 
s i s t e n t  w i t h  s tandard ceramic p a r t i c u l a t e  s l u r r i e s ;  an example f o r  a 
30 vol X s l u r r y  i s  shown i n  Fig.  1. The v i s c o s i t i e s  and y i e l d  p o i n t s  o f  
t h e  s l u r r i e s  inc reased w i t h  i n c r e a s i n g  s o l i d s  loading,  Table 2. The 
general  shapes of‘ t h e  curves are  a l s o  c o n s i s t e n t  w i t h  s tandard p a r t i c u l a t e  
s l u r r i e s .  Furthermore, t h e  tendency toward t h i x o t r o p i c  behavior,  i . e . ,  
h y s t e r e s i s  i n  t h e  f l o w  curves between t h e  UP ( o r  a c c e l e r a t i n g )  and t h e  
DOWN ( o r  d e c e l e r a t i n g )  behavior ,  increases w i t h  s o l i d s  loading,  which i s  
t y p i c a l  of many standard ceramic m a t e r i a l s .  Such behavior  i s  h i g h l y  
encouraging as i t  suggests t h a t  these w h i s k e r - r e i n f o r c e d  composite 
m a t e r i a l s  might  be processable accord ing  t o  procedures s i m i l a r  t o  s tandard 
ceramic p r a c t i c e ;  !.e., t h e y  may be spray dr ied ,  s l i p  cas t ,  etc.  

I n  c o n t r a s t  t o  t h e  milled-whisker-containing s l u r r i e s ,  t h e  unmi l led-  
whi sker -conta i  n i  ng s l u r r i e s  e x h i b i t e d  anamol ous rheol ogi  c a l  behavior  as 
compared w i t h  s tandard ceramic p a r t i c u l a t e  s l u r r i e s .  F igure  2 shows t h e  
behav io r  o f  a 30 vo l  ’x s l u r r y  f o r  a s tandard t h i x o t r o p i c  loop a n a l y s i s  i n  
which t h e  sample i s  sheared f rom 0.0 sec-1 s t r a i n  r a t e  t o  10.0 sec-1 s t r a i n  
r a t e  and back t o  Oar)  sec-1. N o t i c e  t h a t  t h e  UP curve l i e s  below t h e  DOWN 
curve, which i s  i n  marked c o n t r a s t  t o  t h e  s tandard  t h i x o t r o p i c  behavior  
e x h i b i t e d  by t h e  m i l l e d - w h i s k e r  s l u r r i e s ,  Fig. 1. Such behavior  i s  termed 
a n t i - t h i x o t r o p i c ,  o r  r e v e r s e - t h i x o t r o p i c .  A1 so, n o t i c e  t h a t  t h e  shear 
s t resses  generated i n  t h i s  m a t e r i a l  a r e  approx imate ly  an o r d e r  o f  magnitude 
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Fig. 1. A 30 v o l  % s o l i d s  s l u r r y  made w i t h  m i l l e d  ARC0 S i c  whiskers 
and A16SG a1 umi na (10/90 wei g h t  r a t i o )  e x h i b i t e d  f l o w  behavi or c o n s i s t e n t  
w i t h  s tandard cerami c s l  u r r i  es 

Table 2. Rheologica l  summary o f  s l u r r i e s  
macle w i t h  m i l l e d  whiskers 

Vol % Y i e l d  p o i n t  V i s c o s i t y  
s o l i d s  (dynelcn? (3 100 s-1 
-~ 

25 0.56 0.29 None 
30 3.1 0.39 Weak 
35 32 0.96 Strong 
40 99 2.8 St rong 

h i g h e r  than  those  generated i n  t h e  m i l l e d - w h i s k e r  s l u r r y  o f  t h e  same 
s o l i d s  loading.  The shape o f  t h e  f l o w  curves f o r  t h i s  sample can be 
s i g n i f i c a n t l y  a l t e r e d  by r s v e r s i n g  t h e  t h i x o t r o p i c  l oop  a n a l y s i s ,  i.e., by 
s t a r t i n g  a t  10.0 sec-1, d e c e l l e r a t i n g  t o  0.0 sec-1, and a c c e l e r a t i n g  back 
t o  10.0 sec-1. Such a procedure b r i n g s  t h e  UP and DOWN curves more n e a r l y  
i n t o  co inc idence;  however, t h e  UP curve s t i l l  l i e s  below t h e  DOWN curve, 
even though t h e  h y s t e r e s i s  has been markedly decreased. T h i s  behavior  
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Fig.  2. A 30 vo1 % s o l i d s  s l u r r y  made w i t h  u n m i l l e d  
A16SG alumina (18/90 we igh t  r a t i o )  e x h i b i t e d  anomalous f 
which was a n t i - t h i x o t r o p i c .  

ARC0 whiskers and 
ow behavior,  

suggests t h a t  a form of "phase separat ion ' l  may be o c c u r r  ng i n  t h e  s l u r r y ,  
r e s u l t i n g  I n  t h e  format ion of a t h i n ,  f l u i d  l a y e r  between t h e  bulk  o f  t h e  
s l u r r y  and t h e  face  o f  t h e  rheometer t e s t  probes (i.e., t h e  p a r a l l e l  
p l a t e s ) .  
lower  s o l i d s  conten t  (-10 v o l  % s o l i d s )  i n  which t h e  solids sedimented o u t  
o f  t h e  s l u r r y .  
phase separat ion.  They i n c l u d e  rheomet r ic  e v a l u a t i o n s  and a l s o  compaction 
and p e r m e a b i l i t y  t e s t s ,  which w i l l  p r o v i d e  i n f o r m a t i o n  concerning t h e  
agglomerate and pore  geometr ies o f  these s l u r r i e s .  

Such phase s e p a r a t i o n  has been observed i n  s l u r r i e s  made a t  

Experiments a re  under way t o  determine t h e  na ture  o f  t h i s  

A Powder C h a r a c t e r i z a t i o n  Laboratory  i s  be ing es tab l i shed.  Mhen 
f i n i s h e d ,  i t  w i l l  be one o f  t h e  most complete ceramic powder c h a r a c t e r i -  
z a t i o n  f a c i l i t i e s  i n  t h e  U n i t e d  States.  The fo ' l low ing  c a p a b i l i t i e s  will 
be i n c l u d e d  i n  t h e  f a c i l i t y :  

1. P a r t i c l e  e l e c t r o p h o r e s i s  (ze ta  p o t e n t i a l  ). 

A Pen Kern 3000 p a r t i c l e  e l e c t r o p h o r e s i s  ana lyzer  has been acquired. 
I t s  measurement c a p a b i l i t i e s  i n c l u d e  e l e c t r o p h o r e t i c  m o b i l i t y  and 
d i  s t r i  b u t i  on, speci  f i c conductance, pH, and t u r b i  d i  t y  , determi ned 



s e q u e n t i a l l y  on one sample. It w i l l  a l s o  measure p a r t i c l e  d i f f us ioc i  
cons tan t  (i.e., Brownian mo t ion )  f rom which a median p a r t i c l e  s i z e  
can be determined. 

S ta tus  : Opera t i  onal e 

2. Rheometry. 

A Rheometrics RFS 8400 f l u i d s  spect rometer  has been acquired. I t s  
c a p a b i l i t i e s  a re  t h e  most  e x t e n s i v e  o f  any v iscometer  for  s l u r r y  and 
polymer s o l u t i o n  c h a r a c t e r i z a t i a n .  I n  the  s t e a d y - s t a t e  mode$ the 
i ns t rumen t  w i l l  pe r fo rm s t e p  scan (i .e., hold  at- a $ e r i e ~  o f  g i ven  
r a t e s ) ,  t h i x o t r o p i c  l oop  scan, t i m e  sca:i t o  examine shear degrada- 
t i on, and s t r e s s - r e 1  a x a t i  on analyses. I n  t h e  dynami c ( o s c i  11 atoi-y ) 
mode, i t  w i l l  perform frequency, s t r a ' n ,  and t i m e  sweeps. A l l  o f  
t hese  measurements a r e  performed under f u l l  progrnriirnatic c o n t r o l  

Furthermore, t h e  u n i t  i s  equipped w i t h  an environmental  chamber t o  
a l l o w  t e s t i n g  aver  t h e  temperature range 5 t o  90°C. 

Sta tus  : Opera t i ona l  . 
3. Gas a d s o r p t i o n  (BET s u r f a c e  area) .  

A Quantachrome Quantasorb gas adso rp t i on  u n i t  i s i n c l u d e d  i n t h e  
l a b o r a t o r y  ( p r e v i o u s l y  purchased w i t h  o t h e r  programmatic funds).  It 
operates on t h e  dynami c f 1  ow a d s o r y t i  on pri n e i  p l  e. I t s  capabi 1 i t  i e5 
i n c l u d e  s i n g l e -  and m u l t i - p o i n t  BET s u r f a c e  area a n a l y s i s ,  complete 
a d s o r p t i  on and d e s o r p t i o n  i sotherms, m i  c ropore a n a l y s i s ,  and ctiessi - 
s o r p t i o n  s t u d i  es. 

Stdtus:  Operat ional  . 
4. Gas permeabi 1 i ty. 

A PMI,  Inc., gas permeabi l i t y  ana lyze r  i s  i n c l u d e d  i n  t h e  l a b o r a t o r y  
(purchased w i t h  o t h e r  programmatic funds), It i s  capable o f  measur- 
i n g  powder and s o l i d  body p e r m e a b i l i t i e s  a t  pressure d i f f e r e n t i a l s  
f rom 0.7 t a  410 kPa (0.1--60 p s i )  and f l o w  rates f rom 0.02 t o  12,080 
m l  / m i  n. 

S ta tus :  Operat ional .  

5. L i g h t  s c a t t e r i n g  p a r t i c l e  s i n e  analyzer .  

A M i c r o t r a c  p a r t i c l e  s i z e  ana lyze r  i s  i n c l u d e d  and i s  be ing upgraded 
t o  i nc rease  i t s  performance. A f t e r  upgrading, t h e  u n i t  wil l  have an 
a n a l y s i s  range o f  0.12 t o  300 p, w i l l  r e q u i r e  o n l y  about 0.01 g o f  
sample f o r  a n a l y s i s ,  and w i l l  be capable o f  runn ing  o rgan ic  so l ven ts ,  
i n  a d d i t i o n  t o  water,  as t h e  d i s p e r s i n g  medium. 

S ta tus :  Ordered. 
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6 .  

7. 

8. 

9. 

C e n t r i f u g a l  sedimentat ion p a r t i c l e  s i z e  analyzer.  

A Hor i  ba c e n t r i  fuga1 sedimentat ion i nstrument w i  1 I be i ncl uded i n  t h e  
l a b o r a t o r y ,  I t  i s  capable o f  de termin ing  p a r t i c l e  s i z e  and d i s t r i b u -  
t i o n  between 0.02 and 200 pm i n  bo th  aqueous and nonaqueous so lvents  
with a sample c e l l  volume o f  2 cm3. 

Status:  Ordered. 

Me rtu ry po r o s  i met e r . 
A mercury poros imeter  f o r  de termin ing  pore s i z e  d i s t r i b u t i o n  i n  
powders, compacts, and s i n t e r e d  bodies i s  t o  be i n c l u d e d  i n  t h e  l a b -  
o r a t o r y .  Pore s i z e s  from about 300 pm t o  0.8113 pn can be analyzed. 
The combinat ion o f  da ta  f rom the poros imeter ,  t h e  RET gas adsorp t ion  
u n i t ,  and the gas p e r m e a b i l i t y  u n i t  w i l l  g i v e  a good d e s c r i p t i o n  o f  
t h e  pore geometry i n  a porous mater i  a1 e 

Status:  S p e c i f i c a t i o n  i n  p repara t ion .  

F o u r i e r  t r a n s f o r m  i n f r a r e d  spectrometer (FTIR) .  

An FTIR f o r  examining the chemist ry  o f  powder sur faces and t h e i r  
i n t e r a c t i o n s  w i t h  so lvents ,  d ispersants ,  b inders ,  and o t h e r  gra-  
cess ing  a i d s  i s  t o  be i n c l u d e d  i n  t h e  l a b o r a t o r y .  

Status:  S p e c i f i c a t i o n  i n  prepara t ion .  

Soi 1 mechanics t r i a x i  a1 t e s t  c e l l .  

A t r i a x i a l  t e s t  c e l l ,  which can impose an d r b i t r a r y  s t r e s s  s t a t e  o r  
s t r e s s  h i s t o r y  on a powder compact and measure t h e  response o f  t h e  
compact i n  terms o f  c o m p a c t i o n l d i l a t i o n ,  extension, and pore pressure, 
i s  t o  be i n c l u d e d  i n  t h e  l a b o r a t o r y .  It w i l l  be u s e f u l  i n  charac ter -  
i z i n g  bo th  raw and prepared (e.g., spray d r i e d )  powders i n  terms o f  
compaction, shear s t rength ,  and i n t e r n a l  f r i c t i o n .  It w i l l  a l s o  be 
u s e f u l  i n  e x p l o r i n g  powder forming processes such as d i e  p ress ing  and 
e x t r u s i o n  because a r b i t r a r y  s t r e s s  h i s t o r i e s  can be imposed by it. 

Status:  S p e c i f i c a t i o n  i n  p repara t ion .  

S ta tus  o f  m i les tones  

No a c t i v i t y .  

Pub1 i c a t  i ons 

No a c t i v i t y .  
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1.2.4 Silicate Matrix --- 

MulZite Sic frisker Corn os i tes  
S. Musikant  and S .  Sarnanta General Electric Company) * --- 

The objective o f  this program is to develop high toughness, h i g h  strength, 
refractory ceramic matrix composites which are amenable t o  low cost, 
near net shape forming f o r  application t o  automotive engines., 

In this program, the  General Electric Company, Space Systems Division, 
is pursuing t he  development of Sic whisker reinforced mullite ( 3  A1283 
2 Si021 matrix ceramic composite, 
t h e  mullite matrix fracture toughness by the  incorporation o f  t r a n s f o m a t i o ~  
toughening by additions o f  Tr~ ,5Mfg~$J2  is proposed, 
matrix composite can nteet a very significant need in the ce ramic  h e a t  
engine technology. 
high s t rength ,  t o u g h ,  hard and wear resistant ceramic w i t h  intrinsically 
good thermal shock resistance, The intrinsically good thermal shock 
resistance is due t o  mullite's moderately lcw modulvs o f  elasticity, 
-30 x 1.96 psi (207 GPa) 

The thermal conductivity is low, be ing  approximately equal t o  t h a t  
o f  Zr02. 
h a l f  that o f  ZIr62, mullite experiences far lower thermal stresses than 
Zr02 when exposed to the same thermal gradient. 

I n  addition, the enhancement o f  

Thio mullite 

T h a t  specific need i s  f a r  a low thermal conductivity, 

and relatively l o w  coefficient o f  the 
expansion (CTE), 5 x 10- 6 /"C, as well a s  good levels o f  strength. 

Since t h e  coefficient of thermal expansion (CTF) is about  

Similarly, in comparison to alumina, mullite i s  intrinsically superior 
with respect t o  thermal shock because o f  mullite's lower CTE and l o  
modulus of  elasticity. Any matrix with a high CTE tends to have lower 
resistance t o  thermal shock. 

The initial a i m  o f  t he  investigation i s  t o  prepare a carnapesite w i t h  
fracture toughness o f  - > 4.0 
I n  o r d e r  to ach ieve  this g o a l ,  WE have initiated investigation o f  the 
mullite-SiC whiskers compositions with varying parameters, The major  
steps in this investigation are as follows: 

1. Prepare ullite/SiC whisker compositions using f i n e  particle sine 
mullite powder. 
31) w t  %, Whiskers may be milled f o r  s ize  reduction before  incorparat- 
in$ into a batch composition, 

Whisker compositions may range between 15 and 

2. Investigate sintering aids which will assist in composite consolidation. 



83 

Investigate the addition o f  a transformation toughening agent, 
Zro,5Hf~ 502, to rnullite/SiC compositions to enhance the fracture 
toughnes; o f  the matrix material. 

Consolidation methods include: 

(a> 
( b )  Hot isostatic pressing ( H I P ) .  
( c )  

Cold isostatic pressing and sintering. 

Gold isostatic pressing (CIP), sintering, and h o t  isostatic 
pressing ( H I P )  

Explore the application o f  coating materials t o  whiskers t o  control 
the bonding strength o f  whisker t o  matrix; incorporate dif usion 
barriers at the whisker/matrix interface to minimize chem cal 
reactions between the matrix and whisker. 

Characterize the composites for mechanical, physical chem 
and thermal properties a t  room temperature and a t  elevated 

ca l  
temperatures. 
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ICAk HIGHLTGHTS 

MATE W I A LS A N D  P R O C E D U R E S  

D u r i n g  t h i s  i n i t i a l  phase of the invest igat ion,  experimental d a t a  on o u r  h o t  
pressed mullite-Sic whisker composites from an  e a r l i e r  IR&D program wer? reviewed 
Table I l i s t s  the flexural strength or  modulus of rapture ( M O R ) ,  percent strain 
a t  f a i l u r e  and  density of a few of such h o t  pressed composites. Based on t i i ~ s e  
d a t a ,  i t  appeared t h a t  a hot pressed ( 1700°C, 6200 p s i ,  1 hour) mull i te-Sic  
whisker (SILAR S C - 9  A R C Q  METALS) coiliposite in 70/30 weight r a t i o  yielded the 
highest MOR o f  a b o u t  56,000 psi a t  t*oorn temperature i n  three point f lexure.  

The primary objective of t h e  current program i s  t o  develop a high density (>95%)  
composite without resortitig t o  hot pressing. 
o f  s in te r ing  experiments w i t h  several inial l i  te-SiC whisker compnsitions ( T a b l e  
11) w i t h  and without a s in te r ing  a i d s .  
system and niobium pentoxide, Nb205, were used as l iquid phase s inter ing aids  
i n  order t o  enhance fur ther  densif icat ion d u r i n g  s in te r ing ,  
glasses contiliri 95/5 a n d  85/15 mole % r a t i o s  of SiCl?/A1203. 
i n  the Si02-Al203 phase diagram i n  Figure I. I n  some coinpositions, requis i te  
amounts of A1203 were added so t h a t  the Si02/Al203 glasses wculd react  with 
A1203 a n d  would be converted i n t o  mull i te  phase d u r i n g  the f ina l  stage of-' s i n t e r i n g -  
I n  case o f  NbzO5, i t  ac t s  a s  a good l iquid phase s in te r ing  aid and  a l s o  i t  has 
a potential  t o  .form a carbide ( N b C )  diffusion bar r ie r  on t h e  S I C  whisker. A 
few compositions were a l so  prepared, where the mull i te  matrix contained 10 vol 
% o f  Zr~.,gH.f0.502 used as a toirghening phase. 

S i c  whiskers (SILAR SC-9) from ARCO Metals Co. have been used as t h e  reinforcing 
phase. I n i t i a l l y ,  these whiskers were used i n  the as-received condition. Later 
o n ,  they have been washed and cleaned by slurrying thm i n  deionized water a n d  
thus g e t t i n g  r i d  o f  the f loa tab le  organi'c matters a n d  f ine  par t icu la te  impurit ies.  
A s e r i e s  of experiments have also been performed using SC-9 whiskers, which 
have been planetary ball milled,  dry or  wet, f o r  various periods of time (10 
mins t o  2 h r s ) .  Milling o f  S i c  whiskers i s  t o  reduce the B/d r a t i o  a n d  t h u s  
enhance a b i l i t y  t o  densify on s in te r ing .  

'Jhe baseline rriullite (Baikowski mullite Ref. 193, planetary ball milled l-Ls 
hours),  Baikowski mull i te  ball milled f o r  48 hours ,  and  a newly ava i lab le ,  
deagglomerated, f i n e r  p a r t i c l e  s i z e  variety of mulli te (Ref. 193CR) a l s o  from 
Baikowski Corp. were investigated a s  the s t a r t i n g  matrix material .  Tab le  I11 
describes some charac te r i s t ics  o f  Rai'kowski Mullite 193CR and SC-9 whisker raw 
materia 1 s . 

T h u s ,  we have condeicted a serj-es 

Two hiyh-SiO? glasses in the S ~ Q Z - A I ~ O ~  

The SiO~/A1203 
They are  shown 

Various mullite-Sic whisker m i x  compositions were prepared. T h e i r  processing 
methods and dens i t ies  (measured by water immersion-n~chemedi I s method) o f  the 
s intered composites have been summarized i n  Table 11. I n  general ,  S i c  whiskers 
and mull i te  matrix powder ( w i t h  o r  w i t h o u t  other powder additive mater ia ls)  
a re  blended together i n  a planetary mill f o r  1 5  minutes i n  order t o  achieve 
a homogeneous dispersion o f  whiskers i n  the matrix. Powder batches containing 
the whiskers were then pressed into a b i l l e t  f o r m  ( u p  t o  approx. 2.5" X 1" X 
1") i n  a cold i s o s t a t i c  press ( C I P )  a t  40,000 - 55,000 ps i .  Pressed b i l l e t s  
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were then s i n t e r e d  i n  a i r  a t  1650 - 1670°C f o r  3-34 hours.  S i n t e r e d  composite 
b i l l e t s  e x h i b i t e d  a t h i n  o x i d i z e d  l a y e r  on t h e  sur face .  
the s k i n )  was saw c u t  f rom each b i l l e t  and t h e  d e n s i t y  was determined b y  immersion 
i n  water .  
Nb2O5, which a r e  b l a c k i s h  probab ly  due t o  f o r m a t i o n  o f  a n iob ium carb ide ,  NbC. 

A smal l  p i e c e  ( w i t h o u t  

S i n t e r e d  composites have a green ish  c o l o r ,  except  those c o n t a i n i n g  

RESULTS AND DISCUSSIONS 

Based on t h e  da ta  shown i n  Table 11, i t  was observed t h a t  t h e  use o f  s l i g h t l y  
m i l l e d  S i c  whiskers improves t h e  composite d e n s i t y  (composi t ions Nos. 14-16).  

a p l a n e t a r y  b a l l  m i l l  (PBM) broke down t h e  major  f r a c t i o n  o f  t h e  f i b e r s  t o  (10-12 
pm i n  length .  
o f  S i c  whiskers i n  ba tch  composi t ion No. 14 (whiskers wet m i l l e d  i n  PBM f o r  

used i n  compsi t ions Nos. 17 and 18). F igures  4 and 5 show f i b e r  s t r u c t u r e s  
i n  powder batches o f  composi t ions Nos. 15 and 16 (whiskers wet PBM f o r  1 hour 
and 2 hours r e s p e c t i v e l y ) .  F i g u r e  6 shows t h e  presence o f  much l o n g e r  whiskers 
i n  a ba tch  o f  composi t ion No. 19 prepared by wet d i s p e r s i o n  and w i t h  u n m i l l e d  
whiskers.  

i l l i n g  t h e  as-received whiskers (10-80 pm) f o r  about % hour, wet o r  d ry ,  i n  

F igures  2 and 3 show scanning e l e c t r o n  microscope (SEM) phoTomicrographr 

hour, d r i e d  and then PBM dry ,  15 minutes)  and a f t e r  S hour PBM d r y  (wh iskers  

A d d i t i o n  o f  Zr02-Hf02 toughening agent (composi t ions Nos. 3, 4 6 and 13)  d i d  
n o t  e x h i b i t  any r e t a i n e d  t e t r a g o n a l  i n  t h e  system, p robab ly  because o f  h i g h  
p o r o s i t y  i n  t h e  s i n t e r e d  composites. 

I t  was a l s o  observed t h a t  t h e  new, f i n e r ,  deagglomerated Baikowski  m u l l i t e  (Ref.  
193CR) i s  s u p e r i o r  t o  t h e  e a r l i e r  Baikowski  m u l l i t e  (Ref. 193) and thus  t h e  
new m u l l i t e  powder has been used i n  t h e  l a t e s t  ba tch  composi t ions and w i l l  be 
used i n  f u t u r e .  

A lso,  as shown i n  Table 11, d e n s i t y  o f  t h e  s i n t e r e d  composites ranged between 
approx. 80-91% t h e o r e t i c a l .  The h i g h e s t  d e n s i t y  o f  about 91.1% t h e o r e t i c a l  
was ob ta ined w i t h  t h e  composi t ion No. 20 c o n t a i n i n g  m u l l i t e / S i C  whiskers/Nb205 
i n  70/30/10 weight  r a t i o .  
a i d  i n  t h e  same p r o p o r t i o n  (10 w t .  r a t i o )  produced about 87-88% dense m a t e r i a l  
(composi t ions Nos. 22 and 23).  

The a d d i t i o n  o f  two SiO2-Al203 g lasses as a s i n t e r i n g  

I t  was i n t e r e s t i n g  t o  note,  however, t h a t  i t  was p o s s i b l e  t o  achieve approx imate ly  
90-91% d e n s i t y  (composi t ions No's. 24 and 25) even w i t h o u t  adding any s i n t e r i n g  
a i d .  The use o f  new, f i n e r  m u l l i t e  m a t r i x  powder as w e l l  as m i l l e d  ( 2  hour 
PBM), p u r e r  (washed and c leaned)  S i c  whiskers p robab ly  c o n t r i b u t e d  t o  such improved 
d e n s i f i c a t i o n  on s i n t e r i n g .  
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Microstructures o f  the polished sections of a few sintered composites examined 
by SEM are shown in Figures 7 t o  10 (compositions Nos. 20, 22, 24 and 25 respectively). 
In general, they exhibit random but rather uniform distribution of whiskers 
in the matrix. The whisker lengths are usually seen to be - <5 pm, 

c s 
Mullite/SiC whisker composites (70/30 wt %), prepared by cold isostatic pressing 
fo7 lowed by sintering, yielded approximately 91% dense material w i t h  or wlthout 
a sintering aid. It is believed that sintered material shou ld  be improved to 
>95% density (no open porosity) in order t o  densify it Further by hot isostatic 
pressing (HIP'ing) , without cant2inerizatiun). 
followed by a containerless HIP'incj is the preferred route. For a low dens i ty  
sintered material, canning o r  encapsulation of the material followed by UIP'ing 
will be needed to achieve high density (>95% theoretical). 

$01- a net shape process ,  sirstei-ing 

As mentioned earlier, the primary objective at the  current. stage o f  investigation 
is t o  achieve. a high density compssite without resorting to h o t  pressing., 
order to be able to HIP a matei-ial directly (containerless) i t  is necessary 
t o  achieve at l eas t  95% dense material after sintering. Otherwise, it is imperative 
that a lower density, sintered matera'al needs to be canned o r  encapsulated first 
so that it can be HIB'ed and densified further. 
as follows: 

In 

Thus, the future war$< is planned 

(1) Continue t o  investigate the  use of Nb2O5, a glass  or o t h e r  sintering 
aid(s) (possibly i n  larger proportions) to achieve! further densification 
during sintering o f  mullite-Sic w h i s k e r s  campsites. 
material having >95X density is achieved af ter  sintering, it will 
be further densiTied by containerless (no encapsulation) HIP'iiig. 

Investigate HIP'ing o f  sintered composites after they are encapsulated 
or canned i n  a refractory metal (like, molybdenum,tantalum, or niobium) 
or silica g l a s s  to produce denser composites. 

~ O ~ I W ~ W Q U ~  batch compositions o f  mullite and milled S i c  whiskers. 

I f  such a composite 

( 2 )  

( 3 )  Further investigate the wet dispersion technique t o  produce more 

( 4 )  Measure mechanical properties (MOR and KIC ai, room as well as elevated 
temperatures) and determine microstructures o f  sintered and HIP'ed )I 
dense, composites prepared. 



No. 

CCHP841 

CCHP842 

CCHP843 

CCHP844 

CCHP845 

CCHP6 

CCHP7 

Table I 

Hot Pressed Compositions (1700*C, J Hour, 6200 p s i )  

70 

70 

60 

85 

70 

70 

100 

on, Parts bA 
S i c  Whisker 

30 

30 

40 

15 

30 

30 

- 

IeiQht 
:utectic Glass 

Modulus 
o f  Rupture 
(KSI) (MPa) 

42.35 292 

37-73 260 

36,05 249 

43.21 298 

48.08 337 

56.05 386 

27.02 186 

~ NOTE: 3 Point bend bars, 0.750" X 0.125" X 0.050", 0.50" span 

Raw Materials: 

Mullite - As received Baikowski Mullite , Ref 193 
S i c  Whisker - ARC0 Metals SILAR SC-9 in CCHP841-4 and CCHP6 

Tateho Chemical SCW #l in CCHP845 only. 
Eutectic Glass - 95 m% Si0 /5 m% A1 0 
AL203 I calcined catapal S8 (C onoco2C8enf cals 1 
Rb205 - Kenametal Corp. 

Maxi mum 
Strain 
(%) 

0.172 

0.105 

0.108 

0.113 

0.169 

0.15 

0.08 

3.05 

3.19 

3,00 

3.07 

2.92 

3.05 

3.14 

( X  Theoretical) 

97.1 

98.5 

94.1 

96.8 

92.0 

95.9 

99,o 



TABLE 11 

MULLITE-S jC WHISKER COMPOSITES 

NO. 
COMPOSITION, PARTS BY WEIGHT . Nb2O5 G l A S S  I GLASS I1  AL2O3 

I 
I I I 

70 93)  

70 ( 4 )  

70 (53 

70 ( 5 )  

PROCESSING CONDITIONS 

Blended in planetary m3ll f o r  15 
minutes, i s o s t a t i c a l l y  pressed a t  
4G,000 psi a n d  s intered a t  1650°C 
in a i r  f o r  3-34 hours. Sintered 
b i l l e t s  2 . 5 "  X 1.0" X 1.0" 

I, 

II 

Same as above, e x c e ~ t  the  powder 
batch was GI?-ed a t  55,00@ p s i .  

I, 

Same as  above, except s in te red  
s t  1670°C/3 Hrs 

( %  THEORETICAL) 1 ------+ 
83.7 



TABLE I I (CONTINUED) 

- COMPOSITION, PARTS BY WEITHT 
Sic WHISKER 1 fib205 1 GLASS I 1 GLASS I1  1 A1203 MULL I TE 

- 1  

DENSITY 
( %  THEORETICAL) PROCESSING CONDITIONS 

30 ( 2 )  

I 

30 (1) 

i 
i a t  1650°C/3 Hrs. Sin te red  b i l l e t s  

N 1.0" X 0.6" X 0.6". - 

,I 85.4 j 

I 

' i  

I 

30 ( 5 )  

I 30 

I ! 
I 1  86.0 

Same as  above, except s i n t e r e d  
a t  1670°C/3 Hrs 

81.3 

1 30 ( 3 )  88.0 i Same as above, except  sintered 
a t  167OoC/3 Hrs 

5 i  t 1 I 86.6 

11 

~~ I 90.8 

I 



TABLE i I (CDNTI  N U E D )  

10. 

19 

20 

21  

22 

MULLITE 

?0(1)  

70 ( 5 )  

70 ( 5 1  

30 (1) 

30 ( 7 )  

m 

10 

13 

10 

) RDCE S S I N 6 CON D I T  I ON S 

Irepared by wet dispersion 
n i x i n g  in  a iJaring blender a t  
JH 11.0,  re-adjusted the PH t o  
? .C ,  concentrated the s l k r r y  by 
D o i l i n g  o f f  water and  then cr ied .  
Dry b a t c h  powder CIP-ed a t  55,000 
p s i ,  a n d  s intered a t  167OCC/3 Hrs 

Mkllite ar:d Nb2@5 f i r s t  blended .in a :  
p:anetary mi': f o r  15 m-inutes, dr:~'; 
wh$skers addea and then blended f o r  
agotner 15 mjr;s: t i le  b a t c h  Fater ia l  i 
then CIP-ed a t  55 KSI and s intered 
a t  1670°C f o r  3 hours; s intered 
billets 5 2 4 "  x 1" x 9" 

1 ( %  T H E O R E T I C A L )  

84 .6  

I 
~ 

j 

91.1 

! i 
7, 
13ic noz s.inter I 
j ud2: 1 ; reems qu.i t e  ' 

1 
porolis. 

Mullite and g?ass  powders f i r s t  
blended together in  pianetary m i l :  
f o r  1 5  minutes  and then blended .for 
another 1 5  mins w i t h  whiskers added. 
Tht! batch -is then CXP-ed a t  55 KSI 
2nd sintered a t  1672"Ci3 firs 

87.7 

I 
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TABLE I11 

STARTING MATERIALS 

a) BAfKQWSKll MULLITE (193 CR) (3 A120302 SIQzZ) 

MINIMUM PURITY: >99.2% 
>98% CONVERTED TO MULLITE PHASE 

AGGLOMERATE SIZE DISTRIBUTION 

CUMULATIVE WEIGHT PERCENT 
< I  .O i.1m 24 

<3.0 Pm 85 
< I  .5 i-cm 34 

< 6.0 Pm 100 

ARC0 METALS Sic WHISKER (SILAR SC-9) 

WHISKER CONTENT: 80 - 90% 
DIAMETER: 0.6 pm 
LENGTH : 10-80 pm 
TENSILE STRENGTH -1 X 106 PSI 

10 
w 





Figure 2: 1/2 our PBM, wet, S i G  whiskers i n  composition #I4 batch 

Figure3: 1/2 hour PBM, dry, SIC whiskers 
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Figure .4-; 1 hour  PBM, wet, S i c  whiskers i n  composition 4'15 batch 
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Flgure 8 Mullite/§iC Whiskers Composite With Glass I Sintering A i d  
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b-i gure 3 Mu1 1 i te/Si  C hiskers Composite 70/30 W t  % - Dry 

Figure 10 Mullite/SiC Whiskers Composite 70/30 Ut 46 - Wet Dispersion 
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1.3 THERMAL AND MEA 

ne Company, Inc.) 

0b. iect i  v e / s c o ~ e  

The o b j e c t i v e  o f  t h i s  prograin i s  t o  improve t h e  understanding o f  the  
p rocess ing -m ic ros t ruc tu re -~ roper t y  r e l a t i o n s h i p s  o f  chrome ox ide based 
coat ings  and chrome ox ide  i n f  i 1 t r a t e d  plasma sprayed m i  r c o n i  a. 
ox ide  wear coat ings  have been a p p l i e d  t o  c y l i n d e r  l i n e r s  for  wear p r o t e c -  
t i o n ,  w h i l e  plasma sprayed z i r c o n i a  has been used f o r  t h e r m 1  p r o t e c t i o n  
o f  p i s t o n  crowns i n  advanced a d i a b a t i c  engines. 

The chrome 

Techn-i ea1 progress 

T h e  a b s t r a c t  o f  t h e  f i n a l  r e p o r t  f o r  t h i s  program f o l l o w s :  

CHARACTERIZATION OF CHROMIUM OXIDE BASED CERAMIC 
COATINGS FOR ADVANCED HEAT ENGINES 

T. M. Yonushonis 

ABSTRACT 

The purpose o f  t h i s  i n v e s t i g a t i o n  was t o  improve t h e  understanding of 
t h e  p r o t e c t i v e  chromium ox ide  based coat ings  used as c r i t i c a l  wear sur faces 
and z i r c o n i a  coat ings  used as i n s u l a t i o n  f o r  metal  components i n  advanced 
d i e s e l  engines. 

This  i n v e s t i g a t i o n  focused on t h e  coat ings  developed by Karnain 
Sciences Corpora t i  on which were chromi urn sx i  de based coat ings.  A 1 iii i i ted 
p o r t i o n  o f  t h i s  program concentrated on plasma sprayed z i r c o n i a  coat ings  
which have been i n f i l t r a t e d  w i t h  t h e  chromium ox ide  coat ings  a f t e r  t h e  
plasma spray process. 
Technics. The base l ine  s u b s t r a t e  m a t e r i a l s  were gray cast  i r o n  and 
duct  i 1 e i ron. 

The z i r c o n i a  coat ings  were s u p p l i e d  by Plasma 

The program c o n s i s t e d  o f  t h r e e  major tasks :  

Task 1 - M i c r o s t r u c t u r a l  and Proper ty  C h a r a c t e r i z a t i o n  
Task 2 - F r i c t i o n  and Wear C h a r a c t e r i z a t i o n  
Task 3 - Post-Engi ne Test Coa t ing  C h a r a c t e r i z a t i o n  



101 

The Task 1 i n v e s t i g a t i o n  on chromium oxide ceramic coat ings confirmed 
t h a t  o p t i  c a l  and e l e c t r o n  beam m i  croscopy techniques are we1 1 devel oped 
f o r  m ic ros t ruc tu ra l  and chemical charac ter iza t ion .  The Kaman SCA coat ing  
consi  s t s  o f  a? pha-quartz, chromi um ox ide and a1 umi na. 
l a y e r  was detected between t h e  coat ing  and t h e  i r o n  subs t ra te  which con- 
s i s t e d  o f  an iron-chromium s o l i d  so lu t ion .  

The techniques f o r  measuring phys ica l  p roper t i es  of t h i n  coat ings,  
p roper t i es  such as densi ty ,  adherence, f r a c t u r e  toughness, and e l a s t i c  
modul us a re  no t  we1 1 def ined f o r  heterogeneous coat ings.  Serious gaps 
e x i s t  i n  t h e  technology t o  determine these p roper t i es  which are necessary 
f o r  s t r u c t u r a l  ana lys is  and even tua l l y  performance p r e d i c t i o n  o f  ceramic 
coat ings on m e t a l l i c  substrates.  Therefore, t he  development o f  ceramic 
p r o t e c t i v e  coat ings w i l l  cont inue t o  r e l y  on empi r i ca l  r i g  and engine 
t e s t s  t o  de f i ne  coat ing  performance. 

b lock-on-r ing t e s t  machine, ASTM Prac t i ce  677-83, A 24 f a c t o r i a l  exper i  - 
mental design was used t o  minimize t h e  number o f  t e s t s  and a s s i s t  i n  t h e  
i n t e r p r e t a t i o n  o f  t he  resu l t s .  The c o e f f i c i e n t s  o f  f r i c t i o n  and wear 
volumes were analyzed by regression ana lys is  procedures. Major conclu- 
s ions from f r i c t i o n  and wear t e s t s  po in ted  out p o t e n t i a l  problem areas 
( increased r i n g  wear a n t i c i p a t e d  w i t h  harder l i n e r  coat ings) ,  detected 
i n t e r a c t i o n s  between t h e  l u b r i c a n t / l o a d  combinations (SE/CD 15W-30 l u b r i -  
cant a t  low load had a s i g n i f i c a n t l y  h igher  c o e f f i c i e n t  o f  f r i c t i o n  than 
any o ther  combination o f  var iab les  evaluated),  and l u b r i c a n t / l i n e  i n t e r -  
ac t ions  (gray i r o n  b locks tes ted  w i t h  S E j C D  15W-30 l u b r i c a n t  had h igher  
average wear volumes). 

The Task 3, Post-Engine Test Coat ing Charac ter iza t ion  was conducted 
on cy1 i nder 1 i ners and turbocharger  housings coated w i th  Kaman SCA, 
Evaluat ion o f  t he  l i n e r s  revealed t h a t  t h e  coat ings performed s a t i s f a c -  
t o r i  ly, However, some coa t ing  removal has been observed dur ing  engine 
t e s t  i ng. 

Key areas t h a t  must cont inue t o  be addressed inc lude  coat ing  r e l i -  
a b i l i t y ,  d u r a b i l i t y ,  cos t  reduct ion,  and measuring techniques f o r  quan- 
t i f y i n g  t h e  p roper t i es  o f  t h i n  coatings. 

An i n t e r f a c i  a1 

Task 2, F r i c t i o n  and Wear Character izat ion,  was conducted us ing a 
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1.4 JOINING 

1.4.1 Ceramic-Metdl J o i  n t s  

Active-MetaZ B m z i n q  of PSZ t o  lron 
M. L. San te l l a ,  J. P. Hammond, and S .  A. Dav d (Oak Ridge Nat o m ?  
La bo r a t  o r y  ) 

Object ive/scope 

The purpose o f  t h i s  work i s  t o  develop b r a z i n g  processes f o r  j o i n i n g  
ceramic i n s u l a t i o n  components t o  nodu la r  c a s t  i r o n  (NCI) f o r  a d i a b a t i c  
d i e s e l  engine a p p l i c a t i o n s .  Foremost o f  t hese  a p p l i c a t i o n s  i s  t h e  a t t a c h -  
ment o f  t h e  ceramic p i s t o n  cap. P resen t l y ,  t h e  l ead  candidate m a t e r i a l  
f o r  t h e  ceramic p i s t o n  cap i s  p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  (PSZ),  Nilsen 
grade MS, w i t h  d i s p e r s i o n  toughened alumina (DTA) as an a l t e r n a t e .  
Proiiii s i n g  b r a z i  ng methods and the mechanical p r o p e r t i  es o f  y r o t o t y p i  c a l  
brazements a r e  eva lua ted  so t h a t  r e l i a b l e  j o i n i n g  processes may be t r a n s -  
f e r r e d  t o  i n d u s t r y .  

Techrri c a l  p r o g r e s s  

1 i shmeaits were made i n  t h e  areas o f  mechani ca1 t e s t i n g ,  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  braze j o i n t s ,  and scale-up o f  the? act i ive s u b s t r a t e  
process. The en la rged  shear t e s t i n g  apparatus was used t o  t e s t  seve ra l  
braze j o i  nts a t  400OC. These r e s u l t s ,  a1 sng w i t h  p r e v i o u s l y  o b t a i  ned 
room-temperature r e s u l t s ,  a re  presented i n  Tab le  I. The ZrO,/Ti i n t e r f a c e  
was eva lua ted  by u s i n g  t i t a n i u m - s p u t t e r - 6 0 a t e d  N i l s e n  MS z i  r c s n i a  pads and 
pure t i t a n i u m  bars. 
nodular  cas t  i r o n  pads and pure t i t a n i u m  bars, The i n t e r f a c e s  were vacuum 
brazed w i t h  604 f i l l e r  metal  a t  7 3 5 O C .  
one o f  t h e  F e l T i  j o i n t s  were tes ted .  As Table 1 shows, t h e  shear s t r e n g t h  

114_. 

During t h e  l a s t  r e p a r t i  ng per iod,  i m p o r t a n t  obse rva t i ons  and accarnp- 

The Fe/T i  i n t e r f a c e  was eva lua ted  w i t h  grade 8003 

'Three of t h e  %.r02/Ti  j o i n t s  and 

Table 1. Shear s t r e n g t h  data on the  a c t i v e  s u b s t r a t e  
process intee-faces t e s t e d  a t  25 and 400'C 

--- 
Test Shear 

I n t e r f a c e  t einp e r a t  u r e  s t r e n g t h  
("(3 (MPa) 

ZrO?/Fe 
Z r 0 2 / T i  
Zr02/Ti  
Fe/Ti 
Fe/Ti 

25 
25 

400 
25 

400 

137 
140 
28 

253 
150 
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o f  t h e  ZrO3'T-i i n t e r f a c e  a t  400°C was o n l y  20 t o  25% o f  i t s  t y p i c a l  room- 
temperature value. ?he shear s t r e n g t h  o f  t h e  Fe/Ti i n t e r f a c e  was about 
60% o f  i t s  rsom-temperature value, While a r e d u c t i o n  i n  shear s t r e n g t h  a t  
e l e v a t e d  temperature was expected, t h e  low s t r e n g t h  o f  t h e  Z r O z / T i  i n t e r -  
face  prompted a c a r e f u l  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  o f  these j o i n t s .  

All o f  t h e  Zs02/Ti specimens, whether t e s t e d  a t  25 or 4OO0C, f r a c -  
t u r e d  a t  t h e  z i r c o n i a - b r a z e  f i l l e r  metal i n t e r f a c e ,  so i t  was decided t o  
examine these sur faces  i n  d e t a i l  i n  t h e  scanning e l e c t r o n  microscope 
(SEM). F i g u r e  1(a) shows t h e  t y p i c a l  appearance o f  a z i r c o n i a  surface. 
Small braze f i l l e r  metal  f ragments remain s tuck t o  t h e  z i r c o n i a ,  bu t  t h e  
s u r f a c e  appears t o  have been r e l a t i v e l y  u n a f f e c t e d  by b r a z i n g  and shear 
t e s t i n g .  
s u r f a c e  a t  t h e  z i r c o n i a  i n t e r f a c e .  Th is  s u r f a c e  mates d i r e c t l y  t o  t h a t  
shown i n  Fig. 1(a). It i s  obvious from Fig. l ( b )  t h a t  a cons iderab le  
a m o ~ n t  o f  p o r o s i t y  was formed a t  t h e  z i rcon i t i -b raze  f i l l e r  metal  i n t e r -  
face. Th-is c o n d i t i o n  was observed over  t h e  e n t i r e  area o f  con tac t  f o r  a l l  
o f  t h e  Zr02/604 i n t e r f a c e s  examined. 
o f  t h e  braze a l loy  an t h e  z i r c o n i a  was reduced by as much as 60%. 
s i t u a t l ' o n  would be expected t o  degrade mechanical p r o p e r t i e s  a t  room tem- 
p e r a t u r e  as w e l l  as a t  40OoCs 

goros i  t y  d e s c r i  bed above. Many v a r i a t i o n s  o f  t h e  a r i  g i  n a l  a c t i v e -  
s u b s t r a t e  b r a z i n g  process have been t r i e d ,  and it now appears t h a t  m o d i f i -  
c a t i o n  o f  t h e  c o a t i n g  process can produce braze j o i n t s  t h a t  a re  f r e e  o f  
p o r o s i t y ,  
methods i s  shown i n  Fig. 2. Once i t  i s  w e l l  e s t a b l i s h e d  t h a t  t h e  p o r o s i t y  
can be e l im ina ted ,  mechanical t e s t i n g  w i l l  cont inue.  

I n  t h e  scale-up e f f o r t  t h e  a c t i v e  s u b s t r a t e  process was used t o  braze 
11.5-cm d i s c s  o f  t i t a n i u m - s p u t t e r - c o a t e d  z i r c o n i a  ( f u r n i s h e d  by Coors) t o  
c a s t  i r o n  w i t h  a t i t a n i u m  t r a n s i t i o n  piece. This demonstrat ion braze i s  
shown i n  Fig. 3. A f t e r  b raz ing ,  t h e  d iameter  o f  t h e  assembly was dressed 
by sur face  g r i n d i n g  t o  a f j n a l  dimension o f  11.2 cm. The appearance o f  
t h e  braze was excel  1 ent. However, u l  t r a s o n i  c examinat ion i n d i  ca ted  t h a t  
severa l  unbonded areas e x i s t e d  around t h e  c i rcumference o f  t h e  assembly 
and near i t s  c e n t e r  as  shown i n  Fig. 4. The c i r c u m f e r e n t i a l  de fec ts  a re  
due i n  p a r t  t o  s p l i c e s  t h a t  were made i n  t h e  braze f o i l  
can be e l i m i n a t e d  w i t h  re f inements t o  our  assembly techniques. 
unbonded r e g i o n  was shown by a n a l y s i s  o f  u l t r a s o n i c  rf waveforms t o  be 
l o c a t e d  a t  t h e  z i r c o n i a - b r a z e  a l l o y  i n t e r f a c e .  
m e t a l l o g r a p h i c  a n a l y s i s  i n d i c a t e d  t h a t  t h i s  unbonded area r e s u l t e d  f rom 
coalescence o f  t h e  t y p e  o f  p o r o s i t y  shown i n  Fig. 1. 

F igure  I (b)  shows t h e  t y p i c a l  appearance o f  a braze f i l l e r  metal  

In some ins tances  t h e  contac t  area 
Th is  

A major  e f f o r t  i s  be ing  d i r e c t e d  toward e l i m i n a t i o n  of t h e  t y p e  o f  

A comparison of braze j o i n t s  made by t h e  s tandard and m o d i f i e d  

and they  probably  
The c e n t r a l  

Subsequent s e c t i o n i n g  and 

Sta tus  o f  m i  1 estones 

On schedule, 

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

None. 
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Fig.  1. Scanning e l e c t r o n  micrographs o f  Z r Q Z / T i  braze shear t e s t  
specimen. ( a )  Z i rcon ia  f r a c t u r e  surface. ( b )  Braze a l l o y  f r a c t u r e  
s u r  Face. 



Fig. 2. 
m o d i f i c a t i o n  o f  the s p u t t e r  c o a t i n g  process can e l i m i n a t e  p o r o s i t y  a t  the 
z i r c o n i a  surface. 

Comparison o f  a c t i v e  s u b s t r a t e  braze j o i n t s  showing t h a t  
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YB419 

F i g .  3. P i s t o n  cap demonstration brazed by the a c t i v e  s u b s t r a t e  
methad, 
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2.0 MATERIALS DESIGN METHODOLOGY 

This 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 S e d  as p r o j e c t  element 2 
w i t h i n  t h e  work breakdown s t r u c t u r e  (WBS). It conta ins  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. ?he subelements i n c l u d e  macromodeling and micromodel ing o f  
ceramic m i  c r o s t r u c t u s e s ,  p r o p e r t  i es o f  s t a t i  c and dynami c i n t e r f a c e s  
between ceramics and between eerami cs and a1 loys,  and advanced s t a t i s t i c a l  
and des ign approaches for  d e s c r i b i n g  mechanical behavior  and f o r  employing 
ceramics i n  s t r u c t u r a l  design, 

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 ele- 
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  
cerami c mechanical behavior  from mechanical p r o p e r t i e s  and m i c r o s t r u c t u r e ,  
t r i b o l o g i c a l  behavl or a t  h i g h  temperatures,  and improved methods f o r  

e s c r i b j ' n g  t h e  f r a c t u r e  s t a t i s t i c s  of s t r u c t u r a l  ceramics. Success i n  
meet ing these o b j e c t i v e s  w i l l  p rov ide  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  ng and c o n t r o l  1 i ng i n t e r f a c i  a1 bondi ng and m i  nimi  z i n g  i n t e r f a c i  a1 
f r i  c t i o n ,  and f o r  devef o p i  ng a p r o p e r l y  d e s c r i  p t i  ve s t a t i s t i c a l  data base 
f o r  t h e i r  s t r u c t u r a l  ceramics. 





2.2 CONTACT I 

2.2-1  S t a t j c  Interfaces 

-- O b k q t  i ve s j' s c o pe 

The obg'ective o f  this  research pro i n  $0 develop mating corn- 
term adherence and reduce 

e contact-stress n i t r ide  (Si3blq) and s i l i -  
e (S ic)  ceramics, have ~ ~ ~ e ~ ~ i ~ ~ e ~  t h a t  Si3N4 
ramics are susceptible t o  contact s t ress  damage a t  cermic-  

ceramic and "c-metal interfaces i n  heat en ines. Subsequent 
studies have trated a reduction o r  e'iimindtio o f  contact-stress 
damage t o  t h  amics u s i n g  ~ l ~ s ~ ~ - s p r a y e d  oxide coatings, b u t  the 
coating adherence was n o t  adequate for  long term use. 

Th is  program u t i l i ze s  an al ternate  coating method, electron beam 
P deposition (E8-PVD3, as the i ng process because of 

ionS thickness, and ogy. Three substrate 
f o r  this S tudy :  x" -bonded Si 3N4 ~ R $ ~ ~ ~ ,  

The present program scope consists o f  fou r  technical tasks t o  be 

o Task 1 - Coating Adherence and Characteristics Investigation 
o 
o 
o 

osit ions and procedures tha 

sintered Si3N4 ( S S N ) ,  and sintered S i c  ( S S C ) .  

conducted over 31 months: 

Task 2 - Advanced Pretreatment and Coating Studies 
Task 3 - Contact Stress Testing and Friction Measurements 
Task 4 - Post-Contact Strength Measurements 

Technical progress 

During this  reporting period, Task 2 (Advanced Pretreatment and 
Coating Studies) was completed. The emphasis of Task 2 was t o  evaluate 
the coating adherence o f  several systems, and t o  select  the best o f  these 
for evaluation i n  Task 3. Task 2 consisted o f  seven subtasksr 

Subtask 1: Oxidation. T h i s  subtask studied oxidation-adherence rela- 
tionships i n  baseline specimens ( the baseline zirconia coating on as- 
machineh substrates).  The objective of this s u b t a s k  was t o  achieve a 
better understanding of the oxidation-degradation of baseline coating 
adherence observed i n  Task 1 of the program. 

Subtask 2: Oxygen Diffusion Barrier. Under th i s  subtask, e f fo r t s  were 
made t o  avoid or minimize coatinq adference degradation due t o  substrate 
oxidation (identified as a primary source of-reduced adherence d u r i n g  
Task 1) by depositing an oxygen diffusion barrier between the substrate 
and the coating. A secondary objective was to  select  an interlayer which 
has increased chemical adherence to both the substrate and the coating. 
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- ihe candidate inter layers  were chemical vapcs d t y o s i t e d  (CVD) alumina, 
W D  AlN, EB-PVD alumina, ZB-PMD mesllite, and s a l .  gel alimina. 
Subtask 3 :  I High 0.. Purity Interlayer. This subtask evaluated the potent-ia? 
o f  u s i n g  high put- i ty CVO-C as an inierla:+er betr2,‘Pen the  subskrate and 
standard zirconia coating t o  impriave coating adherence. 

II Subtask 4: ....._..- Di~f i~P ian lGr~da t ion  _, _I--.___._ Zone. Toe object i w  of t h i s  subtask :cas 
t o  explore techniques t h z t  m i g h t  chemiially r o o t  the  z-ircania coating t o  
the  rubs l ra tes ,  Candidate techniques PVE ior ,  finplantation and ion mix- 
ing. 

Subtask 5: Coat&g ~. Variations. . . . . . . . . Stud i t i s  with ii:etai substrates have 
determined that  coati  ng adl-icrence car; be 5 ncl-eased by i r r cc~as i  n y  coati ny 
temperature- P r i o r  p;asriia spray s t u d i e s  sugges~;t a similar- condition for  
ceraaic subs t ra tes .  Th is  subtask evaluated t i l e  d f o r t  o f  coating a t  
t.empera%tires 56C higher thaP; used i n  Task 1. 

Subtask 5: Surface i)repas-atim. Adherence of  Task 1 spec-inrens v:;’2s 
strongly inf ‘luenced by surface topography o f  t h e  oriyirlral subsh-ate.  
This subtask exgligsrred techniques of roughening the st~rfaee.  Candidates 
i n c l d e d  15O-grit machining (compared t o  329 g r i t ) ,  W etching, and 
laser  machining. 

_I____ Subtask 7: ........... ___.. Mullite C o a u .  The objective af this subr task !.#;as t o  
determine i f  columoar nwil i te  could be deposited by EB-PVD on RBSN, SSh, 
and SSC. Mullite i s  a b e t t e r  oxygen barr ie r  than zirconia and has a 
closer tiiesrnal expansion match t o  t k c  Sic and Si3W4 suhsti-ate r . ; a t~ r i a l s .  

E x pe r i r w  n t a 1 j r e  ced ut- e s ___ ..... ........ -- 
- Materials. ihree substrate materials %;let-? selected fat. t h i s  investiga- 

t i o n :  7) raactien-Sr:nbed s i l icon  n i t r ide  (RBSN), ( 2 )  sintered s i l icon  
n i t r ide  QSSN), and ( 3 )  sintered siiicon carbjde (SSC). T h e  RBSN and S S C  
were selected because substanti a l  bas51 ine sti-ength and contact damage 
da ta  were available.   he SSrv was selected t o  provide a nonparo~~s  S13N4 
t o  compare with the parous RBSN. Bi l l e t s  of RBSN and SSN v.w-2 sbtajned 
from the A i  Research Cast-i ng Company, Torrance, Cal i f o r n  i a and S S C  
h i  1 le ts  were obtained f rom the Carborundufi Co ny, Ni agara Fa1 Is, New 
Yor-k. The b i l l e t s  w w e  lonyitudjnally groucd with a 320-grit diaanand 
wheel into 2 x 0,250 x 0.125 ?rich test bars, vhich were subrequmtly 
subjected lo  d i f f e r e n t  pret~eatrnents mder  the v a r i o u s  subtasks o f  Task 
2 ( the  v a r i o u s  pretreatceaent procedures are described in the gesults 
sect i o n  under thel’r respective sclibtasks) Fa1 lowi wg pretrmtment , a1 1 
specimens (except  those ~ d e y  subtasks 5 and 7 )  were coatexl a t  Temescal 
wi th  the b a s ~ ? i n e  EB-PVD z i rcan- ia  coating. The baseline coat-ing i s  
zirconia s tabi l ized wilh 29-percent y t t r i a  applied a t  982C and i s  
approximately 75 t o  125pi11 i n  thickness. A typical  coat.3ng microstructure 
resul t ing from baseline processing procedures 3 s  i 1 lustrated in F i g u r e  1, 
Characterization. _._...._...._.._ __ Three techniques were ut i l ized  f o r  coating adherence 
evaluations: f lexural  t es t ing ,  indentation t e s t i v g ,  and line contact 
tes t ing .  

- 
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EXCELLENT 

Figure 2, A Vickers' indentation was applied norma: t o  t h e  
coating for  coat ing  adherence assessmvt. 

FURNACE (REMOVABLE) 

FORCE 

Figure 3. Garrett's l ine  contac t  rig was used t o  assess 
coat; i rag adherences. 



Figure 4. A l ine  contact under a normal load i s  s l i d  across the 
coating surface t o  produce a biaxial load. Visual observa- 

t i o n s  are used t o  assess c o a t i n g  adherences. 
3 and 4$ decisions were biase towards adherence resu l t s  a f te r  oxidation 
exposures since these coatings are inten ed for use i n  heat engine appli- 
cat  i o m .  

Resu i t s  

Subtask 1: Oxa’dation. Baseline specimens were subjected do various 
s t a t i c  a i r  oxidation heat treatments an adherence was assessed by flex- 
ure testing. Based on vlsual examination o f  the coating/substrate sys- 
tems af te r  flexure tes t ing,  adherence was judged t o  be good t o  excellent 
fo r  as-coated specinens, However, the adherence degraded s ignif icant ly  
for  a l l  substrates a f te r  100-hour/1200C s t a t i c  a i r  exposures. This  
degradation was sirni lar  t o  that observed af te r  24-hour/1200C exposures 
i n  Task I evaluations. Longer duration heat treatments (200 hours versus 
100 hours a t  120QC) d i d  not resul t  i n  any additional degradation i n  
adherence, suggesting s tabi l izat ion of the interface. However, higher 
temperature exposures (1400C versus 1200C fo r  200 hours) resulted i n  
decreased adherence for the RBSN arid SSN substrates bu t  n o t  f o r  the SSG 
substrates suggesting that the Zr02/substrate interface i s  more stable 
for  SSC than for  RBSN and SSN a t  higher temperatures. 



Subtask 2: CVD alumina coatings 2 to 2.5-pm 
thick were applied at 97oC t o  The three substrate inaterials a t  
Kennametal's Philip M. McKenna Laboratory. The as-coated alumirra was a 
mixture o f  alpha and kappa phase P,1203. The specimens were heat treated 
in air at 12QOC for 20 hours t o  convert the kappa-alumina tu the alpha 
phase. X-ray diffraction a f t e r  heat treatment indicated complete con- 
version s 

CVD A l N  coatings approximately 2 t o  3-,m thick were deposited a t  G.A. 
lechnologies using a fluidized bed. 

EB-PVD alumina c o a t i n g s  approximately 1 pm in thickness were applied 
by femescal. The oxygen partial pressure in the coa t ing  chamber was 
adjusted to give two variations of coating: stoichiometric A1203 and non- 
stoichismetyi c (Al-rich) Al2Q3. 

lite could not be successfully applied by EB-PVD techniques. The silica 
in the mullite material source tends to evaporate inore easily than the 
alumina, resulting in silica rich coating. 

Sol-gel alumina coatings were applied by Signal llOP Research Center. 
The specimens were dipped in alumina sol ,  air dried, then calcined i n  a i r  
for 2 hours at 1200C, The resulting coating was approxiinately 0.5*m 
thick. 

Zirconia coated specimens containing an oxygen diffusion barrier 
interlayer were evaluated for coating adherence. The: results are 
summarized in Table 1. CVD A1203 and CVD A1N yielded the best adherence 
f o r  RBSN substrates. The CVD Al203IRBSN system resulted in excellent as- 
coated adherence of the zirconia coating with essentially no decrease in 
adherence after a lQO--hour/1200C oxidation exposure. Phis result 

Oxy@ia ." .......l.-..... Diffusion Barrier. 

I 

EB-PVD mullite coatings were attempted by lernescal. Wo 

Table 1. Subtask 2 (oxygen diffusion barriers) adherence results. 

____-_-- 

0 = Poor, 3 = Excellent 
*Results in column are for as-coated specimens 
**Results in column are for specimens with post-coat  heat treatments 



suggests that the CVD alumina oxidation diffusion barrier is preventing 
degradation of the interface during oxidation exposure. The CVD AlN/RBSN 
system resulted in relatively poor adherence of the zirconia coating in 
the as-coated condition, but excellent adherence after Oxidation expo- 
sure. EDX analysis o f  a spalled surface on an as-coated flexure tested 
specimen detected only A1 and no Si. This suggests that the PVD zirconia 
spalled from the A1N interlayer but the A1N interlayer remained adherent 
on the substrate. The increased adherence o f  the zirconia coating 
observed after oxidation exposure suggests chemical interaction between 
the zirconia coating and AIN interlayer. Optical and SEM analysis of the 
interface before and after oxidation exposure also suggests a change in 
interfacial characteristics (Figure 5). 

CVD A1203 and CVD A1N resulted in only poor to fair adherence o f  the 
zirconia coating on SSN and SSC substrates. For SSN and SSC, sol-gel 
A1203 resulted in the best adherence. Zirconia coating adherence was 
fair both before and after an oxidation exposure of 100 hours at 12OOC 
suggesting that the alumina interlayer is protecting the interface from 
degradation. The adherence for SSC was slightly better than SSN. The 
remaining oxygen diffusion barriers resulted in relatively poor adher- 
ence for SSN and SSC substrates. 

OPTICAL SEM 

AS-COATED H 1 ODm AS-COATED !-i lpm 

HEAT TREATED H r o ~ m  HEAT TREATED H lpm 

Figure 5. Optical and SEM analysis of the ZrOz/AlN/RBSN 
interface before and after oxidation exposure suggests 

a change in interfacial characteristics. 
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Subtask 3: High P u r i t y  I n t e r l a y e r .  In-house specimens o f  SSC hav ing 
CVB S i c  c o a t i n g s  a p p l i e d  by San Fernando L a b o r a t o r i e s  were used i n  t h i s  
eva lua t ion .  EB-PVD z i r -conia was a p p l i e d  o v e r  t h e  C V U  S i c  i n t e r l a y e r .  
The specimens were tested b o t h  as-caal2d and a”f te r  100-h01.~~-/1200@ heat 
t rea tments  us ing  i n d e n t a t i o n  and 1 i n e  c o n t a c t  iechniques. B o t h  as- 
coated and o x i d a t  i o n  exposed specimens e x h i b i t e d  poor c o a t i  rrg adhererice 
i n  a l l  cases. Based on these p r e l i m i n a r y  r e s u l t s ,  ef for t s  i*rirlr.s n o t  
extended t o  the RBSN and SSN subs t ra tes .  

----_ Sub task  ......_ 4: D i f f u s i o n / G r a d a t i a n  ~ l l l ~ l .  Zone. Substrates o f  each rnaterjal]   ere 
s p u t t e r $  w i t h  an a’lumfnutn o v e r l a y  “Lien i o n  implanted w i t h  i i i t r oge r ]  a t  
ORNL.  These specimens were then heat  t r e a t e d  8 hours a t  12QOC i n  a i r  i n  
an e f f o r t  t o  form an AI203 l a y e r  and were. subseqwnt ly  z i r c o r i i a  caateb. 
P r e l i m i n a r y  analysis us ing  c o n t a c t  t e s t i n g  t o  era l inate o x i d a t i o n  exposed 
specimens suggested poor adherence f o r  a l l  t h r e e  subs t ra tes .  Other can- 
d i d a t e  approaches inc luded i o n  i m p l a n t i n g  t h e  subs t ra tes  w i t h  aluminurn 
and zirconium. However, t h e  program schedul ing d i d  no t  p e r m i t  analysis 
o f  t hese  systems. 

Subtask 5: Coat ing V a r i a t i o n .  As-machined specfmens o f  all1 t h r e e  sub- 
s t r a t e  m a t c r i a l s e r e  EB-PYD z i r c o n i a  coated a t  1038Cq1800F) i n s t e a d  of  
a t  t h e  standard temperature o f  982C (193OF). V i s u a l l y ,  these c o a t i n g s  
seemed as c lean and as adherent as the  982C coat ings .  The specimens werr3 
subjected t o  v a r i o u s  stat ,  i c  a i r  heat  treatments (24 hours/1200C, 100 
hours/1200C, 24 hours/l400C, and no heat t rea tment ) ,  and then eva lua ted  
f o r  c o a t i n g  adherence u s i n g  f l e x u r e  t e s t i n g  and i n d e n t a t i o n  t e s t i n g .  
Adherence war; good t o  exee%lent f o r  as-coated specimens, however, coa t -  
i n g  adherence degraded s i g n  i f  i c a n t  l y  a f l e r  a 24-hour/120OC heat  t r e a t  - 
men%. Longer d u r a t i o n  heat t rea tments  (100 hours)  d i d  n o t  r e s u l t  i n  
f u r t h e r  dcgradat ion  of adherence. M i  gher temperature e x p o s i r s  (14BOC 
for  24 hours)  r e s u l t e d  i n  a d d i t i o n a l  adherence degradat ion  f o r  RBSN and SSN 
subs t ra tes  b u t  not f o r  SSC. These r e s u l t s  r e f l e c t  t h e  genera l  poor  
adherence c h a r a c t e r i s t i c s  observed f o r  b a s e l i n e  c o a t i t g s  eva lua ted  i n  
Task 1 o f  t h e  program. 

Subtask ....-I._I_. 6: Surface P r e E r a t i o n .  ._..___- Sur face roughening techniques were 
evaluated f o r  t h e j r  e f f e c t  on s i r r face t opoqraphy  and p o t e x l t i a l  t o  improve 
mechanical adherence o f  t h e  b a s e l i n e  Zr.6 Coat in  . Three techniques’  were 
evaluated:  1 5 0 - g r i t  machining (versus  $20 g r i t 7  , HF e tch ing ,  and l a s e r  
machinincs. 

1502Gr i t  Machining. Base l ine  subs t ra tes  ( 3 2 0 - g r i t  f i n i s h )  were 
The roughened faces  machined on one face  u s i n g  a 150-gr i t  diamond wheel. 

were subsequent ly coated w i t h  EB-PVD z i r c o n i a .  These spe-cirnens were 
eva lua ted  fo r  c o a t i n g  adherence b e f o r e  and a f t e r  100-hour/120OC o x i d a t i o n  
exposures. Adherence was good t o  e x c e l l e n t  i n  t h e  as-coated cand-ition and 
poor a f t e r  o x i d a t i o n .  These r e s u l t s  suggest 1 5 0 - g r i t  machining does n o t  
have a s i g n i f i c a n t  e f f e c t  on c o a t i n g  adherence r e l a t i v e  t o  3 2 0 - g r i t  
machining. 

HF Etch ing.  An HF e t c h  s tudy was conducted t o  determine t h e  e f f e c t  
o f  e t c h  t rea tments  on t h e  surface topography  o f  as-machined and o x i d i z e d  
subs t ra tes .  The sur face  topography was c h a r a c t e r i z e d  u s i n g  SEN and t h e  
r e s u l t s  are shown i n  F i g u r e  6. The SEM r e s u l t s  suggest t h a t  H F  e t c h i n g  
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Figure 6. $EM micrographs showing the surface topography o f  
baseline and ox id i zed  subs t ra tes  after HF etching suggest 

HF etching would not improve mechanical adherence. 
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produces a surface topography that would not  significantly enhance 
echanical interlocking ul’th t h e  zirconia coating, and therefore should 

not  significantly itnprove coating adherence* in addition, the etch  
treatments reduced substrate s t rength  in most cases. Therefore, this 
study was not extended t o  include t he  evaluation of zirconia coat ing  
adherence. 

Laser Machining, Substrates of RBSN, SSN, and SSC were texturized 
using a 1.2-kw CQz laser. The laser was operated i n  a pulsed mode a t  20 
t o  30 percent o f  the rated power t o  produce a matrix a f  dots wikh 
appraximately one diameter spacing. Currents o f  200, 153, and 300 axps 
were used for RBSN, SSN, and SSC, respectively. Prelisninary studies 
showed a strength reduction s f  about 20 percent for t he  substr-ate mate- 
rials. However, the pits  produced by the laser were very acicular, 
measuring approximately 0.l-rim in diameter and 3 . 3 - r ~ ~  d e ~ p .  The cu r ren t  
was subsequently reduced to 125, 100, and 200 amps fo r  KBSN, SSB, and 
SSC, respectively in an at tempt t o  reduce cavity depth. The resnlt~tig 
decrease i n  cavity depth was significant for S S C  (cavities were approxi- 

deep). H O W E . V ~ ~ * ( ” ,  WBSN and SSN exhibited little change i n  
Laser machined speci  ens we~e  EB-PMB coated w i t h  zirconia 

and evaluated for coating adherence using indentation and cantact  
testing, Evaluation o f  SSC by indental; ion showed excel lent adherence 
for bath as-coated and heat treated speea’mens. Good adherence was 
observed for  both as-coated and heat treated RBSN and SSN specimens. 
Contact testing was conducted on heat treated specimens only. The 
results are sho in Figure 1. In contrast t o  the indentation results, 
poor adherence was observed f o r  WBSN and SSN w h ? l e  SSC exhibited good 
adherence. The results for  SSC were encouraging because good adherence 
was achieved without having an oxygen diffusion barrier t o  prevent o x i -  
dation o f  the  substrate. SSC’s better adherence is believed t o  be due t o  
the surface topography and no t  t h e  substrate rrsaterial, RBSN and SSN had 
very deep surface cavities, which  were not successfully penetrated by the  
PYD ZrQZ as obse on the  spalled test  surfaces. SSC had much smaller 
cavities, which successfully penetrated, Zt-02 was still adherent 
inside the surface cavities after the coatings had spalled fo r  all three 
substrates. Only the walls o f  the cavities appeared coated f o r  RBSN and 
SSN, bu t  the surface cavities were completely filled f o r  SSC. Therefore, 
the adherence of the RBSN and SSN s u b s t r a t e s  may be improved t o  the 
degree observed for 1 machined SSC substrates by reproducing SSC’s 
surf ace topography on 

Subtask 7: Mullite could not be appl ied t o  the sub- 
strates by EB-PVD techniques at Temescal. The silica i n  the mullite 
material source tends to evaporate more easily than the alumina resulting 
in a silica rich coating. These efforts paralleled those under Subtask 2 
for EB-PVD mu1 1 i te oxy en diffusion barriers. E f f o r t s  under bath sub- 
tasks were terminated. 

Mullite Coating”. 

Conclusions 

Task 2 adherence assessment results for all specimens w i t h  psst -  
coating static air heat treatments are sumiarized i n  Tables 2 and 3. ThIs  
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Figure 7. Laser machinin substrates resulted i 

j n f ~ r m a ~ i o n  was used t o  select  systems recommended f o r  evaluation i 
3. Task 2 e f for t s  d i d  not  resul t  i n  a single pretreatment that  yielded 
adequate adherence for  a l l  three substrate materials. Therefore, two 
pretreatments were selected for  each substrate material ( the Revised 
Scope of Work, ID 861(/48271 dated February 13, 1985, defined that only twa 
pretreatments could be selected f o r  Task 3 investigations). Table 4 

es the ranking o f  the systems based on the information in Tables 2 
ased on these resul ts ,  the pretreatments listed in Table 5 appear 

t o  be the best for  the i r  respective substrate materials and are recam- 
mended f o r  evaluation i n  Task 3. 

adherence for RBSN and SS and good adherence f o r  SSC. 

Table 2, Indentation results. 
retreatment 

150-grit machined 
Laser machined 
CVD A1203 
Sol-gel A1203 
PUD A1203 (stoich,)  
PVD A1203 (non-stoich.) 
CVD A l N  
CVD S i c  

RBSN 1 
Poor 
Good 

Exce 1 1 ent 
Poor 

Poor 
Excel l e n t  

Poor 

-- 
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Table 3. L ine  coiltact t e s t i n g  rcsults, 

Poor 
Exce 1 1 ea:t 

I- 

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

P 

S SM 
...... ...- --. 

sse 
F a i r  
Good 
F a i r  

Gcod* 
Good* 
Poor 
F a i r  
Poor 

p--7..-.-I 

........... ___y_ 

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

-9 
_-___.... 

SSN 
......... .._-.. 1 ~~ -.-~l 

3 
1 
0 
1 2 
-* 

_______I___ -. _______ --,.-- 
a t e  conbinat ions by g i v i n g  
-abies 2 and 3 (poor = 0, f a i r  
Tables  2 and 3 toge ther  (0  = 

Table 5. Coat ing systems suggested for  task  3. 
--*..-..-- .... 

Laser machining 

S ta tus  o f  M i les tones  

Task 2 was completed dur ing  t h i s  r e p o r t i n g  period, Task 3 will be 
i n i t i a t e d  as soon as ORNL concurrence i s  obta ined on the  selection of 
coat ings  for i nves t i ga t i on .  
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2.2.2 Dvnami c Interfaces 

studies of Dynamic Contact of Ceramics and ~ l l o . 1 4 ~  for 
Advanced Heat Engines 
K. F. Dufrane, W. A. Glaeser, and A. L. Rosenf ie l ld (Battelle 
Columbus Laboratori es) 

Objecti ve/Scope 

The objective o f  the study is to develop mathematical models of 
the friction and wear processes af cwamic interfaces based on experi- 
mental data. 
tures t o  1200 F under reciprocating sliding conditions reproducing the 
loads, speeds, and environment of the ringicylinder interface of advanced 
engines. 
and after testing t o  provide detailed input to %he msdel. The results 
are intended to prov ide  the basis for identifying soluticnns tu the tri- 
bology problems limiting the development of these engines. 

Technical Progress 

The supporting experiments are to be conducted a t  tempera- 

The test specimens are ta be carefully characterized before 

Literature Review. To provide a basis for the wear modeling efforts, 
a review was made o f  the literature regarding wear o f  ceramics. The 
following i s  a su ary o f  the review. 

Introduction. A CB uter search has been ma e o f  technical liter- 
sing Dialog Infar tion Services Inc. cove ing the period 1970 

ing sources were searched: 

Chemical Abstracts 
E 1  Engineering Meetings Database 
Patent Ab st rac t s 
Engineering Index 

Key wards included wearo high temperature, diesel, and ceramic. Approxi- 
mately 500 abstracts were obtained and reviewed. From these, complete 
copies of about 100 documents were obtained. 

Wear of Materials 1977-1985, since each conference proceedings contained 
at least one session on Friction and Neal- o f  Ceramics. Information 
from some of these original sources also lead t o  other documents having 
useful information not necessarily directly related to wear of  Ceramics. 

terature dealing with actual wear testing seemed t o  fall roughly 
o categories: bench tests (pin on disk, block on ring) and cut- 

ting tests (tool bits for metal cutting, bits for rock drilling). 
bench test research involved operating conditions in which loads were 
relatively high and velocities moderate t o  slow. 
bench test comprised an exponential distribution with much of the data 
falling in the range 0.1 to 3 N. Velocities covered the range! 0.0002 
m/sec to 5.4 misec. Most of the velocities fell between 0.0002 m/sec 

Information was o f ten  
se final 100 documents. 
s also made o f  the five International Conferences on 

The 

Loads used in the 
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.05 m/sec. 
s have been conducted at low loads and velocities. 

Therefore much o f  the ceramic bench type wear experi- 
Cutting tests 

~nvo~ved much higher loads (ranging between 100 and 350 N) and hi 
velocities (100 m/s c). It is not surprising, therefore, that th 
mechanisms describe in the cutting tests were much different from the 
echanisms describe in the bench tests. 
here were some big velocity experiments reported and the wear mecha- 
nisms in these experiments were related to thermal shock effects. 

sets of test conditions considered, wear mecha- 
considerable variety. This was partly a result 

of different ma ecimens, different environments, elevated tem- 
erature versus r o ~ m  temperature and the effect o f  various lubricants. 

Mechanisms reported include surface microfracture, adhesive trans- 
fer, plastic deformation, surfac fatigue, and oxidation. Lateral frac- 
ure was not reported in tests run in the load range 0.1 - 10 N. Ther- 
a7 shock surface fracture resulting from thermal mechanical instability 
as reported in some high sliding velocity testing. 

mechanisms reported appears to relate to environmental and surface chem- 
ical phenomena extant in each test condition. 

In the bench test grouping, 

The range of wear 

Ceramic Deformation ~ e c h a n ~ s ~ ~ ~  
slip systems to make a material ductile. Most metals behave this way. 
In BCC metals a transition to nonductile behavior occurs at a critical 
temperature or range o f  temperatures. As the temperature is reduced, 
stacking fault energy decreases, limiting cross slip and increasing 
e tendency for limiting slip systems. This concentrates slip on p 

that intersect and cause dislocation pile-ups, stress concentrations, 
and the formation of voids. Depending on the state of stress, critical 
temperature is acheived when pile-up and void formation leads to frac- 
ture and apparent brittle behavior. Ceramic materials behave much like 
BCC metals below the critical temperature. However, increasing the 
temperature of a ceramic t o  about 0.6 Tm (Tm = melting temperature) 
increases the probability o f  climb and break-through in dislocation 
pile-ups allowing more plastic flow and reduction in the brittle behav- 

Of course, strength reduction and creep are also encountered with 
elevated temperature. The resemblance to BCC metals ends here. Although 
ceramics exhibit more plastic deformation and creep at elevated tempera- 
tures, they do not exhibit the ductility comon to metals. The number 
o f  operative slip systems is still limited and brittle or semi-brittle 
behavior prevails. Under contact conditions existing during sliding 
contact, plastic deformation will occur locally and to shallow depths 
wing to the hydrostatic component o f  the state of stress. Ceramics 
re much more sensitive to strain rate than metals and, therefore, high 
sliding velocity will be more likely to produce microfracture. In addi- 
tion, the thermal properties o f  ceramics (low thermal diffusivity) will 
promote thermal shock or thermal fatigue type fracture. The above char- 
acteristics o f  ceramic mechanical behavior make it necessary to consider 
different parameters from those used for metals when modeling wear pro- 
cesses. 

It takes five separate active 

r. 
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Lateral Cracking. One of the consequences of the brittle character 
ics is the tendency t o  crack under contact stress. Once a criti- 

cal load is exceeded such that the tensile coingonent of the contact 
stress state initiates cracks, the wear rate jumps significantly and 
visible surface damage ~ccurs. 
a sphere pressed into a bv-ittle solid will initially produce radial 
cracks, then with further load increase, praduce lateral cracks--or 
cracks running parallel with the surface. This process is 5-10 
Figure 1. The consequence f this process i s  a propagation and joining 
up o f  cracks and the releas o f  chips. Thus, the ceramic material has 
a critical load capacity, P , above which lateral cracking will occur. 
This, obviously, is a load barrier above which 8 E! does not Wish to 
90. Sliding contact i l l  modify this process an Lawn (2) has demon- 
strated the conseguen e o f  friction levels on t h  lateral crack initi- 
ation and prapag tiari during sliding of a spherical contact over a brit- 
tle material. W en two ceramic surfaces contact, one may find a coinbi- 
nation o f  plasti deformation and plowing together with lateral cracking 
as shown in Figure 2. The asperity carrying the larger percent, of the 
load will produce a groove with “chevronBn cracks f rom friction forces 
and subsurface lateral cracks. Spalls and break-aut occur where cracks 
meet the surface. As friction increases, Lawn (2) sho that the surface- 
crack and subsurface-crack orientations change resulti 
i*on cracks and deeper penetration o f  lateral cracks--h ce ,  larger vol- 
ume reinoval of  material when 

There are other factors cnce lateral cracking. For 
instance, the size of defects erial. The larger the defect, 
the lower the critical load, P . For defect-initiated cracks, the criti- 
cal load decreases with increasing grain s ize.  This is shown in Figure 3.  

Hardness will infliience lateral fracture initiation. The harder 
ceramic wi 11 generally exhibit a higher sensitivity t o  lateral cracking. 
Figure 4 shows an example of the wear resistant very hard material hav- 
ing a low fracture threshold such that under a g iven load range it w 
be into lateral fracture and chipping ear while a safter ceramic ~vsaeld 
still be in the plastic deformation wear regime ( 3 ) .  

fracture. 
load and mechanical properties: 

Evans and Wilshaw (I) have shown that 

in langer chev- 

Fracture toughness also influences the  critical load f o r  lateral 
An equation has been proposed by Evans ( 3 )  relating critical 

where 

K = Fracture toughness 
H ~ =  Hardness 
E = Elastic Modulus. 

P* covers a wide range values for co mics. The list 
below presents three co on ceramics fa 
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F IGURE 2. CRACKING MECHANISMS DURING 
HARD ASPERITY PENETRATION 

(C mpres- 
s i v e  Load 

r n  D (Grain S i z e )  

FIGURE 3. EFFECT OF GRAIN SIZE ON INITIATION AND 
PROPAGATION OF CRACKS I N  CERAMICS (LAWN) 
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LATERAL 
F R A C T U R E  

HI )H2 MECHANlSM 

F R A C T U R E  
THRESWOLO / 

REGION WHEREIN THE 
HARDER MATERIAL 

FIGURE 4. EFFECT OF H A R D N E S S  ON T H E  T H R E S H O L D  F O R  L A T E R A L  
F R A C T U R E  AND C H I P P I N G  WEAR 
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-I 

A1 mi na 0.4 
Msgnesi a 0.9 
S i  Iicow N i t r i d e  31.0 

Little i s  kno about the effect [J levated temperat 
cracking. Presuma y, it might change coefficients s h  

1). Certainly, the hardness will 
at so that P* might inc 
chi plastic deformation 

t until a temperature is reached 

Thermal Effects. Increasing sliding velocity produces localized 
ramic materials o jng t o  their relatively law frictional heating i n  

thermal di f fus i vi ty. e ~ h ~ n o ~ ~ ~ o ~  that results from frictional heat-  
ing is thermal mechanical instability (TMI) (4 ,5 ) ,  Bot 
ceramics are subject t o  it, but ceramics have a much lo 
far TMI. There has been a significant am lent of study directed toward 

a critical sliding velocity a ich TMI phenornena will occur. The 
observed presence of I X is the developme t o f  widely spaced localized 
hot spots that. move ab ut the surface. A well developed TMI: condition 
on ceramics will produ e flashes o f  light which rapidly change location- 
-often in a periodic manner. Wear rates o f  cerami~s tend t o  increase 
when the TMI threshold i s  crossed (6). The wear rneclnanjsm for ceramics 
involves a micro-thermal shock process hich occurs at each local hot  
spat. Several thematical models have been developed t o  predict the  
onset of YMI. 
velocity above ich instability takes over is shown 

I ~ ~ e n ~ ~ ~ n ~ n  and a nu 
and have been verifie riment. It is possible t o  estimate 

er o f  mathematical models have been pro- 

typical relation for predicting V* or the critical 

V" 22 K * J ~  1 
( I&)' B, 

where 

J = Mechanical equivalent o f  heat 
K = Thermal conductivity 
11 = Friction coefficient 
a = Coefficient o f  thermal expansion 
E = Elastic modulus 
D = Thermal diffusivity, or K/PC. 

Depending on the friction level in the sliding contact, then, a critical 
velocity can be predicted from the thermal properties o f  the ceramic. 
Some typical velocities for sliding pairs  are sho n in the list below. 

u V" 
Aluminum Oxide 1.0 5. 
Silicon Carbide 1.0 20.4 
Aluminum 0.5 125 .0 
Cast Iron 0.23 155.0 

- -. Material 
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This shows the possible range of V* among various materials. 
conditions which produce thermal shock, a model for wear rate has been 
developed from empirical methods (6) I 

Under 

!J w e - - - -  

R ~ D ~  9 

where 

a ti b = Constants 
u = Coefficient o f  friction 
R = Thermal stress resistance factor, 

s = Short; time tensile strength 
= Poisson's ratio 

E = Elastic modulus 
a = Coefficient o f  expansion 

D = Thermal diffusivity, K/PC 
P = Density 
c = Heat capacity 
K = Thermal conductivity. 

Creep. Since the number of operative slip systems in ceramics 
is limited owing t o  their ionic and/orzovalent structure, the pile- 
up of edge dislocations and generation of voids and cracks under applied 
shear stresses is very probable. The critical stress required to initi- 
ate a crack is a function o f  surface energy, modulus, and embrio crack 
length: 

where 

(I = Critical stress 
E = Crack length 
S = Surface energy 
E = Elastic modulus. 

When stress is applied to a ceramic, the shear stress component acts 
to pile up edge dislocations against an obstacle while the tensile compo- 
nent is the crack propagater. In sliding contact, therefore, the crack- 
ing is either generated at the edges of the contact or, if the contact 
stress is high enough, below the surface as a lateral crack. Thick 
glide bands with high dislocation density promote crack generation. 
Ceramics with high covalent bonding like alumina have high Peierls stress 
and inherent resistance to dislocation motion. However, by raising 
the temperature, dislocation bands can be broadened and their dislo- 
cation density decreased, 
climb and breakdown of dislocation obstacles allow greater plastic defor- 
mation and ductility in ceramics. At this point, creep becomes a signif- 
icant operator in the mechanical behavior ( 8 ) .  

When the temperature approaches T/Tm = 0.6, 
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The classic creep curve is shown in Figure 5. Both  naetals and 
ceramics follow t h i s  creep characteristic. In wear processes at ele- 
vated ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~ ,  the linear portion of  the curve shou ld  be inconse- 
quential. The last stage o f  creep where deformation accelerates t o  
rupture is the  darnage stage for ceramics. Therefore,  the t ime  it t akes  
to reach the s t a  e I11 creep is importaaat to  the 'life of a p a r t .  Creep 
can become a com onent of t h e  high temperature wear process on parts 
which see a heavy contact stress located in one spot (the contact zene 
on a non-rotating cam fol lowes-, for ins tance) .  
ics, creep can occur as g r a i n  b trndary v o i d  growth (diffusiorr creep) 
or as void growth w i t h i n  t h e  grains. 
aries can exacerbate void growth along gra jn  boundaries. 

The rate 0.F damage accumulation varies depending on the type a f  
creep occurring in the ceramic. 
of creep -- diffusion creep and power law creep. 
is increased on a body the creep I D Q ~ ~  chan es f r o m  diffusion t o  power 
lawa Note t h e  significant increase if? dam ge ra te  as the power rate 

In polycrystal 1 ine ceram- 

A glassy phase at. the grain barsnd- 

Figure 6 shows the e f f e c t  of two types 
As the applied strs?ss 

creep regirne i s  entered. 

tem can be obtained by referring t o  defornliaticarr maps. One for copper 
i s  shown in Figure 9 .  As the  ternperatwe increases one can move f rom 
diffusional flow t o  po er law creep. The same happeass as shear stress 
is increased. At. a shear stress of  IO the: material flows w i t h  full 
plast-icity -- creep no longer prevails. 
tion froin cl-eep t o  full plastic f l o w  occurs. The same type o f  diagram 
has been developed f o r  void formation and for fracture of ceramics ( 9 ) .  

Same es t ima te  o f  creep datnaye potential in a kiigh temperatt~re sys- 

In t he  bwalcdow~ zone, a transi- 

Fhase Change. Some ceramics considered for weat- control in e n g i w s  
are rathes- csmp lex in structure. 
in attempts t o  improve toughness while still maintaining chemical i n e r i -  
ness and wear resistance. Examples include alumina-zirconia, silicon 
nitride-zirconia, zirconia-magnesia, and zirconia-yttria. The more 
popu 1 at- mod i fi ed ceramics are PSZ and TTZ ( part i a 1 ly stab i 1 i zed z i t-con i a 
and transformation toughened zirconia). As an example o f  the possible 
effects on wear mechanisms, partially stabilized zirconia (rircsnia- 
magnesia) wi 11 be considered. 

ldhen heat treated, FSZ cons is t s  o f  a stabilized cubic matrix con- 
taining monoclinic precipitates transformed from t he  tetragonal dear- 

ing. The precipitation results in a volume expansion and C Q ~ -  
pressive residual stresses result. These residual stvesses presumably 
inhibit propagat ian  o f  crack fronts and therefore improve the apparent 
toughness. A t  the same t ime,  wear resistance i s  repcarted acceptable 

Studies have been made on t h e  e f f e c t  o f  temperature an t h e  defor- 
mation o f  PSZ. 

s a discontinuity a 400 C. The straight line curve takes 
form Hardness = exp 

mated from the slope o f  the curve beyond 400 I: is about  40 kcali/mol. 
If the  change in hardness with temperature can be att8-i 
the activation energy for the slowest moving ion, Zr, bpb 

be considered. 

The structures have been modi f i e d  

( W .  
An Arrhenius p l a t  o f  In (hardness) versus l/T for PSZ 

'F (11). The activation energy, q,  esti- 

The approximate value o f  Q for z i rcon ium ions i s  
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OA - Instantaneous (elastic) deformation at room temperature 
OB - Instantaneous (elastic and plastic) deformation at an elevat 

temperature 
OBDEF - Creep- Rupture curve 

BD - First stage (primary or transient creep) 
DE - Second stage (secondary 01 linear creep) 
EF - Third stags (tertiary or accelerating creep) 

I 
I 
I 
I 
I 
I 
I 

I m I 

0 

0 

E 
I 0 t - Rupture Time 
w c - Totoi Elongation I 

c I 
.- 
c 

t 
Time 0% Stress Application e 

F I G U R E  5. CREEP-RUPTURE CURVE 
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F IGURE 6. THE EFFECT ON CREEP RATE I N  GOING FROM DIFFER-  
ENT DIFFUSIONAIL TO POMER LAW CREEP MODE (FROM 
A.C.F COCKS) 
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TEMPERATURE ('C) 

HOMOLOGOUS TEMPERATI:RE,~~, 

FIGURE 7. DEFORMATION MAP FOR COPPER (FROM ASHBY) 



80 kcal/msl at 1300 C (11). The deformation behavior (at least  under 
conditions of the indentat.iow test) of PSZ at these temperature levells 
does not  appear t o  be related to creep. 
change in slope of the hot hardness cuwc may indicate activation of 
another slip system or climb.. 
an important one t o  consider 
contact wear conditions involving PSZ. 

in PSZ in resisting deformation begins t o  fade. 
t a t i o n  allows acco odat ion  of strains i n  adjacent grains and deforma- 
tion increases. As temperature increases further, this effect  is lessened 
and probability of crack propagation increases. It is possible t h a t  
new slip systems may begin to operate a t  e levated temperatures under 
the hydrostatic state o f  stress occasioned by sliding contact. There 
is no evidence o f  this effect as y e t  and the  effect o f  strain rate is 

It is conjectured t h a t  the 

This effect a t  400 C, ho 
hen selecting operating t 

As temperature is increased fur ther,  the effect o f  the second phase 
Strain induced precipi- 

not kn04Vn. 
At 950 C and above, averaging occurs i n  PSZ and the transformation 

On cooling back to room 
c matrix enriched i n  mag- 
loy has been permanently 
250 hours have shown the 
a-stabilized zirconia 

- -  
toughening characteri stic no longer operates. 
temperature, the resulting structure is a ciih 
nesia. A t  this point, the toughness s f  the a 
diminished. Studies on loss of strength aver 
effect at 800 C and i s  more prevalent in yttr 

Holding PSZ a t  elevated temperatures can 
(12) .  

coarsen the prec i p i tates . 
Once the precipitates reach a critical size,  coaling to room temperature 
results in transformation tr? the monoclinic phase- Deformation caused 
by grinding during finishing operations can also cause transformation 
o f  tetragonal precipitates to monocljnic w i t h  subsequent formation o f  
residual compressive stresses a t  transfarmation sites. 

temperature and deformation are difficult t a  relate t o  wear mechanisms 
because o f  an overwhelming unknown-that of the e f f e c t  of contact-stress- 
induced structural changes such as observed in meta ls  and in limited 
information available for ceramics (13, 14, 15). 
in near-surface structures (dislocation cefl formation, deformation 
twinning and stibyrain formation) t h a t  are possible during wear are much 
different from conventional PSZ structures described above. I t  is likely 
that wear-induced phase changes cauld be accompanied by a microfracture 
wear mechanism. 

The above various structural changes in PSZ occasioned by elevated 

The? radical changes 

High Temperature Reactions. Ceramic materials are genera? iy con- 
sidered inert. However, a t  elevated temperature some of the silicon- 
containing ceramics (Sic, S i  N ) will react with oxygen in the atmos- 
phere t o  form silica. 
are often found on silicon-containing materials after wear at elevated 
temperatures. These films look as if they had been molter1 at sonic time. 
Examination of ceramic phase diagrams reveals eutectics in a number 
of oxide solutions. Furthermore, silicon often acts  as a vitrifier 
for other materials making possible relatively law-melting-point glasses. 
The formation of a glassy phase on silicon containing materials is. often 
accompanied by a reduction in friction and less wear (16) .  

Althodgfl silica melts at 1720 C, glassy films 

Thus, one 
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must consider what other species ceramics may contact during sliding 
at elevated temperature. 
from "contamination" of a silicon-containing ceramic, its presence will 
significantly alter wear mechanisms. 

st ceramics contain a small amount of glassy phase as a binder. 
ssy phase is found at grain boundaries. If temperatures become 

high enough to melt the glassy binder, it can exude on the rubbing sur- 
face. In addition, grain boundary weakening will occur if the glassy 
phase in the boundary softens. 

humidity during sliding contact, 
face reactions producing protective amorphous surface films. 
of Si3Ni4 and AI 0 
vapor while wear20? AI 0 

If the formation of a glassy film results 

Some ceramic materials have been found to be very sensitive to 
This appears t o  be the result of sur- 

increases in water vapor.3 fhese observations 

Studies 
(17) have shown that wear o f  S i  N slows in water 

ve been made at room2t$mperature--therefore tribochemical reactions 
ou ld  be expected on ceramics a t  elevated temperatures. 

Conclusions Regarding Literature Review. The results of the survey 
have emphasized the need fo r  research to better define high temperature 
wear mechanisms in ceramics. A number of different mechanisms or com- 
binations of mechanisms have been reported. For instance, Sutor (18) 
recently reported friction values for hot pressed Si N 
0.70 to 0.15; Fischer reports similar findings ( u ) . ~  tome researchers 
found that Si N sliding against itself showed a decrease in friction 
with increasik~4y fine finish while others found the opposite effect. 
Sutor's own wear experiments on silicon nitride indicated several wear 
mechanisms operating at the same time. 

clear when one examines known mechanical properties and surface chemical 
characteristics of ceramics. There are three areas of concern when 
attempting to predict wear processes in ceramics: 

ranged f rom 

The reason for the great variation in ceramic wear data becomes 

(1) Definition of threshold parameters which signal a change o f  
mechanical or chemical behavior. 

For wear model development, the thresholds for lateral crack- 
ing, thermal mechanical instability, thermal shock, glassy 
phase film formation and alloy phase transformations must 
be defined initially. 
condition encountered when a threshold has been passed. In 
some instances there may be thresholds one does not want t o  
cross, notably lateral cracking and thermal mechanical insta- 
bility. 
to operating conditions for wear experiments depending on 
the material combinations under evaluation. 

A wear model may be required for each 

Avoiding these conditions may require adjustments 

(2)  The significance of fracture toughness and surface energy 
to the wear process in ceramics, once a specific wear mode 
has been established. The wear rate and extent of surface 
damage may differ from one operating condition to another, 



138 

but the brittle behavior o f  ceramics will still dominate the  
wear process. 

( 3 )  There are important gaps in the understanding o f  ceramic wear 
processes that have to be filled before reliable models can 
be developed. 

Limited information has been developed on the wear surface 
structure in ceramics resulting from the rubbing-contact state 
of stress. It is suspected that some of the wear-induced 
high strain microstructures found in metals may prevail to 
some extent in ceramics. If they do, how do they influence 
deformation and fracture behavior? Maw do they relate $a 
phase transformations defined for unstrained ceramic alloys? 
Because of these unknowns, TEM work on ion-thinned wear speci- 
mens is needed, much like Hockey did in the early 1970's (19). 

The effect o f  high temperature and contact stress oti the  sur- 
face chemistry of ceramics is also limited. Since ionic mate- 
rials are more influenced by surface double layers, the nature 
of the bonding of absorbed species requires examination. 
The chemical composition and structure o f  surface layers formed 
during high temperature wear need to be defined. 
chemistry before wear is also essential. 

Surface 

Specimen Procurement. 
from three different suppliers. Included were eleven specimens each 
of PS grade magnesia partially stabilized zirconia, 2-191 grade yttria 
partially stabilized zirconia, and Hexoloy sintered alpha silicon car- 
bide. 
transformation - toughened alumina have delayed their delivery. 
cylinder specimens were also sbtaine with coatings of SCA-1000 on mild 
steel from the Kaman Sciences Corporation. 

Because of repeated delays in obtaining coated ring specimens f r o m  
the commercial ring supplier, ring specimens were fabricated by Battelle's 
thermal spray group. Table 1. presents the coating materials applied 
to AIS1 410 stainless steel specitnerls. A concave profile was machined 
at the edge of the ring specimens with a l-in. radius milling tool to 
provide edge support for the coatings. After spraying, the coatings 
were finished by grinding with a crown radius o f  1.25 in. 

Monolithic cylinder specimens were received 

Production difficulties with five specimens o f  2Y20A HIP-processed 
Four 

Specimen Characterization. The fracture properties of sintered 
monolithic CI - S i c  were measured as part of the specimen characterima- 
tion efforts. 

temperature (20 C). 
dimensions, loaded with a 32 mn support span and 19 inn loading span 
were as follows: 

Fracture strength was assessed in four-point bend tests at room 
Bend tests on 18 specimens, 2.5 x 5.0 x 38 m in 

__ 
Mean Fracture Stress, o f  = 360 MPa 

Std. Dev. = 47 MPa 
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TABLE 1. COMPOSITION OF PLASMA-SPRAYED 
COATINGS FOR RING SPECIMENS 

Identi f i c a t i  on Corripos i ti on 

Metco 130 

Metco 501 

Met co 6 3 / 62 34 bas ec oa t 
with Metco 130 topcoat 

0.13 titaniuni dioxide 
0.87 aluininum oxide 

0.30 molybdenum 
0.12 chromium 
0.025 boron 
0.0275 i r o n  
0.0075 carbon 
bal nickel 

molybdenum d i s i l i c i d e  

0.99 molybdenum base- 
coat w i t h  t o p c o a t  o f  
0.13 titanium dioxide 
0.87 aluminum oxide 

TABLE 2. SHORT-BAR F??tCTUWE TOUGHNESS 
OF SINTERED 01 - S i c  

Specimen 
Number KIc (MPan~l’~) 

1T 2.74 
2T 2.74 

3T 2.80 
4P 2.73 
5P 2.71 
6P 2.85 

Mean : 2.76 M P i ~ r n ’ ’ ~  
Std.  Dev. : 0.05 MParnl’‘ 

...... 
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Figure 8 shows the fracture-stress distribution and a twn-parameter - Meibull distribution function fitted to the data. Ihe fracture praba- 
bility for the bend specimens was calculated from the relation, 
F = (i - 0.5)/N, where i is the ranking number of a specimen in 
the order increasing strengths and N is the total number of speci- 
mens. 
regression on a linearized form of the Weibull relation given in 
Figure 8 :  

The following Weibull parameters were calculated by linear 

Weibull modulus, m = 8.5 
Scale Parameter, a. = 380 MPa 

Fracture surfaces o f  three specimens selected arbitrarily were 
examined in a scanning electron microscope, Two bend specimens failed 
from surface flaws without evidence o f  any obvious microstructural inhom- 
ogeneity at the fracture origin. These surface flaws were likely pro-  
duced in surface grinding. The fracture i n  the third specimen origi- 
nated from a microstructural d e f e c t  located close to the tension surface 
o f  the specimen. An inclusion-like feature Rad the same composition 
as the matrix. This suggested that i t  as probably an agglomerate in 
the starting powder which caused nonuniform sintering and a crack-like 
flaw at its periphery. 

) o f  - Sic was measured in short-bay 
tests. Results are sumarized'in Table 2. 
3T the chevron-notch plane was oriented perpendicular to the large (15 
x 5 cm) faces o f  the billet (transverse orientation), while in specihens 
4P, 5P, and 6P the notch planes were parallel to the large Paces of 
the billet (parallel orientation). 
in the fracture toughness in the Swp The average KIc 
for all the speciiiiens was 2.76 MPam . 

The fracture toughness (K 
I n  specimens l T ,  2T, and 

There was no apparent difference 
rientations. 12 

Experimental Apparatus. The experimental apparatus was completed 
The apparatus provides the and demonstrated during the report period. 

following capabilities. 

Cylinder Speciinens: 1.25 x 5 x 0.5 in. flats 

Ring Specimens: 0.75 x 0.75 x 0.125 i n .  f l a t s  

Motion: Reciprocating, 4.25 in. stroke 

Speed: Variable, 500 to 2208 rpm 

Temperature: to 1200 F 

Applied Load: t o  200 lbs (continuous) 

Contact Pressure: to 2100 psi 

Atmosphere: Diesel exhaust or other controlled gas, as desired 

Output data: Wear at intervals, friction from drive torque 
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a- sic 
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- 

2510 3100 350 400 4 

FIGURE 8. DISTRIBUTION OF FRACTURE STRESSES AND TWO-PARAMETER 
WEIBULL F I T  FOR CI - S i c  I N  FOUR-POINT BEND TESTS 
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Since most o f  the experiments are planned t o  be csnducted in diesel 
osphere, an anal as made of the composition of the exhaust 

being supplied to t he  speci chamber. The results are presented in 
Table 3.  

Idear ExperimenLL. Near experiments ere performed on four 
materials sliding against .-Si@ cylinder pecianens. Table 4 su 
t h e  results o f  these initial experiments. The Metco 130 (alum? 
which i s  referred t o  in Table 4 as M-130, spalled o f f  the ring specimrrns 
at 'light load a t  very short  t imes,  Experiments 7 and 8. While no reli- 
ab le  friction c o e f f i c i e n t s  could be measured i n  the short t ime period, 
very loud squealing suggested high readings. The Metco 501 coat ing,  
Experiment 9, perfarmed the best t o  date. The f r i c t i a r r  decreased during 
the 210 minute r u n  from 0.6 t o  0.3, and the coa t ing  remained largely 
intact after the experiment. While these results are encouraging, a 
r e l a t i v e l y  high wear o f  0.006 in .  was measured. The P-312Ed (molybdenma 
disilicide), Experiment. 10, worn and/or- spallcd off in 15 minutes of 
running. The M-130 with a molybdenm basecoat,  Experiment 12, appeared 
t o  wear r a p i d l y ,  but the experiment had to be: terminated when one cylin- 

fractured. The fracture was caused by a warpage o f  the 
h i c h  i t  was mounted. The experiments proved the apparatus 

a b l e  to run  specimens for extended times a t  elevated temperatwes. 
However, the high w a r  and bonding problems an the ring specimens hare 
preventad wear rate measurelne~ts for  t imes exceeding 2'0 minutes. 

With the receipt o f  most o f  the mono l i t h i c  specimens and the fabri- 
c a t i a n  o f  the coated r i n g  specimens a t  Battelle, the exper imental  pro- 
gram has been initiated in accordance w i t h  t he  schedule.. Examination 
o f  the wear specimens has been i n i t a t e d  t o  form the b a s i s  s f  the wear 
modeling t o  be perforiiled in the remainder o f  t h e  study. 
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TABLE 3 .  SUMMARY OF EXHAUST GAS MEASUREMENTS 
ON 6.5 HORSEPOWER LDMBARDINI E N G I N E  

~ ~~ ~ 

Load P a r t i c u -  Excess Exhaust 

ps ig  p p ~  ppm Pergent Perci int  ppm mg/m Percent Percent 
Air Temp. 

* Z O  F 
Press, NO NO 0 GO co l a t e 3  

80 385 335 13.4 6.2 560 26.3 7 . 6 6  70 579 
100 450 400 12 .9  5 .6  580 27 .9  7 .29  48 5 90 
120 540 500 12 .1  5.2 608 27.7 7.30 31 632  
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2.3 NEW CQNCEPTS 

Advanced S-tatist$cs* 
W, P, Eathes ly  (OaR Ridge Nat iona l  Labora tory )  

Object  i ve/scope 

The e x i s t e n c e  o f  f l a w  f i e l d s  i n v o ~ ~ i ~ g  l a r g e  f l a w s  o c c u r r i n g  a t  r e l a -  

t e f f 5 r t  i s  aimed a t  deve lop ing  f a i l u r e  c r i t e r i a  i n v o l v i n g  a 
t i v e l y  r a r e  s i t e s  cannot i n  p r i n c i p l e  be t r e a t e d  by Weibul l  s t a t i s t i c s .  

f i n i t e  cell  s i z e  d e s c r i b i n g  t h e  occurrence o f  f laws. 

Technl” c a l  progress 

The model b e i n g  considered i n f t i a t e s  w i t h  t h e  d e f i n i t i o n  o f  a f i n i t e  
ce l l  (volume e ? e  e n t )  i n  t h e  m a t e r i a l  chosen l a r g e  t ~ ~ ~ g h  t o  complete ly  

any f l a w  i n  quest ion,  b u t  sinal1 enough t o  c o n t a i n  n o t  more than 
w. This  l a s t  premise i s  f o r  c o u n t i n g  purposes only. Any m a t e r i a l  

under s t r e s s  then c o n t a i n s  some countable number o f  these c e l l s ,  and the 
occurrence o f  f l a w s  w i t h i n  t h e  s t r e s s e d  volume becomes s imply  a binomial 
d i s t ~ ~ ~ ~ ~ ~ o ~  over  t h e  number o f  cells i n  quest ion.  

The f l a w  s i z e s  a r e  assumed t o  be normal ly  d i s t r i b u t e d  or,  more 
The x a c t l y ,  the  s t r e n g t h s  a r i s i n g  from them a r e  assumed t o  be normal. 

eakest- l ink.  argument i s  now i n t r o d u c e d  as being t h e  f i r s t  o rder  s t a t i s t i c  
o r  a sampl ing o f  s i z e  n, t h e  be ing  t h e  number o f  f l a w s  expected i n  t h e  

t o t a l i t y  o f  c e l l s  r e p r e s e n t i n g  t h e  s t r e s s e d  volume. 
strength-volume dependence a r i s e s  s i m i l a r l y  t o  t h a t  o f  a Weibul l  s t a t i s t i c .  

Th is  model i s  independent o f  c e l l  s i z e  i n  t h a t  any choice o f  c e l l  s i z e  
over  severa l  decades leads exper i inenta l  l y  t o  t h e  same observable r e s u l t s .  
I n  o t h e r  words, t h e  premise t h a t  a c e l l  n o t  c o n t a i n  more than one f l a w  i s  
f o r  convenience only ,  and t h e  observer  cannot d e t e c t  whether t h e  premise 
i s  s a t i s f i e d  or not,  H i s  exper imenta l  r e s u l t s  a re  i n s e n s i t i v e  t o  t h e  c e l l  
s i z e  as l o n g  as t h e  p r o b a b i l i t y  per  c e l l  i s  a d j u s t e d  accord ing ly ,  

The r e s u l t i n g  s t a t i s t i c ,  a product  o f  b inomia l  by normal o r d e r  s t a -  
t i s t i c s ,  does no t  l e a d  t o  t h e  o r d i n a r y  Weibul l  volume s e n s i t i v i t y ;  t h e  
s t r e n g t h  a t  l a r g e  s t r e s s  volumes falls o f f  more r a p i d l y  than t h e  Weibul l  
case. Presumably, a skewed s t r e n g t h  d i  s t r i  b u t i o n  c o u l d  compensate f o r  
t h i s .  The s i m p l e s t  and somewhat t r i v i a l  cand ida te  d i s t r i b u t i o n  would be 
t h e  log normal. Th is  case i s  c u r r e n t l y  be ing  examined. 

I t  i s  t o o  e a r l y  t o  say whether t h e  model and mathematical formal ism 
descr ibed above i s  o f  p r a c t i c a l  s i  gni f i  cance. 
model i s  t r a c t a b l e ,  i s  capable of exper imenta l  v e r i f i c a t i o n ,  and possesses 
t h e  e s s e n t i a l  f e a t u r e s  o f  a Weibul l  d i s t r i b u t i o n .  

I n  t h i s  manner a 

We a r e  encouraged t h a t  t h e  

Sta tus  o f  mi les tones  

None. 

Pub1 i c a t i o n s  

None. 

These s t u d i e s  supported j o i n t l y  by t h e  Ceraiiiic Technology f o r  * 
Advanced Heat Engines Program and t h e  HTGR Technology Program. 
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Advanced S t a t i s t i c a l  Conce,nts of Fracture in Brittle Ma7'minZ.s -.___ 
C. A. Johnson and W. T. Tucker (General E l e c t r i c  C o r p o r a t e  R&D)  

The design and application of reliable loacl-bwring structural  components 
f rom ceramic mater ia ls  requires a d&ailed understanding of t h e  statist ical  ncsture 
of fracture  in br i t t le  materials. The overall objective of this program is to 
advance the current  understanding of f rac ture  statistics, especially in t h e  
following three  areas: 

. Optimum testing plans and d a t a  analysis techniques. . Confidence and toler-ance bounds on predictions for n m -  
norma I di str  i hut i om, in part  icul at-, t h e  Wei  bu I I distr i but i on. . Consequences of t i m e  dependen? crack growth on the  evolu- 
tion of initial flaw distributions. 

The studies a r e  being carr ied out  largely by analytical and cornputer simulation 
techniques. Actual f rac ture  da ta  are then used as appropriate to confirm and 
demonstrafe t h e  resul ting d a t a  analysis techniques. 

- Techn icai Hi gh I ights _ .̂_.. 

One of the milestones for the first  year sf this program involves the  
development of procedures for estimation of t h e  Weibull rnodulus from t h e  
locations of f rac ture  origins. The most likely position of fracture  initiation i o  Q 
st ructure  with a macroscopic s t ress  gradient is the position of maximum stress. 
3 t ~ a t ~ s e  t h e  most severe flaw (in terms of size, shape, orientation and position) 
may not be present in tha t  location, failure may instead originate at a position 
stressed at lower than the  maximum stress. The probability of t h e  origin occurring 
in any given location can be predicted if t h e  streng?h distribution is known for 
t h a t  material. Conversely, if the  positions of t h e  f rac ture  origins a r e  measured in 
a number of nominally identical test specimens or components, then information 
can be derived about the  s t rength distribution. More specifically, for the  case of 
t h e  'Neibwll distribution, t h e  Weibull modulus can be est imated from t h e  positions 
of fruclure  origins in bodies t h a t  contain s t ress  gradients. 

To i l lustrate t h e  concept,  consider a stressed body such as tha t  illustrated 
schematically in Figure I where t h e  b y is composed of two sections, A and 5. 
The inuterial in section A is identical to that in 8 but is  at a different s t ress  and 
may or may not have t h e  same volume. Upon loading to failure, t h e  body will 
e i ther  fail from a flaw located in A or from one i n  8. For the case of the Weibull 
distribution function, we huve shown tha t  the conditional probability of the  
strength controlling defect  occurring in section A, given a failure, i s  equal to t h e  
effect ive V Q ~ W ~ I I ~  (or e f fec t ive  surface area,  if appropriate) of A divided by t h e  
e f fec t ive  volume (or urea) of t h e  en t i r e  component. This results for the  lNeibuII 
distribution since t h e  conditional probability is actually c1 norrriiry constant. W e  
believe that only t h e  Weibull distribution has this  property. 

The simple relationship involving ef fec t ive  voluimes can  be extended to oily 
stressed body t h a t  is conceptually subdivided into two sections at any arbi trury 
boundary and is subject only to t h e  following assumptions: f rac ture  s t rengths  of 
the material  a r e  properly described by the  two-pcsrarneter Weibull distribution; 
t h e  flaw distribution is homogeneous throughout t h e  component; and t h e  s t rengths  



149 

of sections A and 8 a r e  independent of each other. The resulting probabilities a r e  

M Q S ~  s-fructures have continuous rudients in s t ress  ra ther  than t h e  s t e p  
change of the s t ruc ture  in Figure i l .  an exatnple of a s t ruc ture  with a more  
convention~i stress gradienf, conside three-point bend specimen. ?he most 
 tist^ st^^^^^^ eff ic ient  boundaries to separa te  such Q s t ruc ture  into regions A and 

ries of constant s t ress  swch as those shown on Figure 2. The s t ress  at a 
i v i d d  by the maximum stress in the beam will be referred to cas t h e  

The re lat ive stress is orply Q function of 

it imal upon failure. 

lative stress,  H, for t h a t  bcxsndary. 
SitiOfI Within t k  SfFIJCtIJTe, and i ~ ~ t ~ r ~ ~ t ~ R ¶ ~ y ,  iS  not a ftJnCtion Of  t 

maximum stress. To draw an analogy with Figure 1 ,  one  could conside 
of t h e  three-point bend s p ~ i r n e n  to consist of that portion of t h e  specirnera with a 
relative stress,  R, grea r than some value, say 0.5 fior t h e  rnameait, and region I3 
to be the remainder. hen failure occurs,  T h e  origin will b e  located e i ther  in 

i n  region n. The expected fraction of origins with a re lat ive stress 
and is equal to the  effective 

volume of t h e  higher stressed region divided by t6 effec t ive  volume of the  en t i re  
en, For three-point ben specimens with rectangular cross sections and 
Bume ~ ~ ~ ~ ~ ~ ~ u ~ e ~  defecfs, this ra t io  of effective volrirnes is: 

ion A 
ater than  or equal to R will be ded ind  as F 

Yii~erefsre, if a ser ies  of tkree-point bend specimens of a material  with a Weibull 
rndwIc~s, m, a r c  tes ted to Pailwre, Equation I can b e  used to predict t h e  expected 
fraction of origins that will O C C I P ~  insi my given stress contour, R. The s a m e  
~ ~ ~ ~ ~ ~ t ~ o ~ ~  can  be expressed graphi Ily us shown on Figure 3 where F is 
p ~ o t t d  as a func t im 01 R tt-te same bend specimen geometry,   he fami17 of 
curves mi Figure 3 represents the behavior of materials with various Weilsull 
modcs I i e 

The following procedure can be used Pa es t imate  t h e  Weibull modulus of a 
materia! from t h e  f r a c t u r e  origin sites in Q set of three-point bend specimens: the 
lwaticwi of t h e  f rac ture  initiating d e f e c t  must be determined in each specimen; an 
R value is calcwlatd for each specimen using t h e  coordinates of t h e  origin; t h e  R 
values are ordered from highest to lowest, ranked and assigned an est imated FR 

a relutisnship such as 

(3 

where n is the ranking number and N is t h e  totcil number of specimens; and finally, 
one data point for each  specimen is p is t ted  on Figure 3 using the  calcwlated R and 

vdcses. If the f r a c t u r e  strength of the material  is properly described by a t w o  
distribution, fhen the points should fall on a curve that is 

similar in shape and positiwi Bo one of t h e  family of curves drawn on Figure 3. 
The e s t i m a t e  sf m can then be done by visual inspection and interpolation or by 
more reproducible imethads such as i teratively searching for the m with the 
maxirnwm ~ i ~ e ~ ~ h o ~ ~  or with t h e  rninirnurn sum of squared error between measured 
and predicted behavior. 

Relationships similar to Equation I have been derived for other bend 
gtwmnaetries allowing analysis of f rac ture  origin positions in t h e  following test 
sp€Ximens: 



Three-point bend, rectangular cross sections, S I J ~ % Q C ~  defects 
Three-poi nt  bend, circular cross sections, surface defects 
Four-point bend, rectangular cross sections, volume defects 
Four-point bend, rectangular cross sections, sur face  defects 

In each case, t h e  distribution of origins can be expressed in the form: 

FR = f (R,rn) (3) 

where 1-11 is the Weibull modulus, R is a relative stress contour separating the 
specirnw.n into two regions, and F' is t h e  fraction of origins expected in the higher 
stressed region. H 

Status of Milestones -_ .._...- 
-̂ -- 

The two milestones due to be completed at the en  of t h e  f i rs t  year of the 
progaar-n are 8n schedule. 

Pub I i ca t ions 

FORCE 

Figure I :  Schematic of a body composed of two sections, A and B, at different 
stresses. 
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Figure 2: Side view of a three-point bend specimen showing contours of constant 
stress. 

Rectangular,  3 - p t ,  Volume 

R (Re la t ive  S t r e s s )  

Figure 3: Plot of F vs R for three-point bend specimens with rectangular 
cross sections that contain defects distributed through the volume. 
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T h i s  p o r t i o n  of the 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 3 
w i t h i n  t h e  work ~ ~ ~ a k d o ~ ~  s t r u c t u r e  (MBS). I t  conta ins  f i v e  subelernents, 
i n c l u d i n g  (1) S t r u c t u r a l  Q u a l i f i c a t i o n ,  (2 )  Time-Dependent Behavior, 
(3 )  Envi ronnaental Ef fects,  (4) F r a c t u r e  Mechanics, and ( 5 )  Nondestruct ive 
Eva1 u a t i  on (NDE Deve l i o ~ ~ ~ ~ t  * Rese sch c o ~ ~ ~ c ~ e ~  d u r i n g  t h i s  p e r i o d  
i ne1 lades a c t i  v i  jes i n  subelements I ) ,  (2), and ( 3 ) .  Work i n  the 
S t r u c t u r a l  Q u a l i f i c a t i o n  subelement i n c l u d e s  proof t e s t i n g ,  c o r r e l a t i o n s  

E r e s u l t s  and m c r o s t r u c t u r e ,  and a p p l i c a t i o n  t o  components. Work 
T i r n e - ~ e p ~ n ~ ~ ~ t  ehavi  or subel ernent inc’e udes s t u d i e s  of f a t i g u e  and 

creep i n  s t r u c t u r a l  ce amics a t  h i g h  t mperatures, Research i n  t h e  
Fravi ronmental E f fec ts  subel ernent inc l  u es study of t h e  long- term e f f e c t s  
o f  o x i d a t i o n ,  cor ros ion ,  and eros ion  o t h e  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 s  o f  s t r u c t u r a l  ceramics, 

e l  esnent i n c l  udes (1 1 exper imenta l  1 .i fe  t e s t i  ng and m i  c r a s t r u c t u r a l  analy-  
s i s  o f  Si,N, and S i c  ceramics, ( 2 )  t ime- temperature s t r e n g t h  dependence o f  
Si,N, ceramics, and (3 )  s t a t i c  f a t i g u e  behavior  o f  PS 

Major  o b j e c t i v e s  of research i n  t h e  D a t a  Base an 
p r o j e c t  element are understanding and a p p l i c a t i o n  of p r e d i c t i v e  models f o r  
s t r u c t u r a l  cerami c mechanical re1 i abi  1 i ty,  measurement techniques f o r  
long- te rm mechanical p r o p e r t y  behavior  I n  s t r u c t u r a l  ceramics, and phys ica l  
understanding of time-dependent mechanical f a i l u r e .  Success in meeting 
these o b j e c t i v e s  will  p r o v i d e  U.S. companies w i t h  t h e  t o o l s  needed for 
a c c u r a t e l y  p r e d i  c t i  ng t h e  mechani cal re1 i abi  1 i t y  o f  cerami c heat engi ne 
components, i n c l u d i n g  t h e  e f f e c t s  o f  a p p l i e d  s t r e s s ,  t ime,  temperature,  
and atmosphere on t h e  c r i t i c a l  ceramic p r o p e r t i e s .  

The research conten t  o f  t h e  Data Base anti L i f e  P r e d i c t i o n  p r o j e c t  
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3.2 TIME-DEPENDENT BEHAVIOR 

Characterization of Trans f omat  i on -Toughen& Cerarrri cs 
2, J. Sch io le r .  J. J. Swab, and R. N. K a t z  
(Army Mater i  a1 s Techno1 ogy -Laboratory) 

O b i  ec t ives  / Sco D e  : 

Because of t h e f r  unusual combination of p r o p e r t i e s ,  t ransformat ion  
toughened z i r c o n i a s  (TTZ) a r e  l ead ing  candida tes  f a r  cy l inde r  l i n e r s  
p i s t o n  caps,  head p l a t e s ,  va lve  seats ,  and o the r  components f o r  t h e  
a d i a b a t i c  d i e s e l  engine.  These m a t e r i a l s  are age-hardened c e r a d c  a l l o y  
s y s t e m s  and as such they are I - f k e l y  t o  be s u s c e p t i b l e  t o  overaging and l o s s  
of s t r e n g t h  a t  long times at high  temperatures  ( i . e . %  c l o s e  t o  the age 
hardening temperatures) .  The p o s s i b i l i  ty of overaging wi th  i t s  l i k e l y  
nega t ive  impact on materials performance w a s  i d e n t i f l e d  as a c r i t i c a l  a r e a  
of ignorance i n  the pre l iminary  technology assessment on ceramics fo r  
d i e s e l  engines previously prepared by AMMRG/MTL. Accordingly,  a task was 
I n i t i a t e d  to: (a) d e f i n e  t h e  e x t e n t  of magnitride of t h e  overaging ( i f  
a n y ) ,  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 to tempera tures  which may be encountered i n  
advanced d l e s e l s  (1009-1200 ). 

The f i r s t  sub ta sk  i s  being c a r r i e d  o u t  a t  MTL whi le  t h e  second subtask  
i s  t o  be completed by Professor  T. Y, TSen at t h e  Univers i ty  of Michigan on 
contract from MTL, 

Teelinlcaf. Progress 

MATERIALS TECHNOLOGY LAB 

During t h i s  per iod t h e  a n a l y s i s  of t h e  "second genera t ion"  z i r c o n i a s  
w a s  completed. A l l  room and high temperature  p r o p e r t i e s  of t h e s e  materials 
have been completed. The next  phase of t h i s  p r o j e c t ,  t h e  eva lua t ion  of 
Japanese z i r c o n i a  materials was in1 t i a t e d .  Eight  d f f f e r e n t  m a t e r i a l s  have 
been i d e n t i f i e d  and have been ordered ,  t h r e e  h igh  temperature  h e a t  
t rea tment  furnaces  have been cons t ruc t ed  and hea t  t rea tment  f i x t u r e s  have 
been made. 

"second genera t ion"  z i r c o n i a s  has been completed. 

w a s  completed . 
The second d r a f t  of t h e  f i n a l  r e p o r t  covering t h e  a n a l y s i s  of  t h e  

Because funds f o r  1985 w e r e  late i n  a r r i v i n g  no o the r  t echn ica l  work 
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CQCigoSiteS of  A1-Q : CP 0 s o l i d  5 O l u t i O n  matr ix  GYCkt‘ri Z 02: / /HFO? 
L s o l i d  s o l u t i o n  dispersctd par t f i -?es  were p r e p a r e d  and t h e  modufus of 

elasticity, bend s t r e n g t h  and f r a c t u r e  toughness  w e r e  s t u d i e d .  The r e s u l t s  
showed t h a t  a l l  t h r o e  p r o p e r t i e s  sf c~ong‘ey d e p ~ n t l e d  on the s i z e  a d  volume 
f r a c t i o n  o f  the d i s p e r s o d  z i r c o n i a  s o l i d  s o l u t P o n  p2s t i c l e s .  The 0 p t l m u ~ i  
composi te  shou ld  c o n t a i n  a h i g h  volmne Earaction of d i s p : - s e d  zirconia 
p a r t i c l e s  w i t h  approx ima te ly  a 1:l r a t i o  of t c c t a g o n a l  i-c9 ruonocl in ic .  The  
s t r engLh  d e g r c d a t i o n  of .-i composite d t h  high amon,nts o f  d i s p e ~ s c d  z i r c o n i a  
particles can  be r e d u e e d  by i n t r o d u c i n g  h a f n i a  i n  s o l i d  s o l ~ i t l o i i  d t h  
z i r e o n i  a. 

I lie al[mina iuatri 6 had a lower thermal conduckivi  t y  than  par  r i  ally 
s t a b i l i z e d  z i r c o n i a  a t  i ~ m p e r a t u r e s  above X)0 C. Corrrposltes were annealed 
a t  5000°C and 1200 C f o r  m u r e  than 300 h o u r s  a n d  no r ischanical  p r o p e r t y  
degscdat ion  w a s  observed.  These s t u d i e s  suggest t h a t  t h e s ~  compos< tes are 
a poternt ia l  c a n d i d a t p  f o r  heat eng:iie a p p l i c a t i o n s .  

Composites c o n t a i n i n g  more than  2 0  mole Z C r 2 Q 3  i n  s o l i d  solution i n  

0 

Because funds  f o r  1985 w e r e  l a t e  i n  coning many o f  the  r u P 1 e s t o n ~ s  vere 
pushed back. However, f o r  the n e x t  phase of the  work t o  be done a t  MTL t h c  
procurement of the Japai icsr  z i r c o n i a  ruakrials  and Lhe consk-uct ioo.  of  
t h r e e  h e a t  t r e a t m e n t  f u r n a c e s  h a s  been comple ted .  Due t o  p r o b l e m  
encoun te red  i n  o b t a i n i n g  tllie Japanesc z i  t conda  from tlte inairufacturer the  
materials w i l l  n o t  be completc.ly machined by thc c n d  of c a l p n d a r  year 1985. 

PU b l  i cs t P 0 x 1 ~ :  - ___I__ 

Second d r a f t  of  the  f i n a l  s e p o r t  f o r  t h e  p a s t  t h r e e  y e a r s  h a s  Peen  
compl c t et1 e 

Future Pians  

This 1PQE p r o j e c t  i s  being co-frmnded b y  t h e  Asmy. Funding from DOE 
(S6SK, e x p i r i n g  December 1986) have n r r f v e d ,  PY86 Army f m d s  ($10K)  havp 
been used on a machining c o n t r a c t .  $/5k of k a a y  f m d s  are planned f o s  
PP8Q % 

t h e  initial s t a g c s  of t h e  mechanical p r o p e r t i e s  t e s t i n g .  The rccchanical 
p r o p e r t i e s  t e s t i n g  to be s t a r t e d  d u r i n g  t h i s  time inclr ide room tempera ture ,  
f r a c t u r e  s t r e n g i h ,  and f r a c t u r e  toughness  tests,  and some o f  L11e stress 
r u p t u r e  ant2 s t o p p e d  tmaperfitiire stress r u p t u r e  “cs t s  The k ~ i y  ftmds wd11 
be used fo r  m a t e r i a l s  a c q u t s i t i o n  and machining,  p l u s  ~rrdterl a1 s 
c h a r a c t e r i z a t i o n  invo lv ing  microhardness ~ d e n s i t y ,  ched cal and X-ray phase 
a n a l y s i  s ,  opt1  cal  and Sr:M 311 crosropy 

The j o i n t  f u n d i n g  of  this p r o j e c t  ~ d l l  cnhancc the  q u a l i t y  o f  thr d a t a  
base t h a t  w i l l  be ob ta ins i t  f rom t h i s  mrh. 

The DOE funds  w i l l  cover t h e  l i t ? ix t  l rca t ru~nt  o f  a l l  t h ~  s p v c i n i r i r r s  and 



. Qui nn (Army Mater! a1 s Techno1 ogy Laboratary) 

Qbjec t ive jScope:  

Stepped temperature s t r e s s  rup tu re  and s tandard  s t r e s s  r u p t u r e  t e s t i n g  
a r e  performed t o  o b t a i n  a pre l iminary  eva lua t ion  of s t r e n g t h  r e t e n t i o n  wi th  
t i m e  under load  a t  va r ious  temperatures  f a r  new hlgh performance ceramlcs. 

Tec . lmi  c a l  Progress : 

In t h i s  6 month pe r iod ,  Lueas Syalon grade 201 w a s  w a l u a t e d ,  The 201 
grade 1 s  the  h igh  eemperature engine grade, whereas t h e  101 grade  is f o r  
lower temperature  a p p l i c a t i o n s  inr l i ld ing  t o o l  b2 ts. The Syalon 201 
rna te r la l s  exh ib i t ed  t h e  'highest  s t r e n g t h ,  c reep  and st;ress r u p t u r e  
r e s i s t a n c e s  y e t  measured fo r  a commercial m a t e r l a l  i n  t h e  s i n t e r e d  s i l i c o n  
fami ly ,  (comparable r e s u l t s  were obtahned previous ly  on a General E l e c t r i c  
sirntered s i l i c o n  n i t r i d e  w i t 2 1  BeSIN2 a d d i t i o n s ,  hu t  o n l y  on a l a b o r a t o r y  
ba tch  o f  m a t e r i a l ) .  F igure  I p re sen t s  STSB results which I n d i c a t e s  s t a t i c  
f ae lgue  and creep  phenoinenon became problems a t  1300 C oroabove. 
remarkably c l o s e  t o  a lowes t  e u t e c t i c  temperature  of 1350 i n  t h e  S i  

A l M  Y20 s y s t e m ,  The  average room temperature s t r e n g t h  was 56 zf?i a Weibul? modulus of 9,  The f e w  stress r u p t u r e  f a i l u r e s  a t  1200 were 
a t  s t r e s s e s  80% or  g r e a t e r  o f  the room temperatures  average s t r e n g t h  
(P tgure  2). The g r a i n  boundary phase of t h i s  material appeared t o  be f u l l y  
c r y s t a l l i n e  and i s  p r i n c i p a l l y  YAG wi th  some Fur ther  a n a l y s i s  and 
Eractography i s  ongoing. 

0 T h i s  is 

0 

YSi02N, 

S t a t u s  of  Milestones:  

This  t a s k  i s  te rmina t ing  because a program reeva lua t lon  a t  MTI,. 
P re l iminary  r e s u l t s  and a l l  specimens of Kyocera s i n t e r e d  s i l i c o n  n i t r i d e  
grade SN22Q have been turned over t o  OWL. GTE Wesgo SNW-1000 w i l l  be 
eva lua ted  as p a r t  of an ongoing I n t e r n a l  MTL program. 

Pub l i ca t ions  : 

A summary o f  c u r r e n t  r e s u l t s  was presented  a t  t he  CCM meeting i n  
October 1985. Data w a s  p resented  f o r  GF, Beta s i l i c o n  ca rb ide ,  Un ive r s i ty  
of Michigan Sic and Lucas Syalon 201. A b r i e f  review o f  t h e  e n t i r e  
workscope and accomplishments done under t h i s  t a s k  s i n c e  1976 w a s  presented 
along wi th  a complete b ib l iography.  
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Outstanding reports  i riclude : 

"Static Fatigue of a Si l i con ized  Sic" to  be  publ i shed  as  an MTL 
'CR. 

"Mechanical P r o p e r t y  Evaluati.csn a t  El-evated Temperatures fo r  Beta 
S i l i c o n  Cabide" to  be published as an M T L  TR and a l s o  submitted t o  
I n t e r n a t i o n a l  Journa l  of HSgh Technology Ceramics. 

" S t a t i c  Fa t igue  of a Commercial Sialon" t o  be submitted t o  J. 
Mac. Science. 
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Figure  2. F l e x u r a l  S t r e s s  Rupture a t  1200°C i n  A i r .  The Room 
Temperature Average S t r e n g t h  and Standard D e v i a t i o n s  a r e  shown 
n e x t  t o  t h e  o r d i n a t e  a x i s .  



--~-- Fracture Behavior of T o u g f t ~ ~ - ~ ~ ~ . C e r a n ~ s  
P. F. Becher, 1. N. Tiegs, and W. ti. Waawi,k (Oak Ridge 
Na t iona l  Labora to ry )  

Ohjecti  ve/scope 

Beca~2s.e oT̂  t h e i r  excel  l e n t  toughriess, ox ide  ceramics such as p a r -  
t i a l l y  s t a b i l i z e d  z i r c o n i a  (PSZ) ,  dispers ian- toughened alumina (DPA) and 
w k i i  s k e r - r e i  n f o r c e d  cersrni cs a r e  pr im candi da tes  f o r  nany d i  pse l  e n q i  ne 
components. l h e  enhanced toughness o f  the @Si and DTA m a t e r i a l s  i s  
tho l ight  t o  be due t o  a s t ress - induced  I t rans format ion  ( o f  t h e  d ispersed 
phase) which reqrri res  a d d i t i o n a l  eo-rergg, i n  o r d e r  f o r  c a t a s t r o p h i c  f r a c t u r e  
t~ occbv. JIOW~VFT, these m a l e r i a l s  a re  s t i l l  s u s c e p t i b l e  t o  slnv c r a c k  
growth and t h u s  s t r e n g t h  degradat ion.  A1 so thew i s  1 i m i t e d  c v i  dencc! t h a t  
a t  ternperdtures ahnve 700°C, t i  me-dependent agi rsg e f f e c t s  can reduce the  
c o n c e n t r a t i o n  o f  t h e  phasc i nvo l  ved i n  t h e  t ransfor l l la t  i o n  process, l r a d i  n g  
t o  s i g n i f i c a n t  l osses  i n  toughness and s t r e n g t h .  Again i t  i s  pssentidl Lhdi 
mechanisms respons ib le  f o r  bo th  the  slow c r a c k  g r w t h  a n d  ag iny  bnhavior  be 
w e l l  undesstaod, S i m i l a r l y  t h e  toughenii;y behav io r  i n  w h i s k e r - r e i n f o r c e d  
cerarri-i cs  and t h e  h igh- temperature performance o f  those ceramics n i h s t  lie 
eva lua ted  i n  o rde r  t o  develop materials f o r  p a r t i c u l a r  a p p i i c & i o n s .  

I n  resparise t o  t h t s  need, studies have been i n i t i a t e d  t o  examine 
tougheni  ng and f a t i g u e  p r o p e r t i e s  o f  PSZ, DTA,  and whi  s k c r - r e ’ n f o r c r d  
m a t e r i a l s .  P a r t i c u l a r  emphasis hds been p laced  on understanding thr 
e f f e c t  o f  m i  crostructure upon processec: respsns i  bl  e f o r  ticna-depea4t-traL 
v a r i a t i o n s  i n  t Q u g h w s 5  and h igh - tempera lu re  s t re r ig t i? .  I n  c ldd i t io r i ,  
fundamental i n s i g h t  i n t o  the slow crack growth b e h a v i o r  assnc i  ated w j t h  
these m a t e r i  a1 s i s  bpi ng o b t a i  nee, 

Technica l  progress - 

I r l  t h e  t h e  m s c  o f  Zi-O,, thc 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 f o r m a t i o n  
i n v o l v e s  a volume inc rease  as rijelll as a shed i -  s t r a i n .  lhus under cond i -  
t i o n s  where t h e  sample i s  str--C;LSsed, the t r a n s f o r m a t i o n  O C C ~ J P S  i n  a t e n s i l e  
s t r a i n  f i e l d  (e,g., t h a t  surrounding a crac-k t i p )  which a l l o w s  t h e ?  volume 
t o  expand, Observat ions revea l  t h a t  t h e  shear (shape change) s t r a 5 n  i s  
o f t e n  min imized by t h e  genera t i on  o f  t w i n s  w i t h i n  t h e  monnclinfc phase. 
When they  transfs i -m and expand, t h e  ZrO,. p a r t i c l e s  i n t r o d u c e  r ad ia l  com- 
p r e s s i v e  s t  r a i  ns i n  t he  sur-roundi ng ma tw  x. Recause the vol ilme i nc rease  
i s  5 J,a 6%,  the  l i n e a r  compressive s t r a i n s  i n  t h e  m a t r i x  a r e  q u i t e  large 
(1--2%). I n  t h i s  case t h e  assoc ia ted  l o c a l  compressive s t resses  a re  ver-y 
h igh  (O.O14,02 t i m e s  t h e  Young’s modulus of the m a t r i x )  and modjfy 
(decrease) any nearby crack t i p  tensile s t r e s s  f i e l d s .  
ZrO, p a r t i c l e s  t r a n s f o r m  i n  t h e  trnsile st ress  f i e l d  o f  a crack ti)), the 
crack t i p  tensFle s t r e s s  i s  decreased and t he  e x t e r n a l  t e n s i l e  stress must  
be i nc reased  t o  generate s u f f i c i e n t  t e n s i l e  s t r e s s  t o  continue t o  propagate 
t h e  crack. T h i s  i s  c l e a r l y  why t h i s  t y p e  LransformatZon i s  so a t t r a c t i v e  
i n cerami c s ,  where cracks normal l y  grow q iu i t e  cas i  l y  wher: s u b j e c t e d  t o  
ve ry  modest t e n s i l e  stress c o n d i t i o n s .  

- 

When t e t r a g o n a l  
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In s t u d l e s l  supported by the Office of msi c Energy Sci ence Maiteri a1 s 
Sciences Program, i t  has beers shown t h a t  t h e  ~ ~ t r a ~ ~ ~ ~ ~  t o  morml .i n i c  phase 

I o n  i n  ZrO, can be characterized by the temperatures a t  which 
( M ~ )  dnd  revers^! ( A ~ )  ~ ~ a ~ s f o ~ i ~ a t ~ ~ n ~  are i n  t i a t e d  dura 'ng  

and i n c r e a s i n g  temperature cycles, respective y ( F i g -  I ) ,  At. 
7 -  kiG9 a p o r t i o n  o f  the tetragonal precipi ta tes lpar t jc les  ~ ~ ~ ~ ~ a ~ ~ ~ ~ s ~ ~  
 or^^ t o  t h e  monoclinic p as@ sn t h a t  t h  &emi cal free energy 
change, c,~?,-", rrwst be zero, hen T ;) M,, and additional energy 
must be supplied t o  i n i t i a t e  the trdnsformation, Th is  can be derived from 

i n  energy introduced fraam an externally a p p l i e  tensile s t r e s s ,  
-m i s  s t i l l  positive tout i s  decreased t oward  2: ro ,  the dmount  of 

s t ra in  energy, ou,,, required i s  likewise decreased, 
eransformdtion-toughened mater? a'%.;, ~ ~ t ~ ~ m ~ ~ ~ ~ ~ ~ n  o f  

sitions and ? ~ ~ ~ r o $ ~ ~ ~ ~ ~ t ~ ~ ~ s  (e,y, 
e s c r i b i n g  t h e  s t ab i l i t y  of the 

an i n d i c a t i o n  of the t ~ ~ ~ ~ h ~ e s ~  

the M, temperL~tuses f a r  different cc) 
precipitate s ize)  s h o u l d  be useful i 
t e t r agona l  phase and hence should  prowid  
of edch materi a1 
initjaited spontaneously as seen by 

Aga3 n when y = M,, AG'-'~ i s  zera and the ~ ~ ~ ~ ~ ~ o r i n a ~ ~ ~ ~ ~ ~  

hG;-" =: (1' - l ds )nS  , (1) 

where T represents the t ~ ~ ~ ~ ~ ~ ~ ~ r ~  o f  i n t e r e s t  and AS i s  the entropy 
difference between the t w o  phases, Thus whew T > M,, the tetragonal p 
i s  s t a b l e ,  and some external energy must be supplied Lo transforin it. 
This  i s ,  o f  course, the case o f  interest  i n  tsansfssmatisn-loughefled 
systems where the s t r a i n  energy supplied by an e x t e r n a l  t ens i le  s t ress  
t r i g g e r s  t h e  t ~ ~ n ~ ~ o r ~ a ~ ~ ~ ~ .  

part ic le  i s  r e l a t e  t o  t'ne external a p p l ? e d  s t r a i n  energy required ( A U ~ ~  = 
c,c;$-") t o  i n i t - i a t c  the ~ r a ~ ~ f ~ r t ~ ~ a ~ ~ ~ ~ ~  

The c r i t i ca l  t r e s s  (u$) requii red t o  transform t e t r a g o n a l  p r e c i p i t a t e /  

so t h a t  

where 2' i s  the volume expansion s t ra in  associated with the transformation. 
The incr mental increase i n  t h e  fracture toughness due t o  t h e  trans- 5: foriliation (oxIr) i s  related t o  the h a l f  w i d t h  o f  t he  transformed zone 

surrounding thG crack (p): 

where A i s  a function of t he  form o f  the transformation s t ress  ( A  = 0.22 
f o r  transformations triggered by the principle s t ress ,  and  A = 0.50 fo r  
those in i t ia ted  by shear s t r e s s ) ,  vf i s  the volume fraction of trans- 
formable Zr02, and E" i s  the Young's m~dulus o f  the system. 
t o  the p l a s t i c  zone s i z e  i n  metals, the transformation zone s i z e  i s  d 
function o f  the c r i t i ca l  transformatjon s t ress  ( ~ $ 1  

Analogous 
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Fig. 1. Thermal expansion h y s t e r e s i s  o f  PSZ ceramics generated by 
t e t r a g o n a l  t. mononocl in ic  t rans fo rma t ion .  
t e s  t r a n s f o r m  t o  m o n o c l i n i c  phase d u r i n g  coo l i ng .  
m o n o c l i n i c  phase t rans fo rms  t o  t e t r a g o n a l  a t  T 
i s  a measure of t h e  t e t r a g o n a l  phase s t a b i l i t y  a t  a g i ven  t e s t  temperature 
(T) where !f > M,. Note f o r  t hose  PSZ ceramics where M, < 20°C ( t o p  two 
cu rves ) ,  h e a t i n g  c y c l e s  which s t a r t  and end a t  20°C w i l l  y i e l d  no h y s t e r e -  
s i s  b u t  w i l l  g i v e  l i n e a r  expans ion -con t rac t i on  versus temperature p l o t s .  
Only when f i r s t  cooled below M, w i l l  such samples e x h i b i t  any expansion 
h y s t e r e s i s .  When M 2 2O"C, t h e  t r a n s f o r m a t i o n  expansion h y s t e r e s i s  wi l l  
be i n i t i a t e d  when tEe maxirnuin IT > A , .  These a r e  impor tan t  c o n s i d e r a t i o n s  
when concerned w i t h  h e a t i n g - c o o l i n g  s t r a i n s ,  e.g., b r a z i n g  m a t e r i a l s  and 
i n t e r f a c e s  between components. 

A t  T G M,, t e t r a g o n a l  p r e c i p i t a -  
Dur ing  h e a t i n g  cyc le ,  

'4,. The M, temperature 



where &p i s  t h e  f r a c t u r e  toughness of t h e  m a t r i x  and R = [ 2 ( 1  + v ) 2 / 9 ~ ]  
accountsJfor  t h e  geometry of t h e  crack t i p  s t r e s s  f i e l d ,  
Eqs. 3, 4, and 5, we f i n d  t h a t  

By combining 

and by s u b s t i t u t i o n  o f  Eq. 1 we o b t a i n  

and t h e  dependence o f  t h e  toughness on t h e  t r a n s f o r m a t i o n  temperature 
o f  t h e  m a t e r i a l  and t h e  t e s t  temperature,  Fig. 2. 

As one expects, t h e  above r e l a t i o n s h i p  p r e d i c t s  t h a t  t h e  f r a c t u r e  
toughness due t o  t h e  t r a n s f o r m a t i o n  decreases as t h e  r e c i p r o c a l  o f  t h e  
i n c r e a s e  i n  t h e  t e s t  temperature f o r  a g iven  m a t e r i a l .  This i s  c o n s i s t e n t  
w i t h  t h e  inc rease i n  s t a b i l i t y  o f  t h e  t r a n s f o r m i n g  t e t r a g o n a l  phase w i t h  
inc rease i n  t e s t  temperature and a l s o  p r e d i c t s  t h a t  t h e  c r i t i c a l  t r a n s -  
f o r m a t i o n  s t r e s s  increases (Eqs. 1. and 3) and t h e  zone s i z e  decreases 
(Eqs. 1, 3, and 5)  as e i t h e r  t h e  t e s t  temperature increases o r  M, decreases. 
A s i m i l a r  inc rease i n  toughness i s  p r e d i c t e d  as  t h e  M, approaches T f o r  
t h e  case o f  T > M,. 
i n c r e a s i n g  t h e  M, temperature o f  t h e  ZrO, u n t i l  i t  i s  n e a r l y  equal t o  t he  
temperature o f  i n t e r e s t .  
reach a maximum as t h e  t e s t  temperature i s  lowered t o  i t s  N ,  temperature. 

The M, temperature t h u s  g ives  a measure o f  t e t r a g o n a l  phase s t a b i l i t y  
and toughness o f  t h e  PSZ ceramics. 
i n  MqO-PSZ i s  t h e  s i z e  o f  t h e  t e t r a g o n a l  p r e c i p i t a t e s  achieved d u r i n g  heat 
t rea tment  (Fig. 3). With i n c r e a s i n g  s i z e  o f  t h e  p r e c i p i t a t e s  t h e r e  i s  a 
corresponding inc rease i n  M,. 

Through t h e  preceeding a n a l y s i s ,  esp. Eq. 7, one can descr ibe  t h e  
t r a n s f o r m a t i o n  toughen'ng c o n t r i b u t i o n  ob ta ined i n  MgO-PSZ ceramics. 
Values o f  A ,  AS, and &c were ob ta ined e x p e r i m e n t a l l y  and, when i n c o r -  
pora ted  i n t o  E q .  7, y i e l d  

Thus, a maximum i n  toughness can be achieved by 

L ikewise,  t h e  toughness o f  a g iven ZrO, w i l l  

The f e a t u r e  t h a t  c o n t r o l s  t h e  141, values 

A$c 2: 2Vf(GPa K)/(195K - M,) , 

which i s  c o n s i s t e n t  w i t h  t h e  exper imenta l  da ta  f o r  t h e  NgO-PSZ samples. 

p o s i t e s  toughened by t h e  i n c o r p o r a t i o n  o f  z i r c o n i a  p a r t i c l e s  sponsored 
by t h e  M a t e r i a l s  Sciences Program, t h e  c r i t i c a l  f r a c t u r e  toughness o f  
z i  rconia-toughened composi t e s  i s  descr ibed by 

I n  a d d i t i o n a l  s t u d i e s  by one o f  t h e  authors2 on ceramic m a t r i x  com- 

where t h e  c o n t r i b u t i o n  arcI$ assoc ia ted  w i t h  t h e  t r a n s f o r m a t i o n  o f  t e t r a -  
gonal Zr02 p a r t i c l e s  i s  descr ibed by Eq. 4. R e f e r r i n g  t o  Eqs. 5 and 4 we 
can see t h a t  
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Fig. 3. I n  MgO-PSZ and CaO-PSZ ceramics, M, temperatures are a 
f u n c t i o n  o f  p r e c i p i t a t e  size. Inc reas ing  s i z e  o f  te t ragona l  p r e c i p i t a t e s  
i n  large-gra ined cubic  Zr02 increases t h e  M, temperature. 
s i z e  i s  c o n t r o l l e d  by heat t reatment  temperature and t ime a t  temperature. 

P r e c i p i t a t e  

which i n d i c a t e s  t h e  dependence o f  t h e  composite toughness on t h e  m a t r i x  
toughness. 

Equation 10 s ta tes  t h a t  t h e  composite toughness s i g n i f i c a n t l y  
increases w i th  increase i n  m a t r i x  toughness as both toughness components 
on t h e  r ight -hand s ide  o f  E q .  10 increase. What these s tud ies  show then 
i s  t h a t  t h e  toughness of Zr02-toughened composites can be increased 
f u r t h e r  by i nc reas ing  KIP. The s tud ies  next assumed t h a t  KIF cou ld  be 
de f ined as the  toughness o f  a m a t r i x  which was a composite and no t  a 
s ingle-phase mater ia l .  The ma t r i x  composite o f  two o r  more phases would 
no t  con ta in  t ransformable Z rO as t h a t  case i s  a l ready addressed i n  
Eq. 10. These s tud ies  thus s6ow t h a t  m u l t i p l e  toughening mechanisms 
in t roduced by the  use o f  m u l t i p l e  toughening agents should g ive  a combined 
toughness t h a t  i s  g rea ter  than t h a t  achieved w i t h  a s i n g l e  toughening 
agent. 

Our prev ious r e s u l t s  i n  t h e  Ceramic Technology f o r  Advanced Heat 
Engi nes Program show t h a t  p o l y c r y s t a l  1 i ne oxides can be toughened by 
i nco rpo ra t i ng  S i c  whiskers. It was thus l o g i c a l  t o  t e s t  t h e  above analy-  
s i s  by us ing  a Sic-whisker- re in forced ox ide as a ma t r i x  t o  which ZrO, 
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p a r t i c l e s  were added. 
t h e  SiC-whisker- re in forced o x i d e  m a t r i x  and i s  t h e  va lue o f  ~ ~ ~ f l  i n  
E q .  10. The exper imenta l  data ob ta ined f o r  m u l l i t e  (1) w i t h  SIC whiskers,  
( 2 )  w i t h  ZrO, p a r t i c l e s ,  and (3)  w i t h  S ic  whiskers p l u s  Zr02 p a r t i c l e s  
a r e  shown i n  Fig. 4. The data c o n f i r m  t h e  above p r e d i c t i o n s  t h a t  t h e  use 
o f  m u l t i p l e  toughening mechanisms indeed r e s u l t s  i n  a g r e a t e r  inc rease i n  
toughness than a s i n g l e  mechanism. 
o f f e r s  a means f o r  o b t a i n i n g  s i  gn i  f i  cant  a d d i t i o n a l  tougheni  ng i n  cerami c 
composites. 

Note t h a t  we assume t h a t  ~ ~ ~ f l  i s  t h e  toughness o f  

The use o f  such an approach thus 

7. 

3. 

BI 

55 

4. 

h 

25 

1.15 

1. 

t 

Fig. 4. Studies o f  t h e  c r i t i c a l  f r a c t u r e  toughness o f  mu l l i te -based 
composites reveal  t h a t  m u l t i p l e  toughening mechanisms (i .e. i n c o r p o r a t i n g  
S i c  whiskers  and ZrO, p a r t i c l e s ,  curve 3) r e s u l t  i n  g r e a t e r  toughness than 
e i t h e r  mechanism by i t s e l f  (i.e., j u s t  S i c  whiskers,  curve 1, o r  ZrO, 
p a r t i c l e s ,  curve 2). Data f a r  m u l l i t e - z i r w n i s  composites f rom Refs. 3 
and 4. 
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ge Na t iona l  Labora to ry )  

Q b j e c t i  ve/scope 

The o b j e c t i v e  o f  t h i s  task  a c t i v i t y  i s  t o  develop, design, f a b r i -  
cate,  and demonstrate t h e  capahi 1 i t y  o f  pe r fo rm ing  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  loaded ceramic specimen a t  e l e v a t e d  
temperatures.  

o f  t h i s  t a s k :  (1) design, f a b r i c a t i o n ,  and demonstrat ion o f  a l o a d  
t r a i n  coluinn 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 load ing ;  
( 2 )  development o f  a s imple specimen g r j 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, min imize t h e  c o s t  o f  t h e  t e s t  specimen; and (3 )  des ign 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 areas o f  research have been i d e n t i f i e d  as t he  main t h r u s t  

Pechni call progress 

A major m i l e s t o n e  has been s u c c e s s f u l l y  completed - t h e  development o f  
a capabi 1 i t y  f o r  room-temperature t e s t i n g ,  Th is  progress r e p o r t  descri bes 
t h e  development e f f o r t  and successfu l  t e s t i n g  o f  a s e l f - a l i g n i n g  g r i p  
system f o r  t e n s i  1 c c y c l  i c f a t i  QUE t e s t i n g  o f  advanced ceramic m a t e r i  a1 s ,  

The ORNL g r i p  system i s  a unique dev i ce  capable o f  c a r r y i n g  o u t  
u n i a x i  a1 t e n s i l e  t e s t i  rig w i t h  specimen s t r e s s  u n i f o r m i t y  super? o r  t o  t h a t  
o f  o t h e r  methods. Simple concepts o f  h y d r o s t a t i c s  and mechanics were used 
i n  t h e  g r i p  design. The g r i p  system cansists b a s i c a l l y  o f  two major com- 
ponents: a h y d r a u l i c  housing assembly and a p u l l  r o d  assembly. A cutaway 
view o f  t h e  g r i p  system i s  i l l u s t r a t e d  i n  Fig.  1. I n s i d e  t h e  housing 
b lock  (1) a r e  e i g h t  b u i l t - i n  m i n i a t u r e  h y d r a u l i c  p i s t o r i  assemblies e q u a l l y  
spaced on a c i r c l e ,  An expladed view o f  t h e  h y d r a u l i c  p i s t o n  assembly 
shows an O-r ing seal ( 5 )  and a p i s t o n  ( 6 )  w i t h  a l o n g  stern guided by a 
ha1 1 -bea r ing  bushing (7 ) .  D i  r e c t l y  beneath t h e  o i  1 chambers ( 4 )  i s  a c i  r- 
c u l a r  f l u i d  channel ( 2 ) -  The passage o f  h y d r a u l i c  f l u i d  between t h e  o i l  
chambers i s  accomplished through a v e r t i c a l  i-reedle h o l e  d r i l l e d  from the 
bottom o f  t h e  o i  1 chamber t o  t h e  f l u i d  channel (2). The p i s t o n  assembly 
i s  secured i n  p lace  by a snap r i n g  (8). An assembled p l s t v n  i s  shown near  
t h e  lower- l e f t  end o f  t h e  specimen (16). 
housing (components 1-6) i s  shown n F i g .  2. 

i s  d i r e c t l y  connected t o  t h e  metal  p u l l  rod  (10) w i t h  a tapered s p l i t  
c o l l a r  (14)  and a matching metal p ug (15) .  Th is  i s  a h i g h l y  r e l i a b l e  
g r i  ppi  nq t echn ique  used p r e v i  o u s l y  by many i n v e s t i  gators .  
t r i c i t y  between t h e  p u l l  r o d  and specirnen and dependable g r i p p i n g  are i t s  
f ea tu res .  For h igh- temperature t e s t i n g ,  t h e  p u l l  r o d  i s  extended w i t h  a 
ceramic p u l l  r o d  and cooled by water  th rough  t h e  c o o l i n g  channel (13)  
b u i l t  i n t o  t h e  r o d  stem, A c o n c e n t r i c a l l y  grooved c i r c u l a r  S l a t  r ing (12) 
made of teinpered s t e e l  i s  b o l t e d  on t h e  bottom s i d e  o f  t h e  d i s c  head (10) 
by e i g h t  smal l  screws (11). 

An overhead view o f  t h e  g r i p  

For room-temperature t e s t i n g ,  t h e  Dutton-head f a t i g u e  specimen (16) 

Good concen- 
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9 

Fig. 1. Cutaway view o f  Oak Ridge 
N a t i  onal Laboratory  sel f - a 1  i gni ng g r i  p 
system. 

YP-689A 

Fig ,  2. Overhead 
view o f  g r i p  housing 
w i t h  cover p l a t e  removed. 
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The g r i p  i s  assembled by s l i p p i n g  t h e  p u l l  r a d  i n t o  t h e  c e n t e r  h o l e  
o f  t h e  housing and p l a c i n g  t h e  l a r g e  d i s c  head on t h e  h y d r a u l i c  p i s t o n  
heads. The c a w r  p l a t e  (9)  completes t h e  assembly. F i g u r e  3 shows t h e  
arrangement of l o a d  t r a i n ,  l o a d  fran-ie assembly, and c o n t r o l  e l e c t r o n i c s ,  

YP-682 

Fig. 3. Tes t ing  apparatus, showing t h e  arrangement o f  l o a d  t r a i n  
w i t h  s e l f  -a1 i gni  ng g r i  ps. 

The o p e r a t i o n a l  p r i n c i p l e  o f  t h e  s e l f - a l i g n i n g  g r i p  system can be 
desc r ibed  bes t  by u s i n g  t h e  schematic diagram shown i n  Fig.  4. The cen te r  
arrow "p" rep resen ts  t h e  specimen load. T h i s  l o a d  i s  balanced by a c i r -  
c u l a r  a r r a y  o f  r e a c t i n g  f o r c e s  generated f rom t h e  e i g h t  p i s t o n  assemblies. 
Two c o n d i t i o n s  must be m e t  i n  o r d e r  t o  achieve p e r f e c t  c o n c e n t r i c  l o a d i n g  
(i .e., zero e c c e n t r i c i t y  6, = = 0). The f i r s t  c o n d i t i o n  r e q u i r e s  t h a t  
a l l  t h e  r e a c t i n g  f o r c e s  must be equal. The next  r e q u i r e s  t h a t  t h e  r e a c t i v e  
f o r c e s  must be e q u a l l y  spaced on a c i r c l e .  Any d e v i a t i o n s  f rom i d e a l  con- 
d i t i o n s  w i l l  r e s u l t  i n  some e c c e n t r i c i t y .  

Proof  o f  t h e  concepts was performed w i t h  a s p e c i a l  l o a d  a p p l i c a t o r  
i ns t rumen ted  w i t h  s t r a i n  gages as shown i n  Fig. 5. Four se ts  o f  s t r a i n  
gage f u l l  b r i d g e s  were bonded on t h e  r a d i a l  c a n t i l e v e r  arms t o  mon i to r  t h e  
d i s t r i b u t i o n  o f  t h e  r e a c t i v e  loads. For each 
t e s t ,  t h e  l o a d  a p p l i c a t o r  was r o t a t e d  one-e ighth o f  a t u r n  so t h a t  t h e  
r e a c t i v e  f o r c e s  were measured by a d i f f e r e n t  b r i d g e  c i r c u i t .  
o f  l o a d  and s t r a i n s  were moni tored c o n t i n u o u s l y  by a data a c q u i s i t i o n  
system w h i l e  c y c l i c  l o a d i n g  was imposed t o  t h e  g r i p  housing. 
d e v i a t i o n  f rom t h e  l o a d - s t r a i n  response was less t han  0.5% o f  t h e  f u l l -  
s c a l e  l o a d  equal t o  22.2 kN (5000 l b ) .  The maximum l o a d  d e v i a t i o n  f rom 

E i g h t  t e s t s  were performed. 

The ou tpu ts  

The maximum 
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Fig. 4. Schematic diagram showing the design concepts o f  the  s e l f -  
a1 i g n i  ng g r i  p system. 

YP-668 

Fig.  5. 
r e a c t i n g  forces. 

Strain-gaged l o a d  a p p l i c a t o r  used t o  measure the p i s t o n  
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t h e  average va lue was 0.469, o f  t h e  f u l l  load. The average d e v i a t i o n  o f  
t h e  r e a c t i v e  loads t h a t  occurred i n  t h e  p i s t o n  systems was >O.O8X. On t h e  
b a s i s  o f  these t e s t  data, t h e  e c c e n t r i c i t y  o f  t h e  r e s u l t a n t  l o a d  was c a l -  
c u l  a ted  t o  be l e s s  than 2.54 x 10-2 mm (0.001 i n .  ). 
improved t o  l e s s  than 1.52 x 10-2 mm (0.0006 in . )  i n  a subsequent t e s t .  

To complete system al ignment eva lua t ion ,  a 6-mm-diam (1/4-in.) dummy 
specimen made o f  h i g h - s t r e n g t h  aluminum a l l o y  was used as shown i n  Fig. 6. 
Th is  specimen was inst rumented w i t h  s t r a i n  gages t o  measure bending a t  t h e  
mid length  o f  t h e  gage s e c t i o n  and shank sect ions.  A t  each o f  t h e  t h r e e  
p o s i t i o n s ,  f o u r  s t r a i n  gages were spaced e q u a l l y  on t h e  c i rcumference so 
t h a t  t h e  s t r a i n  gages were p a i r e d  d i a m e t r i c a l l y .  
w i t h i n  t h e  e l a s t i c  range, t h e  specimen was c y c l e d  o n l y  t o  907 kg (2000 l b )  
g i v i n g  a t e n s i l e  s t r e n g t h  o f  about 276 MPa (40 k s i )  and a maximum s t r a i n  
o f  about 0.4%, To f u r t h e r  ensure t h a t  t h e  t e s t  results were n o t  biased, 
t h e  dummy specimen was r o t a t e d  success ive ly  from t h e  prev ious  t e s t  posi-  
t i o n  by 90" f o r  each t e s t  performed, Resu l ts  show t h a t  the percentage o f  
bending s t r e s s  a t  t h e  mid length  o f  t h e  u n i f o r m  gage s e c t i o n  was l e s s  than 
0.5% o f  t h e  average t e n s i l e  s t r e s s  measured by the  s t r a i n  gages. 

A f i n a l  check-out t e s t  was then performed w i t h  a buttonhead f a t i g u e  
specimen made o f  MACOR, which i s  t h e  t r a d e  name o f  Corning machinable 
glass-ceramic. Four s t r a i n  gages were bonded on t h e  mid length  o f  t h e  
u n i f o r m  gage s e c t i o n  as shown i n  Fig. 7. Because t h e  p r o p o r t i o n a l  l i m i t  
s t r e s s  o f  MACOR was n o t  knowng t h e  specimen was c y c l e d  i n i t i a l l y  t o  222 N 
(50 l b f ) .  To a v o i d  overs t ress ing ,  t h e  c y c l i c  l o a d  was i n c r e m e n t a l l y  
inc reased i n  t h r e e  s teps t o  666 N (150 l b f ) .  

The e c c e n t r i c i t y  

To l i m i t  t h e  l o a d i n g  

This  produced a t e n s i l e  

YP-683 

Fig. 6 .  Close-up view o f  t h e  l o a d  t r a i n  w i t h  a h e a v i l y  s t ra in-gaged 
aluminum specimen mounted on t h e  s e l f - a l i g n i n g  gr ips.  
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Fig. 7. Fat igue specimen, made o f  MACOR machinable glass-ceramic, 
instrumented w i t h  s t r a i n  gages. 

s t ress  o f  21 MPa (3000 p s i )  and a t o t a l  s t r a i n  of 0.03%. The t e s t  was 
repeated f o u r  t imes w i t h  t h e  specimen r o t a t e d  a quar te r  t u r n  each time. 
Resul ts  show t h a t  t h e  bending was about 2.5% o f  t h e  average t e n s i l e  
s t ress.  For most  t e s t i n g  systems, t h e  percentage of bending s t ress  a t  
t h i s  low load  l e v e l  would be a t  l e a s t  20% o r  higher. The percentage o f  
bending s t ress  usua l l y  decreases as the  load increases. By the  r u l e  of 
l i n e a r  ex t rapo la t ion ,  we be l i eve  t h a t  t h e  bending s t ress  w i l l  decrease t o  
about 0.5% l e v e l  as t he  t e n s i l e  l o a d  increases t o  6.66 kN (1500 l b )  fo r  
t h e  ceramic specimen, as was t h e  case repor ted  f o r  t h e  aluminum specimen. 

Summa r v  

1. Laboratory room-temperature t e s t i n g  t o  date i nd i ca tes  t h a t  t he  
s e l f - a l i g n i n g  g r i p  system i s  capable o f  concent r i c  load  t r a n s f e r  between 
t h e  g r i p  and specimen w i t h  n e g l i g i b l e  e c c e n t r i c i t y .  

2. The specimen alignment prov ided by t h e  g r i p s  appears t o  be 
super i  o r  t o  t h a t  o f  o ther  g r i p p i n g  methods ,192 

3. Measurements taken from s t r a i n  gages i n d i c a t e  t h a t  the  g r i p  
system can perform tens ion- tens ion c y c l i c  f a t i g u e  t e s t i n g  w i th  a minimal 
bendi ng s t ress  bel  ow 0.5% o f  t he  maximum t e n s i  1 e s t ress.  

4. The grip system i s  now a v a i l a b l e  f o r  room-temperature tes t i ng .  
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Canipleted design, f ab r i ca t i on ,  i n s t a l l a t i o n ,  and i n i t i a l  phase o f  
eva lua t ion  of tens ion- tens ion f a t i g u e  g r i p s  for ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ u ~ ~  t e s t i n g  
o f  advanced ceramic mater ia ls ,  September 30, 1985. 
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and pub1 i s h 4  i n  the  proceedings o f ,  t h e  23r-d Automotive Technology 
Development Contractors '  Coordinat ion Meeting, Dearborn, Michigan, 

"Tensi le  Cyc l i c  Fat igue o f  S t r u c t u r a l  Ceramics," t o  be presented a t ,  

Qct, 21-24, 1985. 
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3 . 3  ENVIRONMENTAL EFFECTS 

Static Behavior of Toughened Ceramics 
M. K. Ferber (Un ive rs i t y  o f  I l l i n o i s )  

Q b j e c t i  ve/Scope 

The o b j e c t i v e  o f  t h i s  program i s  t o  study the long-term 
mechanical s tab i  f i t y  o f  toughened ceramics f o r  d iese l  engine 
app l ica t ions .  The work i s  d i v ided  i n t o  the  two tasks, The f i r s t  
invo lves  the  measurement o f  the  time-dependent s t rength  behavior o f  
ceramic bend-bar samples as a funct ion of temperature and app l ied  
s t ress  us ing t h e  In te r rup ted  Fat igue (I.F.) method. Although a 
v a r i e t y  o f  candidate engine mater ia ls  w i l l  be examined, cur ren t  
s tud ies are focus ing upon commercially ava i l ab le  p a r t i a l l y  s t a b i l i z e d  
z i r c o n i a  (PSZ) .  I n  t h e  second task,  the mic ros t ruc tures  o f  selected 
I.F. specimens w i l l  be character ized us ing SEM and TEM. I n  add i t i on ,  
x-ray d i f f r a c t i o n  and d i l a tomet ry  s tud ies w i l l  be conducted t o  examine 
changes i n  the  t rans format ion  behavior o f  the  PSZ ceramics r e s u l t i n g  
from the  h i  gh-temperat ure exposure. 

Technical Progress 

Two commerci a1 Mg-PSZ ceramics* designated TS PSZ (therma? shock 
grade) and MS PSZ (maximum s t rength  grade) were chosen f o r  i n i t i a l  
t e s t i n g  s ince both are prime candidates fo r  use as prototype d iese l  
engine components.’ These ma te r ia l s  were obtained i n  the  form o f  
c i r c u l a r  d iscs  100 m i n  diameter and 7.6 mn t h i c k .  Rectangular bend 
specimens (25.4 X 2.82 X 2.5 mrn) were then machined from the  d iscs  f o r  
subsequent mechanical p roper ty  studies.  The tens i  1 e surface o f  each 
sample was pol ished t o  a 0.25 pm f i n i s h  and the  edges beveled using a 
6pm diamond wheel. 

The f a t i g u e  behavior was determined us ing an i n t e r r u p t e d  f a t i g u e  
(1.F.) technique i n  which the  four-po int  bend s t rength  Sf was measured 
as a func t i on  of t ime ( t ) ,  temperature (T),  and app l ied  s t ress  (ua) .  
This method has several advantages over convent ional  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 ince t ime i s  a c o n t r o l l a b l e  quant i t y ,  problems 
associated w i t h  an unpredic tab le fa t igue l i f e  (as i n  the  case o f  
s t a t i c  f a t i g u e )  are avoided. In the  present study, t h i s  fea ture  
allowed f o r  p e r i o d i c  examination o f  t e s t  specimens so t h a t  changes i n  
both phase composition and t ransformat ion c h a r a c t e r i s t i c s  could be 

*Manufactured by Ni 1 c ra  Ceramics , USA O f f  i ce, G1 endal e Hei ghts , 
I 1  1 i noi  s. 
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ascer ta ined .  A second advantage i s  t h a t  processes respons ib le  f o r  
both s t r e n g t h  Begradat 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  ngui  shed. 

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 rang ing  from 1 
t o  1008 h.  The b a s e l i n e  data 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  a, 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  measured a t  t h e  same T f o r  t--1 h and oa = 0). 
t e s t  c o n d i t i o n ,  Sf  was determi  ned a t  temperature by f r a c t u r i  ng t h r e e  
o r  inore samples. 

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  o f  t h e  F.T.S. i s  shown i n  F ig .  1. The Test Frame 
c o n t a i n s  t h e  hardware f o r  a p p l y i n g  mechanical f o r c e s  t o  each o f  t h r e e  
samp7es which a re  supported by A1 O3 f o u r - p o i n t  bend f i x t u r e s .  The 
loads a re  generated by pneumatica f l y  d r i v e n  a i r  c y l i n d e r s  l o c a t e d  a t  
t h e  t o p  o f  t he  suppor t  frame. These loads a re  t r a n s m i t t e d  i n t o  t h e  
h a t  zone o f  t h e  furnace th rough  aluminum ox ide  (A1203) rods. 
t h e  bottom t h r e e  A1 0 rods are a l s o  at tached t o  a l o a d  c e l l  which 
mon i to rs  t h e  a p p l i e g  3orce as a f u n c t i o n  o f  t ime.  
adapters  a re  used t o  connect t h e  aluminum ox ide  rams t o  bo th  t h e  l o a d  
ce l l s  and t h e  a i r  c y l i n d e r s .  'The computer mon i to rs  t h e  l o a d  on each 
specimen and p rov ides  necessary adjustments i n  the  a i r  pressure ( v i a  
t h e  e lect ro-pnuemat ic  t ransducer )  such t h a t  t h e  d e s i  red s t r e s s  l e v e l  
i s  rnai n t a i  ned . 
are  f r a c t u r e d  u s i n g  a p r e s c r i b e d  l o a d i n g  r a t e  (345 KPa/s i n  t h e  
p resen t  s tudy ) .  

and t e s t e d  I.F. samples. For example, the m i c r o s t r u c t u r e s  were 
examined u s i n g  bo th  s tandard ceramographic methods and SEM. The 
1 a t t e r  technique a1 1 owed f o r  c h a r a c t e r i  z a t i  on o f  f r a c t u r e  sur faces.  
The vol ume f r a c t i o n s  o f  t h e  c i ib i  c ( 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 a n  and Raman 
spectroscopy s t u d i e 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 ceramjcs g e n e r a l l y  
c o n s i s t e d  o f  30-50 Dm g r a i n s  c o n t a i n i n g  f i n e  ( ~ 0 . 1  X 0.4 pm) (t) 
p r e c i p i t a t e s .  The p r e c i p i t a t e  s t r u c t u r e  i n  t h e  v i c i n i t y  of a t h r e e -  
g r a i n  r e g i o n  i s  i l l u s t r a t e d  f o r  t h e  I S  PSZ i n  F ig .  2. The l a r g e r  
g r a i n  boundary p r e c i  p i  t a t s  ( p o s s i b l y  m o n o c l i n i c )  
of bo th  m a t e r i a l s .  A l though n o t  shown i n  t h i s  f i g u r e ,  cons ide rab le  

For each 

A l l  t e s t i n g  was conducted i n  a s p e c i a l l y  designed F lexu re  Test 

Each o f  

Water-cooled 

Fol  1 owi  ng t h e  des i  gnated exposure t ime, t h e  sampl es 

Several techniques were used t o  c h a r a c t e r i z e  bo th  t h e  as-recei ved 

e re  c h a r a c t e r i  s t i  c 

*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 he  Na t iona l  Bureau of Standards. 
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Figure 1. 
,nuematically ( w i t h  a i r  cylinders) t o  each o f  three alumina bend fixtures.  

iii Flexure Test System, the required mechanical loads are applied 
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Figure 2 .  Microstructure o f  MgO partially stabilized zirconia 
contains dense array o f  submicron tetragonal precipitates. 
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p o r o s i t y  was a l s o  observed i n  bo th  mic ros t ruc tures .  F i n a l l y ,  a 
microprobe a n a l y s i s  i n d i c a t e d  t h a t  the two PSZ ceramics conta ined Mg0 
and Hf02 a t  concent ra t ions  o f  8.4 and 1.0 mole %, r e s p e c t i v e l y .  

An x-ray a n a l y s i s  of t h e  p o l i s h e d  surfaces o f  t h e  as-received MS 
and TS PSZ m a t e r i a l s  revealed (m) volume f r a c t i o n s  ( V f m )  o f  0.9 and 
0.16, r e s p e c t i v e l y .  The c a l c u l a t i o n s  were based on equat ions g iven i n  
Ref. 3, Un 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  (6 )  and ( t )  phases 

over lapp ing  o f  t h e  cub ic  (111) t e t r a g o n a l  (101) peaks. However, 
add! t i o n a  Raman spec t rograph ic  s tud ies  prov ided independent es t imates  
o f  t h e  V f  / V f m  r a t i o s ,  
w i t h  t h e  x-ray data t o  y i e l d  t h e  approximate phase a n a l y s i s :  

( V f c  and V f  ? c o u l d  n o t  be determined us ing  t h i s  technique because o f  

I These numbers were then used i n  c o n j u n c t i o n  

TS PSZ: 

MS PSZ: 

V f c  = 0.64; V f t  = 0.20; \ifm = Oe16 

V f c  = 0.65; V f t  = 0.26; icfm = 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 i e p o r t e d  by t h e  vendor and 
determined i n  independent i n v e s t i g a t i o n s .  

shown i n  F ig .  3. A t  500°C (0 = 248 MPa) t h e  s t r e n g t h  d id  no t  change 
a p p r e c i a b l y  f o r  exposure time!? up t o  1008 h (F ig.  3 (a) ) ,  
when t h e  temperature was r a i s e d  t o  80QOC (U = 207 MPa), Sf i nc reased 
s i g n i f i c a n t l y  f o r  t c  200 h. Al though no t  i y l u s t r a t e d  i n  Fig,  3 (a ) ,  
recent  measurements have shown t h a t  a f t e r  1008 h, Sf ( f o r  T = 800°C 
and B = 207 MPa) decreases t o  373 + 56 MPa, which is comparable t o  
t h e  v i f u e  ob ta ined a f t e r  24 h. TheFefore Sf e x h i b i t s  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  behavior  was observed when t h e  TS samples were s t r e s s e d  
(0 = 172 MPa) a t  1000OC (F ig.  3 ( b ) ) .  However, t h e  average s t r e n g t h  
a f p e r  1008 h was o n l y  85% o f  i t ' s  i n i t i a l  shor t - te rm value ( t  = 24 
h).  A few I,F. measurements a t  1000°C were a l s o  conducted us ing  CT = 
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  - $h 
(300 SI. When no s t r e s s  was appl ied,  the  s t r e n g t h  d i d  not  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  ex ten t  o f  present  data. These 
r e s u l t s  suggest t h a t  f o r  T > 80OoC, 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  Tong-term mechanical behavior . 
and 1000°C are  i l l u s t r a t e d  i n  Figs. 4(a) and ( b ) ,  repec t iwe ly .  A t  
&00"C, S was r e l a t i v e l y  independent o f  t i m e  and o n l y  m a r g i n a l l y  
dependenf 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  being 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  values o f  t, Although 
l i m i t e d ,  t h e  I.F. da ta  a t  l d O O ° C  gave evidence o f  an enhanced r a t e  o f  
s t r e n g t h  degradat ion  f o r  t >  200 h when t h e  172 MPa s t r e s s  was 
appl ied,  Resu l ts  o f  ongoing s t u d i e s  w i l l  c o n f i r m  t h i s  p o s s i b l e  t rend.  

X-ray analyses o f  t h e  p o l i s h e d  surfaces 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). 
P r e l  i m i  nary  r e s u l t s  f o r  t e s t s  conducted a t  1000°C are summari zed i n  
Table 1. 

P r e l i m i n a r y  r e s u l t s  from t h e  T.F. measurements f o r  t h e  TS PSZ are 

However, 

The p r e l i m i n a r y  I.F. data f o r  t h e  MS PSZ samples t e s t e d  a t  800 

I n  general  Yfm increased 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  
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Figure 3. 
1000°C ( b )  exhibits strong ' s t ress  dependency. 

Strength d a t a  for  TS PSZ obtained a t  800°C ( a )  and 
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Figure 4.  
vary apprec iab ly  w i t h  time o r  appl ied  s t ress .  
fo r  t e s t s  conducted a t  1000°C ( b )  are  s t i l l  inconclusive. 

Strength o f  MS PSZ tested a t  800°C ( a )  does n o t  
The resu l t s  



exposure t ime.  Futherniore, t h e  dat.a Cor t h e  TS m a t e r i a l  suggest t h a t  
t h e  magnitude o f  V f m  f o r  a g iven 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) f o r m a t i  on 
i n  t h e  MS PSZ was minimal.  The reasons f o r  these d i f f e r e n c e s  a r e  
unc lear .  

rece ived  ceramics i n d i c a t e s  t h a t  bo th  t h e  ( c )  and f t )  phases were 
i n v o l v  d i n  t h e  (M)  format ion.  Recent; ag ing s t u d i e s  conducted a t  
1100°Cg"8 have shown t h a t  a t  l e a s t  t 
t h e  genera t i on  o f  t h e  (m) phase. The f i r s t  i s  the e u t e c t o i d  
decomposi t ion o f  t h e  MgO-stabi 1 i zed ( c )  m a t r i x ;  

The f a c t  t h a t  V f m  va lues o f t e n  exceeded t h e  V for t h e  as- 

types o f  r e a c t i o n s  can l ead  t o  

Mg-Zr02 ( c )  --> Zr02 (m) + MgO. ( 1  1 
T h i s  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  along g r a i n  boundar ies and then  
slowly consumes t h e  ( c )  phase w i t h i n  g r a i n  i n  e 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  size o f  1-5 urn. '$' The thermal 
expansion a n i s o t r o p y  assoc ia ted  w i t h  these (m) g r a i n s  can prorrmte 
e x t e n s i  ve ms'crocracki ng upon coo l  i ng e Th is  m i  c r o c r a c k i  ng i s  a1 50 
f a c i  1 i t a t ed  by thernial expansion di  f ferences between t h e  (m) and 
su r round i  ng mat r i  x. 

Table 1. 
I.F. t e s t s  conducted a t  1000°C 

Values of V f m  f o r  se lec ted  MS and TS samples f r a c t u r e d  i n  

Sample Time ( h )  S t ress  V f r n  

TS 
TS 
TS 
TS 
MS 
MS 

24 
336 
336 

1000 
168 
168 

0 0.39 
0 0.49 

172 0.85 
112 1 .o 

0 0.81 
172 0.87 

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  forrr iat ion o f  an ordered 
anion vacancy 6-p  a e 
(t ) p r e c i  p i  t a t s  . !he a-phase nuc leates a t  t h e  (t) - ( c )  i n t e r f a c e  
and then 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  a1 s t r a i  ns whi ch accompany t h i s  &phase r e a c t i o n  can 
des t roy  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 .  
temperature The presence a f  these des tab i  1 i r e d  p r e c i  p i  t a t e s  a t  
r e l a t i v e l 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 sho k 

Mg2Zr5012)within t h e  reg ion  between ad jacen t  

T n i s  r e s u l t s  i n  an i nc rease  i n  t h e  M, 

r e s i s t a n c e  w i t h o u t  s i  gn i  f i  c a n t l y  s a c r i f i c i n g  s t r e n g t h  and toughness. 5-7 
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The SEM examination o f  t he  pol ished ( t e n s i l e )  surfaces o f  several  
f rac tu red  TS samples ( tes ted  a t  1000°C) gave add i t i ona l  evidence f o r  
t h e  eu tec to id  decomposition react ion.  As shown i n  F i g .  5, extens ive 
format ion o f  the  (m) phase occurred i n  the specimen exposed f o r  1008 h 
a t  t he  60% s t ress  l eve l  e The (in) ggajn s i ze  was i n  the  1-5 urn range 
i n  agreement wi th  previous s tud ies.  - Numerous microcracks were a l s o  
observed p a r t i c u l a r l y  i n  regions conta in ing a h igh dens i ty  o f  (m) 
grains.  In general, t h e  concentrat ion o f  t h i s  (m) phase diminished as 
t h e  exposure t ime decreased. 
observed for t < 168 h a  Di f fe rences  i n  m ic ros t ruc tu re  between 
st ressed and unztressed samples are c u r r e n t l y  being inves t iga ted .  

I n  a d d i t i o n  t o  I.F. studies,  considerable emphasis is  being 
placed on developing s u i t a b l e  model s capable o f  descr i  b i  ng the  time- 
dependence o f  f rac tu re  s t rength  and toughness. The r e s u l t s  o f  t h i s  
modeling e f f o r t  w i l l  be discussed i n  f u t u r e  progress repor ts .  

I n  add i t ion ,  no microcrack ing was 

Status o f  M i  les tones 

No mi lestones f o r  t h i s  r e p o r t i n g  per iod.  

Pub1 i c a t i o n s  

Work was i n i t i a t e d  on a p u b l i c a t i o n  f o r  t he  23rd Automotive 
Technology Development Cont rac tor ' s  Coordinat ion Meeting t o  be h e l d  i n  
Dearborn, M i  ch i  gan on October 21-24, 1985. 
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Environmental Effects in Toughened Ceramics 
N. I_, Hecht (University o f  Dayton) 

Objecti ve/scope 

inent of Energy (DOE) t h r o u g h  a subcontract with Martin Marietta E n e ~ g y  
Systems Inc., Oak Ridge, Tennessee, t o  study the " E f f e c t  of Environment 
Upon the Mechanical Behavior of Structural Ceramics for  Application i n  the 
DOE Ceramic Technology f o r  Advanced Heat Engines Program. ' I  The primary 
goal of t h i s  program i s  t o  determine the effect  of environment upon tough- 
ening and strength in caniniercially available transformation toughened 
ceramics ( T l C )  [par t ia l ly  stabil ized zirconia (PSZ)  and dispersion toughened 
alumina (DTA)] .  
responsi bl e for  envi ronmental ly i nduced strength degradation i n the tem- 
perature range of 25°C t o  1050°C. I t  i s  anticipated that  the information 
and insights obtained from th i s  program can be used t o  deterniine the long- 
term applicabili ty o f  toughened ceramics for  use as diesel engine components. 

Dynamic fatigue t e s t  methods (4  p o i n t  bend strength measurements as a 
function of stressing ra te )  will be used t o  investigate slow crack growth 
in environments containing controlled amounts of water vapor  a t  temperatures 
from 25°C to  105O"C, Siinilar t e s t s  will a l s o  be conducted i n  iner t  atmos- 
pheres to  distinguish in t r ins ic  effects  from environmentally induced fatigue. 

In  the f i r s t  phase of t h e  program, all commercially available materials 
will be considered fo r  evaluation, 
facturers ' data and preliminary characterization studies candusted a t  the 
University will be ut i l ized t o  screen candidate PS2 and DTA materials. 
i s  anticipated t h a t  from these candidate materials s ix  materials will be 
selected for the study; I n  the Second phase o f  the program, the dynamic 
fatigue t e s t s  will be carried o u t  on the s ix  materials selected. 
these studies,  two materials will be selected for   ore intense evaluation. 
A description o f  the ac t iv i t i e s  pursued a n d  the results obtained are  
presented in th i s  expanded semiannual report. 

The University of Dayton has in i t ia ted  a contract from the U.S. Depart- 

Emphasfs will be focused on understanding the mechanism(s) 

In th i s  phase o f  the program, manu- 

I t  

From 

Technical progress 

program goal. This plan i s  outlined in Table 1 .1 .1 .  As shown in Table 
1.1.1 , Task 1 i s  primari ly concerned with the identification o f  commerci a1 
sources for  transformation toughened ceramics (TTC) and the acquisition o f  
available TTC for  evaluation. 
a l s  are  screened in order t o  select  the six most promising candidate 
ceramic materials for  more detailed evaluations. The l i s t  o f  commercial 
suppliers for TTC and the tnaterials available from each supplier i s  
tabulated in Table 1.1.2. As shown in Table 1 .1 .2 ,  nine different TTC 
materials have been identified for characterization and screening, 
characterization pratocol for  screening 20 specimens of each potential 
candidate material i s  outlined i n  Table 1.1.3. 

candidate materials in order t o  select  the best two materials for  a more 
extensive evaluation, 
of t e s t  procedures, the t e s t  f ac i l i t y ,  and the mini-matrix t e s t  p l a n  for  
the s ix  candidate TTC materials, 
plan and the construction o f  the dynamic fatigue t e s t  f a c i l i t y  are carried 
o u t  concurrent w i t h  the ac t iv i t i e s  outlined for  Task 1. 

A detailed work plan was developed t o  effectively accomplish the stated 

I n  Task 1 a l l  commercially available materi- 

The 

Task 2 of t h i s  program i s  directed toward an evaluation of the s ix  

Phase 1 of th i s  task concentrates on the development 

The development o f  the mini-matrix t e s t  
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Table l . l a l .  Proposed work plan. ---_ 
1. Task 7 -Candidate Materials Acquisition, Characterization, & Screening 

A. 

0 .  

c ,  

Identification of Material Suppliers & Review of Manufacturers' 
Data 
Acquisition of Commercially Available Transformation Toughened 
Ceramics for Screening 
Characterization & Screening Studies (based on an analysis of 20 
samples of each material) 
I .  Microstructure analysis 
2 .  Chemical analysis/density measurements 
3 .  Crystallographic analysis 
4. Fracture toughness measuremnts/hardness cal cul a t ?  ons 
5 .  Flexure strength measurements ( f a s t  & slow loading ra tes )  
6 .  Effects of aging on flexure strength and  crystal structure 

I I .  Task 2 - Investigation of Candidate Materials 
A.  Phase 1 - Investigation of Six Candidate Materials 

7 .  Mini-matrix test plan development 
a )  selection o f  t e s t  variables for  the dynamic fatjgue t e s t  

studies 
b)  f ina l ize  mini-matrix t e s t  plan 
Establish dynamic fatigue t e s t  f a c i l i t y  & verify t e s t  
procedures 
a )  t e s t  sample configuration 
b) t e s t  chamber design & operation 
c >  t r i a l  run for  procedure verification 

3 .  Selection of the s i x  candidate materials for further evalua- 
t i o n  

4. Implementation o f  the mini-matr ix  t e s t  plan (80 samples for  
each candidate material ) 

5. Analysis o f  t e s t  specimen microstructure, chemistry, 81 fracture 
surface (Raman microprobe, x-ray, SEM, EDAX, & optical microscopy) 

6. Review of test  resul ts  & selection of the two most promising 
materials for expanded t e s t  matrix analysis 

Phase 2 -  Investigation o f  Two Final is t  Materials 
1 .  Approval & implementation o f  an expanded mat r ix  t e s t  p l a n  
2.  Analysis o f  t e s t  data 
3. Analysis o f  t e s t  specimen microstructure, chemistry, & 

fracture surface 
4. Review of resul ts  
5 .  Conclusions & Development of a t e s t  matrix plan for  advanced 

studies ( s ta t ic /cyc l ic  fatigue) 
111. Task 3 

IV. Task 4 

2. 

€3. 

A .  Reporting 

A .  Qual i ty Assurance Requirements 
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Table 1.1.2. Transformation toughened ceramic materials commercially 
available for evaluation. 

Material Material Material 
I__ No. Supplier Des i gnat i on Des cri pt i on_ 

1 Caors Porcelain TTZ 3-3.5 w t .  % MgO Stabilized Zr02 
2 NGK Locke Inc. z191 5 w t .  % Y203 Stabilized ZrOz 
3 N i  1 cra Ceramic MS-PSZ 3 wt. % MgO Stabilized ZrB2 (heat 

TS-PSZ 3 w t .  % MgO Stabilized Zr02 (heat 
(USA) Inc. treated far high strength) 

treated far h igh  thennal 
shock resistance) 

4 

5 

Kyocera DTA-AP30 1 Dispersion Toughened A1203 
Internat i onal (19% iIrO ) 

PSZ-Z201 5.4 w t .  % Y203 Stabilized Zr02 
Ceramatec Inc. ZTA-XS121 ZrO, Di sperslon Toughened A I  203 

YTZP - XS241 5 w t .  % Y2O3 Stabilized ZrOZ 
(with 10% A1203 addition) 

CTZP @eon Stabilized Pro2 (with 
10% A1203 addition) 

I__ ____ 

Table 1.1.3. Characterization p l a n  for candidate systems. 

'POST FRACTURE ANALYSIS INCUIDES XRO. H S .  SEM. AND OPTICAL M[CROSCDPY 
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The i n i t i a l  months of t h e  program focus on develop ing t h e  m i n i - m a t r i x  
t e s t  p lan,  de termin ing  specimen c o n f i g u r a t i o n ,  and des ign ing  and b u i l d i n g  
t h e  dynamic f a t i g u e  t e s t  f a c i l i t y  t o  be used t o  s t u d y  t h e  TTC candidate 
m a t e r i a l s .  The t e s t  f a c i l i t y  t o  be used i s  shown i n  F i g u r e  1.1.1, and t h e  
t e s t  f i x t u r e  and specimen c o n f i g u r a t i o n  i s  presented i n  F i g u r e  1.1.2. The 
m i n i - m a t r i x  t e s t  p l a n  i s  presented i n  Table 1.1.4. 
be used f o r  e v a l u a t i n g  each of  t h e  e i g h t  d i f f e r e n t  t e s t  c o n d i t i o n s  s e l e c t e d  
f o r  t h e  m i n i - m a t r i x  p l a n  i n v e s t i g a t i o n  ( f o r  a t o t a l  o f  80 t e s t  specimens). 
The r e s u l t s  o f  these s t u d i e s  w i l l  be used f o r  s e l e c t i n g  t h e  two f i n a l i s t  
TTC m a t e r i a l s  t o  be e v a l u a t e d  i n  t h e  secand phase o f  Task 2. 
of Phase 1 w i l l  a l s o  be used t o  develop t h e  expanded t e s t  p r o t o c o l  t o  be 
used i n  e v a l u a t i n g  t h e  two f i n a l i s t  m a t e r i a l s .  
r e s u l t s  ob ta ined from t h e  expanded e v a l u a t i o n  o f  t h e  two f i n a l i s t  m a t e r i a l s  
w i l l  p r o v i d e  t h e  i n f o r m a t i o n  needed t o  develop a da ta  base f o r  t h e  u t i l i z a -  
t i o n  of TTC i n  advanced engine designs w i t h  a h i g h  degree of confidence. 

Ten t e s t  samples w i l l  

The r e s u l t s  

It i s  a n t i c i p a t e d  t h a t  t h e  

ENW I RONMENTAL  LOAD CELL 

CHECK PORT -.L 

Fig .  1.1.1. Tes t  f a c i l i t y .  
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I -  - - - - - 7  
I 

I I 
I I 
I I 
I I 
I I 
I I 

I 
I I 
L--.----.+ 

F i g .  1.1.2, 

Temperature 

UPPER IOADING SPAN - 2.54 CPI 

LMER LOADING SPAN - 5.08 CR 

TEST BAR 6 .35  CH x 0.51 CR x 0.25 CH t 
0.013 CH ( 2 . 5  x 0.2 x 0.1 * 0.005') 
TOP SURFACE ( TENS I LE SURFACE ) : 
GROLQD AND POLISHED TO 16 MICRO. INCH 
FINISH: TOP EDGES ROVNDED TO A RADIUS 

PARALLEL TO 0.0025 CH (0.001') 
1/10 BAR THICKNESS: ALL SURFACES 

MOR test fixture and specimen configuration. 

Table? 1.1.4. Mini-matrix t e s t  p l a n .  

_... ..... 

Envi ronmeriit Stress Rates 
61 5 2  63 54 

$* 

X* 

X 

X 

X 

"13 = baseline character izat ian measured during screening; X = mini-matrix 
measurement. 
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Table 1 1.4. (Concluded) 

Variable values t o  be investigated in 
the evaluation program. 

Test Variable ~- 
Stress Rate: *Stress rate/crosshead speed 

Proposed Variable Levels 

0.5 MPa/s (74  psi/s)  - .(I025 cm/min ( .QO1 in/min) 
2.6 MPa/s (370 psi/s) - .8125 cm/min (.005 i n / m i n )  
26 iMPa/s (3700 p s f / s )  - .I25 crn/min ( - 0 5  in/min) 
77 NPa/s (l la6o ps igs)  - .375 cm/snin (.I5 i n l m i n )  

0 1  

0 2  

0 3  

u4 

Temperature 
Pn 
7.2 

TS 

T 4  

Tempera t tlre 
25°C ( 7 7 T )  
300°C (572°F) 
850°C (1562°F) 
1050°C (1922°F) 

Environmental Conditions Environmental Conditions 
Atml Dry Nitrogen 
A t m 2  95% Nitrogen/S% Water 
A t m 3  90% NitrogenllOX Mater 

f Stress rates are approximate values base on average room temperature 
e l a s t i c  modulus data far the designated crosshead speeds. 

1 - 2  RESULTS 

Test specimens o f  the nine commercially available TTC materials (see 
Table 1.1- 2 )  were ordered for characterization an screening evaluations. 
Ira addition, property data for these nine materials was requested from the 
suppliers and sought from the published l i t e r a tu re .  All of the data 
obtained was reviewed and categorized i n  order t o  develop an i n i t i a l  
insight into the nature o f  these materials. 
collected i s  presented i n  Table 1.2.7, 

D u r j n g  t h i s  reporting period, the three TTC materials ordered from 
Ceramatec Inc., the two materials ordered f rom Kyocera In t ' l , ,  the 

t e r i a l  ordered from N G K  Locke Inc., and the two materials ordered from 
lcra  Ceramic Inc. were received. However, the Nilcra materials were 

received l a t e  (end o f  A u g u s t ) ,  and some gost-test  evalEations are s t i l l  
i n  progress. 
procedures descri bed in the Materials Characterization and Screening 
Protocol and enumerated in Table 1.1.3- 

A compilation o f  the d a t a  

These eight materials were evaluated according to  the 
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Table 1 . 2 . 1 .  Composite of available property d a t a  for  
transformation toughened ceramics t o  be evaluated. 

MATERIAL 
DES 1 GNAT 1 ON 

TTZ 

TS-PSZ 

MS-PSZ 

Z191 

PSZ-1201 

OTA-AZ301 
ZR02 Ol'$'LRSlON 
TOUGHENFO A1203(81%) 

LIA-XS121 
LRO2 DISPERSION 
TOUGHENED A1 203 

YT7P-xs241 

CTZP 

+ R.T. TO 1OOO'C 

STAB1 1.1 ZER SOURCE 

COORS 

N I LCRA 

N I LCRA 

NGK 

KYOCERA 

KYOCFRA 

CERAMATEC 

CERAMATEC 

CERAWATEC 

)ENS1 TY 
( G / C C  

5.74 

5.78 

5.69 

5.91 

5.9 

4.2 

5.56 

. . .. . . . . . 

a t  

10.1' 
10.2' 

( x  1 0 - 6 / - c :  
-_.....___ 

9.0 
8.3' 

10.6 
9.9' 

10.6 
10.6' 

11.3 

8.2 

TENP 
("C) 

R.T. 
R.T. 
R.T. 
R.T. 
500 
760 

1000 
1000  

R.T. 
R.T. 

500 
7 6 0  
200 

1000  

R.T. 
R.T. 

500 
1000 

R.T. 
R.T. 

760 
1000 

R.T. 

son 

R.T. 

R.T. 

R.T. 

R.T. 
R.T. 
I__ 

( 6 5 0 - 9 5 0 )  
490  
446' 
634' 
414" 
200" 
143' 
290% 

650  
604' 
472 
362" 
400  
288 

800 

495 
400 

1020 
944" 
640  
428 
330  
301' 

980 

1150 

700  

750 

250-700" 
450 -700  -- ._. ._ 

E 
( GPA 1 

191 
200' 

_. ._. . ._ _. 

205 

169 

165 

205 

169 
165 

205 

210 

370 

192" 
~ 

K I C  
MPA f i  

( 8 - 1 2 )  

8.0 

5.75 

5.25 

10.0 

6.15 
5 .25  

2.5 

5.4 

6.0 

5.0 

6.6 

4-7' 
8 - 1 6  

* PUBL ISHEO L I  TERATURL'UNSTARREO DATA FRCM MFG. 
n COEFF I C I ENT OF THERMAL EXPANS I ON 
NOR BEND STRENG~H 
E YOUNG MODULUS 
K IC FRACTURE TOUGHNESS 

When received, a l l  of the materials obtained were visually inspected, 
and t h e  surface finish for each t e s t  sample was measured (see Table 1 . 2 . 2 ) .  
Samples were then characterized usi ng apti cal mi croscopy (OM) ,  x-ray di f - 
f r a c t i o n  (XRD) scanning electron microscopy ( S E M I ,  and energy dispersive 
x-ray analysis (EDAX) .  In  addition, Raman microprobe spectroscopy (RMS) 
o f  t h e  samples was in i t ia ted .  Fracture toughness (controlled surface 
flaw method) and modulus of rupture (MOR) were deterniined for each o f  the 
materials supplied. B o t h  Pas t  ( 3 3  MPa/s) and slow (0 .5  MPa/s) loading 
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rates were used in performing the MOR measurements. 
samples from a l l  b u t  the Nilcra materials were aged a t  300°C for  25 hours 
in a moisture laden Nil (10% HzO) atmosphere. Five samples from the two 
Nilcra materials were aged in the 10% H20 nitrogen environment a t  800°C 
for  200 hours. 
the rapid loading rate .  
were evaluated a f t e r  fa i lure  t o  determine fracture origin and  mode. 

I n  addition, f ive 

After aging, the samples were tested in flexure (MOR) a t  
Representative specimens from each t e s t  batch 

Table 1 .2 .2 .  Surface f inish measurements. 
__ -_-- 

Mater i a 1 Average 
No. Designation Surface Fin ish (11 i n )  Range (11 in )  Comments 

---- 
- 1 TZP-XS241 8 5-10 

2 ZTA-XS121 3.1 2-10 I 

3 CTZP 3.1 2-6 
4 PSZ-Z201 6.1 4-8 - 

5 DTA-AZ301 2 .8  2-4 

- 

--I 

6 z191 

7 MS-PSZ 
8 TS-PSZ 

6.9 4-1 6 About  20% were 
above 16 1-1 i n  

' ~ 1 6  
~ 1 6  1 Preliminary Values -t 

+The Nilcra MS & TS materials are  s t i l l  being evaluated. 
noted that  these preliminary evaluations indicate t h a t  the Nilcra materials 
contain an extensive quantity o f  surface scratches. 

I t  should be 

1 .2 .1  Density Determinations 

density determinations by the immersion method. 
measurements are tabulated i n  Table 1.2.3. 

Three samples from each of the eight candidate materials were used for 
The d a t a  from these 

Table 1.2.3. Density Measurements 
-- 

Manufacturer Material Designation Average Dens i t y  (g/cc) 

Ceramatec TZP-XS241 5.4 
ZTA-XS121 4 .4  

CTZP 5 .7  
Kyoce ra PSZ-Z201 5.9 

DTA-AZ301 4 .2  
NGK-LOCKE z191 5.9 

Ni 1 c ra  MS-PSZ 5.7 
TS-PSZ 5.7 
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1.2.2 Microstructure Evaluations 

materials, bath optical and scanning electron microscopes were used t o  
examine sections of selected samples from each t e s t  group. 
photomi crographs obtained from each g roup  o f  mater! a1 s are  presented in 
Figures 1 .2 .1  t o  1.2.16. 
observed for each illaterial i s  presented in Table 1.2.4.  

To Setter characterize the microstructure o f  the e i g h t  different TTC 

Representative 

A summary of t h e  major microstructural fea tures  

F i g .  1.2.1. Polished and etched section of material XS241 a t  73OX 
(e tchsnt  a solution o f  HF and PSaHF,). 

F jg .  1.2.2. SEN phv togra  h a f  a f rac tured  sect- ion of  
mater1 a 1 XS 5 ..41 a t  10,OOOX a 
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F i g .  1.2.3. Polished and etched sec t i an  o f  material XS121 a t  73 
(etchant a s o l u t i o n  of HF and NaHF2). 

F ig .  1.2.4. SEM photograph o f  a fractured section of 
matera’al XS121 at 10,OOOX. 
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Fig, 1.2.5.  Polished and etched sec t ion  o f  material  CTZP a t  730X 
(e tchant  a so lu t ion  of HF and NaHF2).  

Fig. 1.2.6. SEM photograph o f  a f r ac tu red  sec t ion  o f  
material  CTZP a t  10,OOOX. 
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Fig. 1.2.7. Polished and e tched  sec t i on  of mater ia l  Zl91 a t  730X 
( e t chan t  a s o l u t i o n  of HF and NaHF,). 

F i g .  1.2.8. SEM photograph o f  a f r a c t u r e d  sec t ion  of 
mate r i a l  2191 a t  10,OOOX. 
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F ig.  1.2.9. Polished and etched section of n i a t e ~ i a l  2201 a t  
73ox ( e t c h a n t  H 2 P 0 4 ) .  
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Fig. 1.2.11. Pol ished and e tched  section o f  mate r i a l  AZ301 
a t  730X ( e t chan t  H 2 P 0 4 ) .  

Fig .  1 .2 .12 .  SEM photograph of a f r a c t u r e d  su r face  of 
mate r i a l  AZ301 a t  10,OOOX. 



Fig .  1.2.13. Polished and etched section o f  tilaterial MS--PSZ 
a t  738X ( e t c h a n t  k12P04). 

F i g .  1.2.14. SEM photograph o f  a f r ac tu red  sec t ion  
of material MS-PSZ a t  10,OOOX.  



201 

F ig.  1.2.15. Polished and etched section of material TS-RSZ 
X ~ ~ ~ c ~ a ~ ~  H,PO,), 

F i g .  1.2.16. SEM photograph of a f ractured s e c t i o n  
o f  material TS-PSZ a t  10,OOOX. 



202 

Table 1 .2 .4 .  Sumary analysis o f  microstructural features.  

Mater i a 1 Des i g n a t  i on Description 

ZTA-XS121 A two-phase system of fine grained material with a 
qrain s i z e  o f  0.5 - 1.5  1.1. The material contains 
inifom distribution o f  varying s ize  pores ( 0 . 2  -” 
1 . 5  11). 

YTZP-XS241 A two-phased material where the second phase i s  a 
f ine grained material (0.1 - 0 . 3  p) which i s  mi-  
formly dispersed in a matrix o f  irregular shaped 
part ic les  0 .5  - 1.5 1-1 in s ize .  Distributed t h r o u g h  
the iiiatrix i s  an a r r ay  of small pores (0.5 - 5 p). 

CTTP 

PSZ-Z201 

A two-phase material where a second phase o f  f i n e  
grained material i s  dispersed uniformly t h r o u g h  
the matrix phase. The matrix phase consists o f  
irregular or angular platelets  1 - 3  1-1 in s-ize. 
The matrix also cantains a re la t ively uniform dis- 
tribution of irregular shaped pores. 
also appears t o  contain a network of microcracks. 
A very dense material with a dispersion of very 
small pores ( 0 . 1  - 0 . 3  u). ‘The g r a i n  s ize  of  the 
material ranged from 0.2 - 0.5  11 with a few grains 
up t o  1 1-1 in size.  

This material 

DT A- AZ3 0 1 A very dense two-phase material with few pores. 
The second phase has a grain size of 0.1 - 0 . 3  p 
and the matrix has a par t ic le  s ize  of 0 . 3 - 1  1 ~ .  

ZI 91 A very dense material containing Pine sized pores 
sparsely dispersed t h r o u g h  the material. 
individual grains are d i f f i cu l t  t o  d i f ferent ia te  
a n d  have an estimated par t ic le  s ize  o f  3 - 10 1-1. 

The 

MS-PSZ 

TS-PSZ 

A coarse grained and highly porous material w i t h  
a grain s ize  ranging from 30-60 1-1. 
uniformly distributed throughout the bulk of the 
material and range i n  size  from 1 - 10 
average 2 - 3 u). 
A coarse grained and highly porous inaterial with 
a grain size ranging from 30 - G O  y .  
are uniformly distributed t h r o u g h o u t  the bulk of 
the material and range in s ize  from 1 - 10 u ( and  
average 2 - 3 p). 

The pores are 

(and  

The pores 

1.2.3. I _ ~  Chemistry and Crystal Structure 

The chemical composition a n d  the crystal structure o f  the constituents 
present in the eight candidate materials was determined by the use of 
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energy dispersive x-ray analysis ( E D A X )  and x-ray diffraction analysis 
(XRD).  A tabulation of the components identified by EDAX i s  presented 
in Table 1.2..5. 
crystal phases present and t he i r  approximate relat ive quantit ies.  X R D  
analysis was performed on representative samples from each group of 
materials i n  the as-received condl”tion, a f t e r  aging, and aftes- mechanical 
t e s t  i n y I 

An XRD procedure was developed t o  identify the Z r O 2  

Table 1.2.5. Identification of components present i n  the 
TTC materi a1 s by EDAX. 

YTZP P sz 2191 MS-PSZ TS-PSZ ZTA-XS121 -xs241 -212191 -AZ301 esignation 

- c I_ 

S i  O 2  A’ 2Q3 203 S i  O2 Sec o n da ry 
Constituents 

Trace K20 
Constituents CaO 

The XRD analysis was not able t o  detect changes in the ZrQz crystal 
structure a f t e r  mechanical tes t ing since the method used i s  only effective 
on f l a t  surfaces and not sensit ive t o  the transformation which I s  reported 
t o  occur only in a very srria11 zone along the edge of the fracture.  
the effects  of  aging on the Zr02 crystal structure could be determined by 
XKB and was measured on the samples subjected t o  aging. A summary o f  the 
XRD data obtained i s  presented in Table 1.2.6. 

I t  had been planned t h a t  during the characterization and screening 
protocol,  f i red b u t  ungrownd and unpolished tabs o f  each candidate 
material would also be evaluated by x-ray, SEM, RMS, and OM. However, 
only four tabs were received and preliminary analysis showed these t a b s  
t o  have essent ia l ly  the same chemistry and crystal structure as the ground 
and polished samples used in the screening evaluation. 

However, 

1.2 .4 .  Mechanical Property Measurements 

candidate materials a t  room temperature. 
strength measurements are summarized in Table 1 . 2 . 7  and shown schematically 
i n  Figure 1 .2 .17 .  
are summarized in Table 1.2.8. 

Flexure strength and fracture toughness was measured f o r  each o f  the 
The resu l t s  o f  the flexure 

The resul ts  of the f racture  toughness measurements 
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Table 1.2.6. Summary o f  XRD Results. 

No. Mater-i a1 Desi gnation Materi a1 Cotidi t i  on Percent Mcinocl i n i  ck 

YTZP-XS14-i 

ZTA-XS121 

C'TZP 

2191 

DTA-AZ3O-i 

PSZ-Z201 

MS-PSZ 

TS-PSZ 

As Rccelived 

A f t 2 r  Aging 

As Received 

A f t e r  Aging 

As Received 

A f t e r  Aging 

As Received 

A f t e r  Aging 

As Received 

A f t e r  Aging 

As Received 

Afterr  Aging 

As Received 

After Aging 

As Received 

A f t e r  Aging 

10 (4-26) 

42 (40-45) 

30 

60 

4 10-6) 

0 

7 (0-8) 

10 (9-11) 

28 ( 2 5 - 3 2 )  

28 

4 (0-12) 

4 

23 (22-26)  

33 

33 (30-35) 

44 

*I For materials 1 through 6 ,  the predominate Zr02 crystal phase i s  t e t r a -  
gonal w i t h  l i t t l e  or no cub ic  phase present. 
t he  tetragonal phase ranged from 30-50% a n d  the cubic phase ranged from 

F o r  materials 3 and 8, 

20-307; 



Table 1.2.7. Summary o f  Flexure Strength Measurements 
a t  Room Temperature. 

Fast Fracture 
MPa S t .  Dev. Mate r i a 1 Des i g n a t  i on MPa S t .  Rev. I MPa After S t .  A g i n g  Dev. 

Slow Fracture 

ZTA-XS121 1 556 20 I 567 35 1 556 144+ 

777 145 

481 17 

957 52 

1265 136 

YTZP-XS241 

CTZP 

PSZ-Z201 

DTA-AZ301 

76 1 100 729 74+ 

472 7 481 2 4' 

832 67 79 1 124' 

1084 107 1206 118+ 

z191 

MS-PSZ 

TS-PSZ 

1004 157 1014 94 957 165' 

679 39 621 44 6 74 16" 

677 22 5 83 19 608 22" 

I200 

IO00 

800 

400 

200 

0 

0 
U 

0 FAST LOADING 
0 SLOW LOADING 

CTZP XS121 TS MS XS241 2201 2191 A2301 

0 

A 

o FAST LOADING 
0 SLOW LOADING 
A AGED 

CTZP XS121 TS MS XS241 2201 2191 A2301 
MATERIAL 

Fig .  1.2.17. Comparison o f  MOR test  results, 
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Table 1 . 2 . 8 .  Summary o f  Fracture Tougtiiiess Measurements by the 
Controlled Surface Flaw Techi-rique. 

_I 

Materi a1 Dcsi g n a t i  on Fracture Toughness (MPa f i  ) 

ZTA-XS121 

YTZP-XS241 

Cl-ZP* 

PSZ-Z201 

DTA- AZ3 0 1 

ZI 91 

MS- PSZ* 

TS-PSZ” 

2.8 

4.8 

IS, 4 

2.4 

5.5 

Valid fracture toughness values could nut be obtained by t he  measurement 
method employed. 
* 

The c o n t r o l l e d  surface f l a w  technique used f o r  measuring fracture 
toughness also provides d a t a  for  calculating surface hardness. 
i s  determined by measurement o f  the diagonal o f  the Vickers indent made 
a t  a known load.  The resul ts  o f  these hardness calculations are summarized 
in Table  1.2.9. 

Hardness 

Table 1.2.9.  Average Vickers Hardness Measurements. 

Ma tc r i  a 1 Des i g n a t  i on V i  ckers Hardness kg/mm’ S t .  Deviation kg/mm2 
__I_______ ....... .. . . . . . . . .- _- . 

TZP-XS241 1120 22 

ZTA-XS121 1172 39 

CTZP 

z191 

PSZ-Z201 

L’TA-AZ3 0 1 

MS-PSZ 

TS-PSZ 

86 4 

1292 

1282 

1939 

1099 

1025 

63 

53 

35 

133 

78 

54 
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Fracture toughness mea~urements for  f i v e  o f  the eight materials 
eva lua ted  were very s t ra ight  forward,  however, valid toughness measure- 
ments could n o t  be readily obtained for  the Ceramatec CTZP material 
and  the Nilcra MS and TS materials. All o f  the samples tested f a j l e d  
outside o f  the indent region, and i t  was only possible t o  locate the 
s i t e  of fracture origin for  one o f  the CTZP t e s t  samples. 

Photomicrographs were taken o f  the indents made for  the  fracture 
toughness measurement and the subsequent fracture surfaces. Typical 
photomi crographs are presented in Figures 1 .2.18 through I .  2.20. 

I t  was observed t h a t  fracture origin for  most of the saiiiples 
tested i n  flexure was a t  the tens i le  surface of the sample arid due 
primarily t o  the presence o f  cracks or  large pores a t  the surface. 
Idowever, a small number o f  f l e x u r e  t e s t  samples fa i led from internal 
imperfections (pores, cracks, inhomogeneities, e tc .  ) .  I t  should a l s o  be 
noted that  there was no obvious correlation between fracture mode and 
flexure t e s t  procedure (pre-test  aging, rapid loading, or slow loading). 

photographs of typical fracture origin s i t e s  are presented i n  
Figures 1.?,21 t h r o u g h  1,2.25., 

F i g .  1.2.18. Typical fracture toughness indent 
(material XS241 a t  400X). 



F i g .  1.2.19. Typical fracture 1 inc emanating frail i nden t  
(material XS241 a t  400X). 

F ig .  1.2.20. Typical crack pattern observed around indent 
of CTZP material ( a t  40rdX). 



F i g .  1.2.21. SEN photograph  o f  f r a c t u r e d  s u r f a c e  w i t h  fracture 
o r i g i n  a t  surface ( m a t e r i a l  2191 a t  1 O O X ) .  

F i g .  1 .2 .22 .  SEM photograph  of f r a c t u r e d  surface w i t h  f r a c t u r e  
o r i g i n  a t  surface ( m a t e r i a l  2201 a t  100X). 



Fig ,  1 .2 .23 .  SEM photograph o f  f r a c t u r e d  s u r f a c e  with f r a c t u r e  o r i g i n  
a t  in te rna l  po re  ( m a t e r i a l  2201 a t  l oox) .  

F ig .  1.2 .24 .  SEM photograph  o f  f r a c t u r e d  sur face w i t h  f r a c t u r e  o r i g i n  
a t  i n t e r n a l  f l a w  ( m a t e r i a l  2191 a t  ~ O O X ) .  
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F i g .  1 .2 .25 .  SEW pho tograph  of fractured surface with fracture origin 
a t  internal pore (material XS121 a t  3QOX) .  

1.3 DISCUSSION OF RESULTS AND FUTURE PLANS 

The i n i t i a l  task  o f  t h i s  program i s  designed t o  verify manufacturers 
property d a t a ,  further characterize candidate TTC materials, and establish 
a basis f a r  the selection o f  the candidate materials to  be further evalu- 
ated in the mini-matrix program. 
studies will provide the basis for  evaluating the candidate materials and 
validate supplier claims. 

eight candidate materials evaluated were in general agreement with the 
data obtained from the supplier. By comparing the data in Table 1 .2 .1  
with the d a t a  presented in Table 1 . 2 . 7 ,  i t  can be seen t h a t  the room tem- 
perature modulus o f  rupture values measured a re  within 2 t o  3% of  t h a t  
reported by the suppliers except f o r  the Ceramatec XS121 and Nilcra 
MS-PSZ materials which were about 80% o f  the suppl ier ' s  reported value. 
The modulus of rupture values measured for  a l l  of the different  TTC 
materials were impressive. Even the 481 MPa M O R  value measured for  
the Ceramatec CTZP i s  significantly higher t h a n  the MOR values reported 
for  most conventional ceramic materials and i s  twice a s  h igh  as the 
average modulus of rupture value reported for  fu l ly  s tabi l ized zirconium 
oxide materials. The 1265 MPa measured f o r  the Kyocera AZ301 material 
was especially impressive since i t  i s  greater than the values reported 
for vir tual ly  a1 1 conventional ceramic materials. 

The resul ts  obtained in the screening 

The modulus of rupture values measured a t  roam temperature for  the 



Five o f  the eight candidate materials (XS212, XS241, CTZP,  MS-PSZ, 
and 2191) showed no change when tested i n  flexure using the slow loading 
rates ,  however, the two Kyocera materials, 2201 and AZ361, b o t h  showed 
a 14% decrease as  did the Nilcra TS-PSZ material. T h i s  magnitude o f  
decrease may indicate the presence of slow crack growth in these two 
materials b u t  further s t a t i s t i c a l  evaluation i s  required, 

candidate inaterials exposed t o  the aging treatments (XS121, XS241, CTZP, 
AZdOl , MS-PSZ, and 2191 1. 
in the average flexure strength a s  a resul t  of the aging treatment. The 
Nilcra TS-PSZ material showed a 10% decrease in average flexure strength 
a s  a resul t  o f  the aging treatment. 

the Y203 par t ia l ly  s tabi l  imed Z r O 2  inaterials were predominantly tetragonal 
with 8 - 10% monoclinic phase (see Table l . 2 , 5 > .  
stabil ized Z r O n  materials were 23-33% monoclinic, 30 -50% tetragonal, 
and the remainder cubic. 
had a Zr02 dispersant that  was approximately 70% tetragonal and 30% mono- 
c l in ic .  After the aging treatment, the Ceramatec XS121 and XS241 material 
showed significant change and the Nilcra TS-PSZ showed a moderate change, 
The XS121 dispersion toughened alumina had twice the amount of monoclinic 
Zr02 present a f t e r  aging. The Y203 stabil ized XS241 had a four-fold 
increase i n  the amount of monoclinic phase a f t e r  aging. 
(MgO s tabi l ized)  showed a 24% increase i n  the monoclinic crystal phase 
a f t e r  aging. 
Ceramatec materials did n o t  show any decrease in flexure strength as a 
resul t  of the aging treatment. 
decrease in the flexure strength a f t e r  the aging treatment. 
interesting t o  note t h a t  the Kyocera 2201 material, which showed a 13% 
decrease in modulus of rupture, showed no change -in the monoclinic phase 
present a s  a resul t  of the aging treatment. 

Kyocera 2201 material, a l l  o f  the other fracture toughness (KIc) measure- 
ments were found t o  be considerably ( 2 5 - 6 0 % )  lower t h a n  those reported 
by the suppliers. 
difference in fracture toughness measurements methods employed, A number 
of investigators have reported t h a t  the control led surface flaw technique 
for measuring fracture toughness will resul t  in significantly lower KIC 
values t h a n  those obtained by other measurement niethods .Iw3 
since the t e s t  methods used by the supplier are n o t  c i ted,  i t  i s  n o t  
possible t o  deternine i f  the differences obtained are due t o  differences 
in measurement techniques I 
obtained were lower t h a n  those reported by the supplier, the values 
obtained are s t i l l  somewhat higher t h a n  those reported f a r  most conven- 
tion ceramic materials. 

Unfortunately, valid KIC values could n o t  be obtained for  the 
Ceramatec CTZP material and the two Nilcra materials, A11 o f  the samples 
tested fai led outside of the indent region, and i t  was only possible to  
identify fracture origin and  i n i t i a l  crack s ize  for  one CTZP sample. 
As shown i n  Figure 1 . 2 . 2 0 ,  an array of microcracks formed around t h e  
indent of the CTZP materials. 

L i t t l e  or no strength decrease was ~ b s e r v e d  for s ix  o f  the eight 

The Kyocera 2201 material showed a 17% decrease 

Based on the x-ray d a t a  obtained, i t  was found t h a t  prior t o  aging 

The MgO par t ia l ly  

The two dispersion toughened alumina materials 

The Nilcra TS-PSZ 

However, the modulus o f  rupture measured for the two 

I t  i s  
The  Nilcra TS-PSZ material had a 10% 

With the exception of the fractured toughness values measured f o r  the 

I t  i s  possible that  t h i s  difference may be due t o  the 

However, 

A1 though the fracture toughness values 

I t  i s  suggested that  the fa i lure  during 



fracture toughness tes t ing occurred a t  one of these microcrack s i t e s  which 
had become a c r i t i ca l  flaw d u r i n g  the tes t ing process. A number of 
process modifications a n d  a1 ternative techniques were investigated i n  
an attempt t o  obtain v a l i d  toughness measurements for  the CTZP material, 
however, none of the methods used proved effective.  

The Kyocera and NGK materials were very f ine par t ic le  sized 
materials and  had very h i g h  densit ies containing only a sparse dispersion 
o f  very small pores. The Ceramatec materials were also very fine par t ic le  
size and had  lower densit ies w i t h  a greater degree of porosity. The CeOz 
and Y203 stabil ized materials (CTZP and XS241) appeared t o  contain several 
phases. 
internal microcracks, The Nilcra MS/TS materials are  MgO stabil ized, 
re la t ively porous and coarse grained. 

I n  summary, i t  would appear t h a t  the MOR data provided by the supplier 
were i n  agreement with the d a t a  obtained i n  the screening t e s t .  All o f  
the materials evaluated had  impressive flexure strength and  fracture 
toughness values tha t  are  higher than commonly reported for  conventional 
ceramic materials. The  e f fec t  o f  aging treatments on modulus of rupture 
and increased formation of the monoclinic phase i s  nat c lear  and  will 
requi re further investigation. 

In addition, the CTZP material appeared t o  contain a network o f  

1.4  FUTURE PLANS 

A tabulation o f  the ac t iv i t i e s  planned for  the next several months i s  
presented below: 
1. 

2. 

3 .  

4. 

5 .  

6. 

I n i t i a t e  MOR tes t ing a t  the most c r i t i ca l  temperature (1050°C) and 
moisture (10% HzO)  f o r  three samples of each TTC material. 
t e s t s  will provide i n s i g h t  about the material 's  behavior a t  t h i s  
severe condition and aid in the selection o f  the candidates f o r  
further evaluation, 
Measure thermal expansion o f  the candidate TTC materials. T h i s  added 
measurement should  provide valuable information about their behavior. 
Continue the s t a t i s t i c a l  analysis o f  MOR data that  has been in i t i a t ed .  
The resul ts  o f  this analysis shou ld  be completed during the next 
reporting period. 
Make the final selection of the candidate materials fo r  the mini- 
matrix evaluation program. 
After the candidate TTC materials are selected, the h igh  temperature 
(1050°C) dynam'l'c fatigue tes t ing phase o f  the mini-matrix evaluation 
plan will be in i t ia ted .  
Continue the development of an effect ive Raman microprobe spectroscopy 
procedure for  evaluating the crystal structure a t  the fracture surface 
and small increments behind the fracture zone. A brief report 
describing the s ta tus  o f  the developments t o  date has been prepared 
and  i s  submitted under separate cover. 

These 
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3.4 FRACTURE MECHANICS 

IPnprovetI M&hds for MeusulYing the  Fructure Rersistance of 
Stmetural Cemmies 
R. C, Bradt and A. S. Kobayashi ( U n i v e r s i t y  o f  Washington) 

O b j e c t i  ve/Scope 

The long-term g o a l s  o f  t h i s  s tudy  a r e  t o  develop and demonstrate d 
t echn ique  compr i s ing  a s i n g l e  measurement, o r  a techn ique  compr is ing a 
s e t  o f  c o r r e l a t i v e  measurements f o r  s t r u c t u r a l  ceramics i n c l u d i n g  mono- 
l i t h i c  and composi te m a t e r i a l s  which will a l l o w  t h e  r e l i a b l e  and accu ra te  
d e t e r m i n a t i o n  o f  t h e i r  r e s i s t a n c e  t o  f r a c t u r e  ( c r a c k  p ropaga t ion )  over 
a broad temperature range f r o m  25'C t o  14OOOC. 

Technica l  Progress 

The m o n o l i t h i c  ceramic m a t e r i a l s  ( a  t ransparaen t  p o l y c r y s t a l l i n e  
MgAl 04' Coors; a s i n t e r e d  s i l i c o n  c a r b i d e ,  Hexoioy, and a s i n t e r e d  s i l i c o n  
n i t r f d e ,  (GTE, A2Y6) have been r e c e i v e d  and a re  be ing  prepared f o r  t e s t -  
i n g .  This  i n c l u d e s  i n t r o d u c i n g  m i c r o f l a w s  and a l s o  diamond sawing 
s t r a i g h t  t h rough  notches and chevron notches. Whi le  these specimens a re  
be ing  prepared f o r  t e s t i n g ,  o t h e r  preliminary t e s t i n g  i s  proceeding t o  
r e t i n e  t h e  exper imenta l  procedures u s i n g  t h e  l a s e r  i n t e r f e r o m a t i c  s t r a i n  
guage ( L I S G )  technique.  

The LISG technique has now been coupled d i r e c t l y  w i t h  an l n s t r o n  
f l o o r  model t e s t i n g  machine and s u c c e s s t u l l y  a p p l i e d  t o  compliance measure- 
ments and toughness measurements f o r  a lumina and s i l i c o n  n i t r i d e  specimens. 
I n  a d d i t i o n  t o  unnotched and s t r a i g h t  t h rough  notched specimens, t h e  LISG 
method has a l so  been r e c e n t l y  a p p l i e d  t o  :!onitor t h e  s t a b l e  c rack  growth 
th rough  cnevron notched specimens. I t  i s  now e v i d e n t  t h a t  t h e  LISG tech -  
n ique  w i l l  be comp le te l y  aaaptable t o  determine f r a c t u r e  parameters 
through d imensionless load-displacement methods. 

F i n i t e  element m o d e l l i n g  o f  t h e  chevron notched t h r e e  p o i n t  bend 
specimen i s  proceeding f o r  a range o f  a iw  va iues.  The ' A N S Y S '  f i n i t e  
element code i s  b e i n g  used, c o n s i s t i n g  o f  e i g h t  model ( 3  OOF/mode) b r i c k s  
w i t h  1000 degrees o f  freedom i n  t h e  s o l u t i o n .  P r e l i m i n a r y  r e s u l t s  show 
good agreement w i t h  t h e  Bluhm s l i c e  model and t h e  Sakai m o d i f i e d  s l i c e  
model, a l t hough  t h e  3-0 model i s  somewhat s t i f t e r .  

Several  ceramic/ceramic composites have been o b t a i n i n g  f o r  p r e l i m i n a r y  
t e s t i n g  ana sc reen ing  t o r  t h e  composi tes p o r t i o n  o f  t h e  program. rhese i n -  
c l u d e  t w o  NRCQ S i C w h i s k e r / A l  0 m a t r i x  m a t e r i a l s  and t h r e e  a i f t e r e n t  con- 
t i n u o u s  f i b e r / C V I  S i c  m a t r i x  6o$ies,  i n c l u d i n g  N i c a l o n ,  Nex te l ,  and a lumina 
f i b e r s .  Only  t h e  Nicalon/CVI-SiC m a t r i x  body has been t e s t e d  t o  da te  and 
r e p o r t e d  i n  t h e  p u b l i c a t i o n  l i s t e d  l a t e r .  

S ta tus  o f  M i l e s t o n e s  

The f i r s t  y e a r ' s  m i les tones ,  which can be summarized as o b t a i n i n g  and 
i n i t i a t i n g  t h e  t e s t i n g  o f  t h e  m o n o l i t h i c  ceramics and a l s o  o b t a i n i n g  t h e  
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composi tes,  a r e  on schedu le  except  f o r  t h e  composi tes.  The d i f f i c u l t y  w i t h  
t h e  composi tes i s  e s s e n t 7 a l l y  t h e  same as was exper ienced  w i t h  t h e  mono- 
l i t h i c  ceram7cs. namely t h e  ready  a v a l l a b i  l i t y  o f  compos i t ions  for .  wh ich  
l a r g e  numbers o f  specimens a r e  obtainable, 
catch-up  d u r i n g  t h e  S S C Q ~ ~  yea r  o f  t h e  program. 

I t  i s  expec ted  t h a t  t h i s  w i l l  

Pub 1 i c a t i o n s  
Four  papers  have been w r i t t e n  d u r i n g  t h e  y e a r .  They a r e :  

Graph1 ca I Methods t o r  Deter-j n i  ng the  Nori I i near F r a c t u r e  - Parameters . . . . _ I ~  o f  
51.1 i ca and $-rapti i t e  R e f r a c t o r y  Composi -. . . . xes .. . 
( V P I ,  F r a c t u r e  Mechanics o f  Ceramics Syiiiposiumj 

Toughness h n i s a t o r p y  a t  a S i C / S i C  Laminar -. . . . . . . . Composite 
( P e n n  State, Mu1 t i  phase Cerarni cs  Mee t ing  1 

11- The T o u r n e s s  o f  Po lyc rysJa l l  ine  MgAi 20.4 
(ACerS. PCf iM a t  I r v i n e )  

F r a c t u r e  T o u ~ h n e s s  r e s t i n g  o f  Ceramics w i t h  an LISG ....- 
(ACerS, PCRM a t  I r v i n e )  
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Teetirng and Euattsation of Acivancsd Ceramics at High Temperature 
-in Uniaxia l  Tension 
J a  Sankar and v. S .  P ~ v Q ~  (North Caro l ina  A&T State University) 

Objectives/Scope I 

The purpose o f  this effort will be to t g s t  and evaluate advanced 
ceratnic materials at temperatures up t o  1500 C in uniaxial tension. 

fat i gue 
o f  fracture 
comprise the 

Testing may include fast Fracture strength, stepped static 
strength, and cyclic f a t i g u e  strength, along with analysis 
surfaces by scanning electron microscopy. This effort wjl 
following tasks: 

Task 1. Specifications for Testing Machine and 

Task 2. Identification o f  Test Material ( 5 )  
(Procurement ) 

o f  Sclecimeras) 

Controls + 

(Procurement 

Task 3.  Ideniificatibn o f  Test Specimen Configuration 
Task 4. Specifications for Testing Grips and Extensometer 4 

( Procurement 
Task Et. Specifications for Testing Furnance and Controls + 

(Procurement 1 
Task 6. Development of Test Plan  
Task 7. High Temperature Tensile Testing 
Task 8. Reporting (Periodic) 
Task 9 .  F i n a l  Report 

It is anticipated that this two (2) year program will help in 
understanding the behavior o f  ceramic materials at very high temperatures 
i n  uniaxial tension. 

Technical Progress 

Both specification and identification of a suitable testing machine 
for ceramic tensile testing and the test ceramic material for the program 
have been selected, identified and approvals were obtained from the QRNL 
project manager for b o t h ,  The wlected  machine with excellent farce 
transducer and control systems seems to have the expected alignment, 
stiffness and stability required for t h e  uniaxial tension testing o f  
ceramics. As f a r  as the candidate material i s  concerned, GTE SN-1000 
S i l i c o n  Nitride i s  selected as the  tes t  material for the program. 

During this reportjng period attention was continued to be given to 
Tasks 3-5. 
the  project manager. 
section., as shown on Figure 1 was decided f o r  use in this program. 
now negotiations are being carried out with GTE, California to fabricate 

A trip to ORNL was carried out to discuss these tasks with 
A tensile specimen geometry with circular cross 

Right 
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this geometry for GTE SN-1000 material. 

with K. C. Liu regarding the gripping mechanism. It is planned t o  use  
his hydraulic self-aligning grip system i d e a  f o r  this project. 
Discussions are underway with fabricators to inariufacture these grips 
f o r  the present program. 

During the ORNL trip, a fruitful discussion was also carried o u t  

The initial load train design is such that the ceramic pull rods 
(which will be holding the sample) wi71 be connected t o  another se t  o f  
water cooled stainless steel pull rods which in turn will be held by the 
self-aligning hydraulic grips. 
train will be within a ceramic retort tube t o  create an inert atmosphere 
and t h e  whole set-up wil l  be located in btie middle sf a silicon carbide 
split Furnace capable o f  generating 1500 6 ,  The initial design w i 7 7  
a l s o  carry a ceramic extensometer w i t h  power siipply and signal condi- 
tioner. 

The ceramic pull rod portions o f  the load 

Status o f  Milestone 

The procurement o f  the testing machjne and cont ro l  is already 
underway. 
1986, Procurement o f  tensile samples and grips is expected t o  start 
i n  the next 2 - 3 weeks. 

The expected delivery date o f  this machine i s  in February, 
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3.5 NONDESTRUCTIVE EVAULA'YION DEVELOPMENT 

Nondestructive Characterization 
R. W. McCl ung <Oak Ridge Na t iona l  Labora to ry )  

-.. Object ive/scope ... .... - 

The purpose o f  t h i s  program i s  t o  conduct n o n d e s t r u c t i v e  e v a l u a t i o n  
(NDE) 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  
detei-rni 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  ng both p r o p e r t i e s  and f l a w s )  i n  
cerarni cs  t h a t  a f f e c t  t h e  s t r u c t u r a l  performance, Those m a t e r i a l s  t h a t  
have been seri o u s l y  consi  dered f o r  appl i c a t i  on i n  advancsA heat engi nes 
a r e  a1 1 b r i t t l e  m a t e r i a l s  whosc 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  whose dimensions a re  on t h e  o r d e r  o f  t h e  dimensions o f  t h e f r  
m i c r o s t r u c t u r e .  Thi s w r k  seeks t o  character- i  ze t hose  f e a t u r e s  us ing  
h i  gh-frequency u l t r a s o n i c s  and rad iography t o  de tec t ,  s i ze ,  and l o c a t e  
c r i t i c a l  f l aws  and t o  measure n o n d e s t r u c t i v e l y  t h e  e l a s t i c  p r o p e r t i e s  
o f  t h e  h o s t  m a t e r i a l  

-. Pe ihn i  c a l  progress 

We have ob ta ined  severa l  samples o f  p a r t i a l  l y  s t a b i  1 i z e d  z i  r c o n i  a 
(PSI) f r o m  d i  f f e r e n t  sources t h a t  have been s t a b i  1 i zed both w i t h  magnesi urn 
and w i t h  y t t r i u m ,  
1 ow--frequency (20-MHr ) u l t r a s o n i c s ,  we examined these  samples w i t h  a 50-MHm 
c e n t e r  f requency sho r t - focus  t ransducer ,  whi ch i s  a re1 a t i  v e l y  w i  de-band 
u n i t  hav ing  s i g n i f i c a n t  energy above 80 MHm. This  t ransducer  i s  w e l l  
s u i t e d  f o r  d e t e c t i n g  smal l  f l aws ,  because t h e  d iameter  o f  the u l t r a s o n i c  
beam i n  t h e  r e g i o n  nedr focus i s  on l y  about  60 pill i n  water  and s m a l l e r  
s t i l l  i n  t h e  ceramic. Thus, even smal l  f l a w s  (-20 pm) w i l l  i n t e r c e p t  a 
reasonable f r a c t j  on o f  t h e  t o t a l  beam energy and be de tec tab le .  

Upon examining these samples w i t h  a 50-pm scan index, we ' located 
seve ra l  d i s c r e t e  i n d i c a t i o n s  t h a t ,  because they  were d e t e c t a b l e  a l o n g  a 
s i n g l e  scan l i n e  on ly  (i.e,, t hey  were n o t  d e t e c t a b l e  by adjacent  scan 
l i n e s ) ,  had t o  be s m a l l e r  t han  58 p. The b a c k s c a t t e r i n g  spectrum was 
then  computed and found t o  peak a t  about 7% MMz, which i s  w e l l  down on the 
h i  gh-frequency t a i  1 o f  ou r  50-MHz t ransducer  and imp1 i es t h a t  t h e  s c a t t e r -  
i ng c e n t e r  i s smal l e r  t han  a wavelength a t  50 MHr. 

Me next  deconvol ved these  r e s u l t s  w i t h  t h e  t ransducer  response t o  
remove t h e  e f f e c t s  o f  t h e  u n i t  and prov.ide a reco rd  o f  t h e  Frequency- 
dependent s c a t t e r i n g  o f  t h e  f l a w  alone. The result i s  shown i n  F i g .  1 
and may be compared w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n  p r e v i o u s l y  given, 
The s a l i e n t  f e a t u r e  o f  t he  s c a t t e r i n g  i s  an approximate four th-pav~er  
i n c r e a s e  w i t h  f requency t o  a t u r n i n g  poi n t  beyond k ~ h i c h  t h e  s i a t t e r i  ng 
l e v e l s  o f f .  Th is  p o i n t  occurs when k(z - 1, where k i s  the  wave number 
and a t h e  r a d i u s  o f  t h e  f law. For t h e  measured parameters o f  PSZ, t h i s  
y i e l d s  a f l a w  d iameter  o f  about 25 pm. This  va lue  i s  o n l y  approximate, 

Having found no l a r g e  (>25O pm) d i s c o n t i n u i t i e s  w i t h  
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F i  g, 1. Frequency dependence of s c a t t e r 1  n by a small  f l a w  i n  
p a r t i  a1 ly s t a b i  1 i zed z i  r c o n i  a. 

because we assume s p h e r i c a l  vo ids  i n  t h e  c a l c u l a t i o n s .  However, we are  
now c o n f i d e n t  t h a t  we can d e t e c t  and approx imate ly  s i z e  vo ids i n  t h e  
10- t o  50-pm range w i t h  e x i s t i n g  equipment. 

One ext remely u s e f u l  c a p a b i l i t y  toward which we have been s t r i v i n g  
i s  t h e  a b i l i t y  t o  compute a m a t e r i a l  t r a n s f e r  f u n c t i o n ,  o r  a t t e n u a t i o n  
versus frequency response, which is  independent o f  t h e  t ransducer  and 
t e s t  c o n f i g u r a t i o n  used. This  f u n c t i o n  i s  very  u s e f u l  i n  comparing 
d i f f e r e n t  specimens, and we b e l i e v e  t h a t  t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c  
may be c o r r e l a t e d  w i t h  f r a c t u r e  p r o p e r t i e s  o f  ceramics, a l though we have 
n o t  demonstrated t h i s  ye t .  We r o u t i n e l y  compute t h i s  response i n  low- 
f requency u l t r a s o n i c s ,  b u t  we have encountered d i f f i c u l t y  i n  a p p l y i n g  
t h e  a l g o r i t h m  t o  our  ceramics work. 
t o  our  d i f f r a c t i o n - c o r r e c t i o n  c a l c u f a t i o n s  and i n c l u s i o n  o f  c o u p l i n g  
l a y e r  e f f e c t s  have so lved these problems. The l a t t e r  e f f e c t  was 
comple te ly  u n a n t i c i p a t e d  and a r i s e s  because, i n  t y p i c a l  (1 ow-f requency) 
c o n t a c t  u l t r a s o n i c s ,  t h e  e f f e c t  o f  t h e  very t h i n  (-1 p) Payer o f  l i q u i d  
used t o  couple energy f rom t h e  t ransducer  i n t o  t h e  specimen i s  n e g l i g i b l e .  
A t  100 MHz, however, t h i s  l a y e r  i s  almost 0.1 wavelength t h i c k  and has a 
s i g n i f i c a n t  e f f e c t  on t h e  r e f l e c t i o n  and t ransmiss ion  c o e f f i c i e n t s ,  We 
t h e r e f o r e  a n a l y t i c a l l y  examined a s o l i d - l i q u i d  l a y e r - s o l i d  s t r u c t u r e  and 
i n c o r p o r a t e d  t h e  r e s u l t s  i n t o  our  computer programs. F igure  2 shows t h e  
frequency dependence o f  t h e  r e f 1  e c t i  on c o e f f i c i e n t  f o r  a T-prn water 
coup1 a n t  i n t o  s i  1 i con carbide. 
cons tan t  va lue  equal t o  t h a t  shown f o r  zero  frequency, t h e  magnitude o f  
t h e  e r r o r  i s  apparent. 
c o u p l i n g  l a y e r  f rom t h e  i n p u t  data and c o r r e c t s  f o r  i t s  f requency- 
dependent t r a n s m i s s i v i t y .  

Th is  curve i s  h i g h l y  repeatable,  even f o r  samples t h a t  d i f f e r  g r e a t l y  i n  
th ickness ,  and i s  thus  l a r g e l y  geometry-independent. The m i c r o s t r u c t u r e  

We now b e l i e v e  t h a t  a m o d i f i c a t i o n  

Because our  o r i  g i  n a l  program assumed a 

Our program now measures t h e  th ickness  o f  t h e  

F i g u r e  3 shows t h e  a t t e n u a t i o n  i n  an y t t r i u r n - s t a b i l i z e d  z i r c o n i a ,  
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Fig.  2. Frequency dependence o f  t h e  r e f l e c t i o n  c o e f f i c i e n t  a% a 
q u a r t z - s i l i c o n  carbide i n t e r f a c e  coupled by 0.5 pi o f  water, 

OURRTL-SILICON C R A E I O E  
T = 0.51-n 

COEFF OF F I T  
1 0.156 
2 0 . 0 2 2  

0 . 0  10 .0  20.0 3 0 . 0  4 0 . 0  FRE~”~NCY~pi;lL ~ 7 0 . 0  80.0 90.0 100.0 

Fig.  3. Frequency dependence o f  a t t e n u a t i o n  i n  an y t t r i u m - s t a b i l i z e d  
z i r c o n i a .  
curve) .  

Raw data ( s o l i d  cu rve )  and least -squares computer f i t  (dashed 



223 

i s  l a r g e l y  te t ragona l  w i t h  a g r a i n  s i z e  o f  The l i n e a r  
behavior o f  t h e  a t tenuat ion  charac ter i  s t i  c i ndi  cates t h a t  s c a t t e r i  ng 
losses are not  important i n  t h i s  frequency range, which i s  cons is ten t  w i t h  
t h e  g r a i n  s i z e  and u l t r a s o n i c  wavelength. 
u l t r a s o n i c  examination f o r  f laws having s izes  o f  t he  order o r  20 pm, 
because the re  i s  minimal c o n t r i b u t i o n  from g r a i n  boundary sca t te r ing .  

z i rcon ia .  Here the  m ic ros t ruc tu re  i s  l a r g e l y  cubic  w i t h  a gra in  s i z e  o f  
about 100 pm. 
frequency-dependent than f o r  t h e  te t ragona l  microst ructure.  
mater ia?,  t he  de tec t i on  o f  small f laws i s  much more d i f f i c u l t  because o f  
t h e  severe g r a i n  boundary s c a t t e r i n g  i n  t h e  frequency range o f  i n t e r e s t .  

about 10 pm. 

This ma te r ia l  i s  amenable t o  

F igure 4 shows the a t tenua t ion  response f o r  a magnesium-stabil ized 

The a t tenua t ion  i s  much more severe and more s t rong ly  
I n  t h i s  

. t-- : 
E32 COEIF OF F I T  
L M r H  . 2.6- E.971 
UIWE. I*. . a9.m -Q.lb¶ 

0 . m  

9 

0:; : FREOUENCYLfWZ) : + : ; 
0.0 10.0 L0.O 3 0 . 0  10.0 5 0 . 0  6 0 . 0  l 0 . 0  8 0 . 0  ,D.O Ic.O.0 

Fig. 4. Frequency dependence of a t tenua t ion  i n  a magnesium- 
s tab i  1 i zed z i  rcon i  a. 
f i t  (dashed curve). 

Raw data (sol i d curve) and least-squares computer 

I n i t i a l  experiments were conducted t o  determine the  th ickness sensi - 
t i v i t y  t h a t  could be achieved on s i l i c o n  n i t r i d e  modulus o f  rup ture  (MOR) 
bars us ing  convent ional  rad iograph ic  techniques f o r  f u t u r e  comparison w i t h  
m i  c rofocus and tomographic techniques. Two s i  1 i con  n i t r i d e  MOR bars were 
obta ined w i t h  no apparent d i s c o n t i n u i t i e s .  I n  one o f  t he  bars, we placed 
th ree  holes t h a t  were 0.25 mm i n  diameter w i t h  depths o f  12.5, 20, and 
43 pn i n  t h e  2.5-mm th ickness separated by 1.25 cm. I n  t h e  o ther  bar, we 
placed th ree  holes t h a t  were 0.125 mm i n  diameter w i t h  depths o f  10, 20, 
and 37 pm i n  t h e  2.5-m th ickness separated by 1.25 cm. 
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i he r a d i  ogsaphi c t echn ique  t h a t  was used i n c l  iided 35-kVCP energy, 
25-mA current.,  2.5-mrn focal spot s i  me, 1.3741 f i  Im-to-focal dis tance,  
t y p e  M f i l m  w i t h  no f r o n t  screen i n  a vacuiim c a s s e t t e ,  and 8 . 5 4 1 1  
exposure t ime. F i ve  of t h e  s i x  ho les  were imaged. The 10-pn-deep h o l e  
was n o t  imaged. A t h i c k n e s s  s e n s i t i v i t y  o f  0.5% was obtained, as 
evidenced by imay i  ng the 12.5-pm-deep hole. 

f o r  assessinend; o f  the level of d e t e c t a b i l i t y  w i t h  t h e  convent ional  
radiography. 

Smallcr diameter  ( 5 0 - p i )  holes will be p laced  i n  a ttiird sample 

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

M i  lestsne 351101 was completed a s  scheduled, 

Pub1 i c a t i o n s  

None. 
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OLOGY TRANSFER 

Ridge N a t i  onal  Labora tory )  

Technology t r a n s f e r  i n  t h e  Cerarni c Technol ogy P r o j e c t  i s  accompl i shed 
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, 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 
b u i l t  and used a t  severa l  t r a d e  shows and t e c h n i c a l  meetings, 
r e c e n t l y  a t  t h e  Annual Meeting o f  t h e  American Ceramic Society  
1985, i n  C i n c i n n a t i ,  Ohio. 

Newslet ter .  A Ceramic Technology News le t te r  i s  pub l i shed b imonth ly  
and sent  t o  a l a r  e d i s t r i b u t i o n .  

Reports, Semi annual t e c h n i  c a l  r e p o r t s ,  which i n c l u d e  cont r i  b u t i  ons 
by a l l  p a r t i c i p a n t s  i n  t h e  program, a re  pub l i shed and sent t o  a l a r g e  
d i  s t r i  but ion,  In fo rmal  b imonth ly  management and t e c h n l  ea1 r e p o r t s  a re  
d i s t r i b u t e d  t o  t h e  p a r t i  c i  pants i n  t h e  program. Open-1 i t e r a t u r e  r e p o r t s  
are r e q u i r e d  of a l l  research and development p a r t i c i p a n t s .  

D i r e c t  Assistance. D i  rect  ass is tance i s  prov ided t o  subcontractors  
i n  t h e  program v i a  access t o  unique 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 Ridge Nat iona l  Laboratory.  

blorkshops. Topica l  workshops a r e  h e l d  on sub jec ts  o f  v i t a l  concern 
t o  our community. Dur ing t h i s  p e r i o d  p lans were completed f o r  a workshop 
on m a t e r i a l  requirements f o r  advanced heat  engines, t o  be h e l d  d u r i n g  t h e  
Automat i ve Technol ogy Devel opment Cont rac tors  Coordi n a t  i on Meeting , 
October 21-24, 1985. 

I n t e r n a t i o n a l  Cooperat i  on. Our program i s  a c t i v e l y  i nvol  ved i n  and 
s u p p o r t i v e  o f  t h e  coopera t ive  work be ing done by researchers i n  West 
Germany, Sweden, and t h e  IJni ted States 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. That work, 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  standards,  i n c l u d e s  p h y s i c a l ,  morphologica l ,  and m ic ro -  
s t r u c t u r a l  c h a r a c t e r i z a t l  on of ceraiiii c powders and dense cerami c bodies , 
and mechani c a l  c h a r a c t e r i  z a t i  on o f  dense cerami cs. 
procurement o f  ceramic powders and f l e x u r a l  t e s t  bars were accomplished 
d u r i n g  t h i s  r e p o r t i n g  per iod.  

Deta i  1 ed pl anni ng and 
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